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RESULTS OF LNVESTIGATIONS ON A 0.004-SCALE
IQC MODIFIED CONFIGURATION SPACE SHUTTLE VEHICLE
ORBITER MODEL (74-0)
IN THE NASA/LANGLEY RESEARCH CENTER
HfPERSONIC HELIUM TUNNEL (0A109)
By
P. J. Hawthorne, Rockwell International Space Division

ABSTRACT

This report documents data obtained dur%ng a wind tunnel fest of é
0.004-scale 140C Modified Configuration SSV Orbiter in the NASA/Langley
Research Center 2Z-inch Hypersonic Helium Tunnel. The test was conducted
during August 1974 Qith 80. occupancy hours charged. All runs were con-
ducted at a nominal Mach number of 20 and at Reynolds numbers of 0.7,.1.0
1.8, and 1.1 x 10 based on body length.

The complete ~140C modified model was tested with varjousNelevon
. settings at angles of attack from 10 to 50 degrees at zero yaw and from
angles of sideélip of -10 to +1q at 35° angle of attack. _

'The purpose of this test was to obtain high'hypersonic longitudinal
and lateral-directional stability and control characteristics of the up--

dated SSV configuration.
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PLOT
STMBOL

Cp

Q(NsM)
Q(PsF)

RE,L

ALPHA
BETA
B3I

PHI

WOMENCLATURE
General

bEFINITION

speed of sound; m/sec, ft/sec
precsure coefficient; (p1 - Pw)/a
Mach number; V/a

pressure; N/m®, psf

dynamic pressure; 1/25V%, N/m?, pst

Reynclds number baséd on body length
velocity; m/sec, ft/sec

angle of attack; degrees

angle of sideslip, degrees

angle of yaw, degrees

engle of roll, degrees,

mass density; kg/m3, slugs/ft3

Reference & C.&. Definitions

"BREF

.LREF

SREF

XMRP

ZMRP

base area; m2, £t2
wing span or reference span; m, Pt
center of gravity

reference length or wing mean
aerodynemic’ chord; m, f%

wing area or reference area; m2, £2
mément reference peint

moment reference point on X axis
moment reference point on Y axis

moment reference point on % axis

base

local

static conditions
total conditions
free strean
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WOMENCLATURE {Continued)

Body-Axis System

normal force

normal -force cocufficient; S
@

axial-force coefficient; EEEEL%;EEE
9

side-force coefficient; EEQE_EQEEE
¢!

base-force coefficient; EEEE.%EIES
S

forebody axial force coefficient, Cp - CAb

pitching-moment coefficient; Piltching moment
aSfpwp

yawing-moment coefficlent; XEEEE§§%9E§EE
Q

rolling-moment cosfficient; EEE%E%%;EEEEEE
L.

Stability-Axis System

1ift coefficient; 1i§t
et

drag coefficient; drgg
a@

base-drag coefficient; E§§§§§£§§
g

forebody drag coefficient; Cp - CDb

side force

side-Tforce coefficient; 5
a

pitching-moment coefficient; Pitching moment
L REF

yawing-moment coefficient; IEEEEEE%EEEEE
i

rolling-moment coefficient; EEEQE%E%EEEEEE
ot

lift-to-drag ratio; Cp/Cy

1ift to forebody drag ratio; cL/ch

PLOT

SYMBOL  SYMBOL DEFINETTON

Cy CN

Ca cA

Cy cY

¢ CAB

Ay
~Ap(Pp - Pwo)/118

Casp CAF

Cpy CIM

Cn CYN

Cy CBL

e CL

Cp CD

Cp, CDB

Cpe CDF

CY CY

Cy CIM

c CLY

¢y CSL

/D /D

1,/Dp L/DF
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NOMENCLATURE (Continued)
Additional Nomenclature

longitudinal center of pressure location, fraction

aileron deflection angle, degrees

bodyflap deflection angle, degrees
elevon deflection angle, degrees
rudder deflection angle, degrees

speedbrake defiection angle, degrees

denotes halance used - BALANC = 20 indicates HH-20
balance, BALANC = 06 = HN-06 baTlance

wing mean aerodynamic chord, in

fuselage reference 1ine

fuselage body length

main propulsion system

moment reference center

orbital maneuvering system
orbiter Tongitudinal station, in

orbiter lateral station, in

Plot

Symbol Symbol Definition

XC /8 XCP/ L

P of body length

a AILRON

SBF BDFLAP

ae ELEVON

GR RUDDER

SSB SPDBRK

BALANC

Cu

FRL
IML inner mold Tine
I .

g
MPS
MRC
OML outer mold line
OMS
xo
Yo

z0

orbiter vertical station, in



NOMENCLATURE (Concluded)
Additional Nomenclature

rolling-moment coefficient change due to the
deflection of a control surfacey control
deflected - control neutral

normal-force coefficient change due to the
deflection of a control surface:; control
deflected - control neutral

drag-force coefficient change due to the
deftection of a control surface; control
deflected - control neutral

axial-force coefficient change due to the
deflection of a control surface; control
deflected - control neutral

ratic of 11ft to drag change due to the deflection
of a control surface; control defiected - control

side-force coefficient change due to the deflection
of a control surface; control deflected - control

yawing-moment coefficient change due to the
deflection of a control surface; control deflected -

1ift-force coefficient change due to the deflection
of a control surface; control deflected - control

pitching-moment coefficient change due to the
deflection of a control surface; control deflected -

change in elevon deflection angle, degrees

change in bodyflap deflection angle, degrees

Plot

Symbol Symbo1 Definition
Ay, DLTCBL
ACN DLTCN
ACq DLTCD
ACh DLTCA
AL/D DLTL/D

neutral
ACy DLTCY

neutral
ACy DLTCYN

control neutral
ACL DLTCL

neutral
AC DLTCLM :

control neutral
e DLTELV
SpF DLTBFL
83 DLTALN

change in aileron deflection angle, degrees



REMARKS

During test 0A109, data were obtained in two portions; first with the
HH-20 balance on a 35° dogleg sting and then with the HNO6 balance on a
25 degree dogleg sting to investigate sting effects.

The {redundant) data obtained using the 25° sting and the single yaw
run (datasets 4, 8, 11, and 20) are considered to be of questionable
quality by the Test Facility and are not presented in this report except

for dataset 8,which is presented in the tabulated data only.



¥

CONFIGURATIONS INVESTIGATED

The basic aircraft is of blended wing body design with a double delta

wing, full span elevons, and a single centerline vertical tail with rudder

and/or speed brake capability. A body flap and short pod orbital maneuver-

ing system (OMS) are mounted on the aft fuselage bottom edge and upper

sidewalls, respectively.

The following letter designations are used to denote the' components

of the -140C modified configuration:

Component

B62

C12
E43

F1o

M14

R5

Vg

Description

Fuselage to the outer mold line contours of drawings
VL70-000202C, -000200B & -000203 for the aft body contour
(except OMS), the VL70-000202B drawing was used in lieu
of the C revision specified on the VL70-000140C control
drawing since the C revision was not available. The MPS
nozzles are not simulated.

Canopy to VL70-000202B 1ines; see B2 above.

Elevon used with VL70-000200B wing, with 6" gaps. The
hingeline is unswept and Tocated at Xo = 1387.

Center pivot body flap hinge 1line at Xg = 1532 and
ptanform as denoted on VL70-0002008 drawing.

Baseline short nose Orbital Maneuvering System (0OMS) pods
mounted on the upper base of the fuselage, shape is
defined by drawing VL70-08457. Rocket engine nozzles are
simylated.

Rudder utilized with Vg vertical tail and shown on -
VL70-000146A.

45° sweep Teading edge single centerline mounted verfica]
tail of modified diamond section as per VL70-000746A.

10
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CONFIGURATIONS INVESTIGATED (Concluded)

- VL70-000200B wing. Wing is of 81°/45° sweep leading edge

and is 6 inches F.S. thicker at the body than -140A. Air-
foil is RIC modified NASA 0011.3 at Yy = 199, 0012.64 at
theoretical tip. oy = +0° 30', dihedral = 3° 30' at TE.,
tip is defined by VL70-006092.

Component descriptor sheets are given as Table III. The tested con-

figuration was, therefore, denoted as:

~ =140C (modified)

= Bgo C12 Eg3 Fyp M14 Rg Vg Wyp7-

11



TEST FACILITY DESCRIPTION

The NASA/Langley Research Center 22-inch Hypersonic Helium Tunnel is
a blowdown facility with a normal operational time of 30 seconds for aero-
dynamic force and moment tests. Studies are conducted in the 22" diameter
test section at Mach numbers from-i18 to 22.2,at stagnation pressures from
300 to 2000 psi, and at total temperatures from 480°R to 960°R with the
minimum total temperature being a strong function of prevailing local meter-
ological conditicns. These test conditions allow for a Reynolds number

6 t6 11.5 x 10°

variation of 0.7 x 10 per foot.

The tunnel is also equipped with an Electron Beam Flow Visualization
System which allows color photographs with depth of field to be made of
the shock system,

Operational parameters of the contoured nozzle flow characteristics
are available in_NASA TN D-2489, 1964, Longitudinal Characteristics of
Several Configurations at Hypersonic Mach Numbers in Conical and Contoured

Nozzles, by Arrington, Joiner and Henderson.

12



DATA REDUCTION

The LaRC HNO6 and HH-20 balances were used to measure Orbiter forces
and moments at four Reynolds numbers. Data were converted to standard
NASA force and moment coefficients and are presented about a moment re-
ference center located at Xo = 1076.7, YO = 0, Z0 = 375 inches full scale.
Data are presented in both stability and body axis systems.

Additionally, the normal force center of pressure is presented as

X /g = _Re _ Cn (c,)
cp’ "B AiB Cn 2R

where ch is the longitudinal. distance from the inner mold line nose

station (X0 = 238 inches full scale} to the center of pressure.

Sign conventions and axis systems are presented in Figures Ta and Tb.

13



TABLE I,

TEST ¢ OA109 IDATE 2 Aug. 74
TEST CONDITIONS
. REYNOLDS NUMBER |  ODYNAMIC PRESSURE  ISTAGNATION TEMPERATURE
MACH NUMBE (body length) {pounds/sq. inch) {degrees Fahrenheil)
18.3 0.72 x 108 - 0.65 65
19.1 1.10 x 108 0.94 65
20.3 1.91 x 10° 1.59 65
BALANCE UTILIZED: LaRC HH-20
CAPACITY: . ACCURACY: GO FFICIENT
- 3.4 1bf 0.5%
£ o,
o 7.0 1bi 0.5%
AF 1.8 1bf 0.5%
I 7.0 in-1bf 0.54%
- 1.5 in-1bf 0.5%
YH 2.1 in-1bf 0.5%

COMMENTS: Utilized with 35° dogleg HHT sting

Applies to datasets 1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15,
16, 17, 18, 19, 21

14



TABLE I. - Concluded.

TEST ¢ 0A109

DATE ¢ Aug. 74

TEST CONDITIONS
REYNOLDS NUMBER DYNAMIC PRESSURE  [STAGNATION TEMPERATURE
MACH NUMBER (body" length) {pounds/sg. inch) (degrees Fahrenheit)
19.1 . 1.1 x 10° 0.94 65
(nominal)
BALANCE UTILIZED: ____HNOG
CAPACITY: ACCURACY: . %%ELE%';%F
we 10 1bf 0.5%
S 5. 1bf 0.5%
AF 5 1bf 0.5%
w10 in-1bf 0.5%
e 5 in=1bf 0.5%

M No flexure

COMMENTS: Utilized with 25° dogleg HHT sting
Applies to datasets 04, 11, 20

15



91

TABLE 11.

TEST : 27 \c-A3\ ((OA\OD)

L. . e

DATA SET/RUN NUMBER COLLATION SUMMARY

DATE : Pout N osv

NO. MACH NUMBERS '

a OR B

A D= 720% . s0°

-]

B= o’ w\g°

o C =

SCHEDULES

N R v

7

SDYMNAT \, - 2% ° Aoa_\__:u‘-q

(:hF\'l'-OR_SE"l'T CONFIGURATION SCHD. . PARAMETERS/VALUES 019
JtDENTIFIER I E N ENESE Sﬁl_&p\ Nd St ) B0 rokshg 211 [Zoa] |
EMEoo) [OtR TR X Alolao] o lan]ss| o eo| 1+ | §$” |
[ ez A -4A0 Wdzol  fLW y &
o3} ALl 2o wuzol ']V &) 17
4" el | sy Wwiee] 2 [ 1.4 3z
OF] . al | kes Y Wuzo] Y [t.40 \4 |
Ob] - A o |0 wizol | l}az 118 m
=8| Al¥jolo dizo]l 1 1§90 \® 3
o8 NAE W Mueo] | flaz 29 c
S AlOYO o wizol b | .74 | <
19 Afplol 1 | Mwesl 4 J1ie (o :
1\ c o Hoel 2 s 51 !
2| NI E { vazef t | \ag 12
) A o 3 dizol 3 [\az 4
\4 Al 1]o | wae V| 2 Z2
S A ol | &_ Wazd | 1.0 2.2
T R Aol VIV [T e \ 183 24
19 25 31 - 37 43 ‘ 49 ' 55 - 5.1 ‘67 75 76
. GLN  CBL . YN GV, CL . CDh. . L/B, . MACH. . ALPHA IOl
) COQEFFICENTS ’ ) IDVAR {1} IDVAR (2} NDV

2 - 2% Ao c';},dsc._

* DL Mot Ey = %ta-z_c-\z.;.\cww?-s\j%w‘?fl 2'43



A

ST

TABLE II. - Concluded.

. + W —_ 2 ) ’ - M —_ =
TEST: 22 We 4\ (oMoD) DATA SET/RUN NUMBER COLLATION SUMMARY DATE "PosY "YESY
DATA SET CONFIGU.FIATiON SCHD. PARAMETERS/VALUES gg_ . MACH NUMBERS
IDENTIFIER HRA - alglee S S‘%{_—_gsagg N ETIE rUNS VG 3 [1q. 20.%
TZ\-\L.O\'\ Oea v er¥ Aloh s o 1WA SST O [ WHof 2L Zs
\8 A & Huzol | oy 26
LG A s Wizol v lao ' 77
20 clilzo | o] 2 a3 |30
I ZA a1y lzo ) Y Magg « JVAaz . %
' -
m
@
a
[
z
=
; c
] z
1]
n
3
l . 75 76
CN‘I[]CI&IIIICH‘BIIJJM!.]IC]BLI!llcl lﬁlilclYaltllCLl|l||C‘Q11lJLl/lnjllmﬁjcﬂxx_uilléidgm
COEFFICENTS 1BVAR (1} IDVAR (2} ND
o OR 8
SCHEDULES

¥ouoe MODYTEL = By g Fo MM R Ve Win Big



TABLE TII, MODEL DIMENSIONAIL DATA

MODEL COMPONENT :_BODY = B/o

GENERAL DESCRIPTION : _Confipuration 1A0C orhiter fuselage_  MCR. ?OO-RA.

Sirilar to 1U0A/B) fusrlape evcept aft hodv revised and imoroved

midbodv—ring-boot fairing XU = 9lQ to }{U = 1040, ; I

VODEL SCALE: 0.004

DRAWING NUMBER : VL70-000140C  -000202C ~000205A
~000200B  ~000203,-6002028

DIMENSIONS : ’ FULL SCALE MODEL SCALE
Length (OML: Fwd Sta. X;=235). In. 1293.3 5.173
Length (IML: Fwd Sta. Xo=238). In—31290.3 5:161
Max. Width (@ X, = 1528,3). In. 265.0 1,054
Mox Depth  (@.X =146L) 1In. 250 0 1.000
Fineness Ratio 4. 899 L. 899
(OML Length ‘Max. Width)

Area - th
Max. Cross—Sectional 340. 885 0.0055
Planform
Wetted
Base

18



TABLE III.(CONT1D)

MODEL COMPONENT : CANOPY - G392

GENERAL DESCRIPTION : Confipuration 1400 orbiter cancopv. vehicle

cabin No. 31 updated to MCR 200-R1¢. Ueed with fuselage Bé?_.

MODEL SCALE: _0.004

DRAWING NUMBER : VL70-000140C _-0002028 -000204

DIMENSIONS FULL SCALE MODEL SCALE
Length (X, =A34.643 to 578). In. 143.357 0.573
Max Width (@ X = 513,127). In. 152,412 0.610
Max Depth (%, = 501 to 449.39).In. 51,61 0,206

Fineness Ratio

Area

Max. Cross—Sectional -

Planform

Weti-ed

Base

19
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MODEL COMPONENT: ELEVON - Fy s

TABLE ILI, (CONT!D)

GENERAL DESCRIPTAION: Confipuration 1L0A/B orbiter elzvons.

DATA are fTor one =ide, nsed on. 74L-0 model with HRE?' I1h3js e 1,5, straight

slotted pap version of E25, gags_are at clevon ‘hodv flare juncture and at

Yo = 311.0 MODEL SCALE: 0,00k
DRAWING NUMBER: VL70-_ 000200, =-006089, ~006092 > 0002008
RSOQpé Lockheed Missile & Space Co., Huntsville, Ala.
DIMENSIONS: FULL~SCALE MODEL SCALE
Area - Ft2 187.5 __0.003
Span (equivalent). In. , 349.2 1.397
Inb'd equivalent .chord, Tn. 118,004 6.422
Outb'd equivalent chord, In. ‘ 55,192 ‘ 0.221
Ratio movable surface chord/ |
total surface chord
At Inb'd equiv. chord ‘ _0.2096 - _0,2096 .
At Outb'd equiv. chord Mﬁ__‘ '__g__z}ggh___
Sweep Back -Angles, degrees - ' '
Leading Edge : _0.00_ - __0_‘9_6______
Tailing Edge -10.056 <10.056 .
Hingeline - _0.00 000
(Prodgct of area & c) 3 _
Area Moment { YF” 1s87,25 _0.0000
Mean Aerodynamic Chord, In. 90,7 . 0.363
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TABLE III, (CONT'D)

MODEL COMPONENT :__BODY FIAP — Fyq

GENERAL DESCRIPTION : _ Confisruration 1400 bodv flap. Hineeline located

at_ X, =1532, 7, = 287.

MODEL SCALE: 0.004

DRAWING NUMBER : V1.70-000140C, V170355114 , Y1.70-000200B

DIMENSIONS : - FULL SCALE  MODEL SCALE
Length (X =1525.5 to 1613) In. £7.50 0,350
Max Width (@ L.E., X_ = 1525.5).Tn. 256.00 1.024
Max Depth (¥, = 1532), In. 19.798 0.792

Fineness Ratio

Area - Ft2
Max. Cross—Sectional (@ H.L.) 35.196 0,00056
Planform - 135.00 0.0022
Wetted
Base (@ Xo = 1613) k.89 0.000078

21
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TABLE III, (CONT'D)

MODEL COMPONENT :___OMS POD - ¥y,

GENERAL DESCRIPTION : Preliminary IML version of short OMS pod.

(First u=ed on 0.015 scale Model 3A-0Q for test No, 0A83),

MODEL_SCALE:. 0.00k4

DRAWING NUMBER : ___VL70-008457 e,

DIMENSIONS : (For 1 of 2 sides) FULL SCALE MODEL SCALE

L.ength {OMS Fwd Sta. Xo =1311),In. _254,0 : 9 1‘03:6
Max Width (@ X, = 1511) In. . 135.6 Q.542)
Max Depth (@ J_{o = 1511). In. y 7"3.6 v 02940
Fineness Ratio 2.55080 _ 2,54080
Area -~ Ft2

Max. Cross—Sectional _ 24507 0. 00087

Planform

Wetted

Base

22



TABLE IIIL, (CONT'D)

'MODEL COMPONERT ; RUDDFR -~ R

GENERAL DESCRIPTION: Configuration 140C orbiter rudder (identical to

Configuration JAQA/B rudder),

MODEL SCAIE: 0,004

DRAWING RUMRER: VL70-000146A, =000095

DIMENSIONS: FULL~SCALE 'MODEL SCALE
Area - Ft2 100.15 0.0016
Span (equivalent) . In, 201,00 0. 804
Inb'd equivalent cHord . In. 91.585 = . 0:366
Qutb'd equivalent chord In. 50,833 0.203

Ratio movable surface chord/
~ total surface chord

At Inb'd equiv. chord . 0. 400 0.400
At Outb'd equiv. chord - 0.)00 g, 100
Sweep Back ‘Angles, degrees ' ‘_
Leading Edge ' 34.83 . 34.83 .
Tailing Edge ) 26.25 26.25
HinQE]ir%%roduct of Area’ & ¢) 3 282 bt ‘
Area Moment (NomaPotohingachine) . Ft” _610.92 © _0.000039
Mean Aerodynamic Chord. In. 73.2 0.293
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TABLE IIF, (CONT'D)
MODEL COMPONENT: VERTICAL - V 4

CENERAL DESCRIPTION: Confipuration 140C orhiter

vertical tail (jidentical

to confiruration 1L0A/B vertical tail).

MODEL SCALE: 0.004

DRAWING NUMBER: VL70-0001LOA. .._. o @ne

DIMENSIONS:
TOTAL DATA

krea (Theo) - Ft2
. Planform

Span (Theo) - In.

Aspeet Ratio

Rate of Taper

Taper Ratio

Sweep-Back Angles, Degrees.
Leading Edge
Frailing Edge
0.25 Element Line

Chords:
Root (Theo) WP
Tip (Theo) WP
MiC
Fus. 8ta. of .25 MAC
W.P. of .25 MAC
B.L. of .25 MAC

Airfoil Section
Leading Wedge sngle - Deg.
Prailing Wedge Lunpgle - Deg.
Leading Edge Radius

Void frea

Blanketed irea

\

ORIGINAL PA
O POOR QU i 24

FULL SCALE  MODEL SCLLE

113,253 0.0066.
315.72 1.263
1.675 1.675
0. 507 - 0,507
0. 400 0, L0}
45,000 45,000
26,2 26.2
£3.13 41,13
268..50 © 1,074
108,47 0.43M
199‘- 81 o- 799
1463, 35 5.853
635,52 2.542
0,0 0.0
10.000 ° 10,000
- 14h.92 14,92 .
2.00 0.008
13.17_ 0.0002]
0,0 0.0




TABLE III. (CONL'D)

MODEL ZOMPONENT: _ WING-Wy oo

GENERAL DESCRIPTION:

imilar to

14,0A/B wing W,,, but with refinemsnte:

Confipuration 140C orbiter wing. MCR 200-R,

imoroved wing-boot-midbody fairing

(X, =940 to X = 1040),
MODEL SCALE: 0,00k
TIST ND, DWG, NO. VL70-000147C, -000200B
DIMENSIONS; FULL-SCALE MODEL SCALE
TOTAL DATA
Avea (oneo,) Ft8
?Tlanform 2690, 00 0,043
Span {Thao In. 934, 68 3, 707
Aspect Ratie 2, D45 2,265
Rave of Taper 1.177 1,177
Taper Ratio 0,200 0,200
Dihedral Angle, degrees 3, 500 3,500
Incidence Angie, degrees 0,500 0,500
Aerodynamic Twist, degrees . —3.000 3,000
Sweep Back Angles, degrees .
Leading Edge 45,000 _45.000
Trailing Edge 10,05 ~"10,056
0.25 Element Line 35, 209 35,209
Chords: -
Root (Theo) B,P.0.0. 689,24 2.757
Tip, {Theo) B.P, . _137.485 0,551
MAC L7481 1.899 -
Fus. Sta. of .25 MAC 1136, 83 L. 5h7
W.P. of .25 MAC 290,58 1,162 :
B.L. of .25 MAC ) 182,13 723
EXPOSED DATA 2 .
rea (1neo) Ft 1751..50 7.006
Span, (Theo} In, BP108 720, 68 2,883
Aspect Ratio 2,059 2.059
Taper Ratio 0.245 0. 245
Chords
Root BP108 562.09 2,248
Tip 10O b TR 0L
MAC 362.83 ).5TL
Fus. Sta, of .25 MAC 1185.98 4. 7hh
" H.P. of 25 MAC 294.30 1,177
B.L. of .25 MAC 251.77 1.007
Afrfoil Section {Rockwell Mod NASA)
XXXX~64 ,
Root % » 0113 LO113
Tip % - 0.120 0.120
Data for {1} of {2) Sides
teading Tdge Cuff 12
STanfevm Area I Ooe
veading Edge Intersects Fus M. L, @ Sta 500, 00 2,000
teading Edge Intersects Wing @ Sta 1024,00 ), 096

% ’ 25
(amAL: RAGE B
O PO0R, QUALITY




9¢

Notess

Positive directions of force coefficients,
moment coefficients, and angles are
indicated by arrows

For clarity, origins of wind and stability

axes have been displaced from the center
of gravity

c

m

a. General

Figure 1. - Axis systems.



RUDDER AND SPEEDBRAKE DEFLECTIONS FOR OA109
(PARALLEL TO THE FRL)

84.92 = NOMINAL

P
bsp. "

- - i - -
N -
S N,
RN
O
% =55 | ENTIRE
5, = 0 | TEST

ELEVON DEFLECTIONS FOR 0OAl109

—

PARALLEL TO THE FRL

\

b. Definition of Angular Measurement

Figure 1. - Concluded.
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l——HIIv'GE LIFE X,= 1387

HOTE SHORT OMS FODS

MI'S BOZZLES HOT SIMULATED

A i o e

X, = 235 (oML}

‘ALL DIMENSIONS IN INCHES
FULL-3CALE

r— R

Iﬂa 935.68 ——— -

1260.3 ' —4»1 \
X, =*1528.3

(NOT Body fla» hinge line)

Figure 2. - SSV Orbiter Configuration 140C Modified for Test OA109.
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FLEVEN BOFLAP  SPDBERK REFERENCE [NORMATION

CN

DATA SEY SYMBOL  CONFIGURATION DESCRIPFION RE«L T 00 000 SREF o F1
{CHZO01 } OA1OS LARC22rE431 [BS2CI2F10M14)(v127E43) [VERS) 710 -40.000 -11, 33. 2690.,0000 ol
[CHE002) P] OAI1D9 LARC22rE43] (BS2CI2F 10MI4) {WI27E43) (VBRG] 1.110 -40.000 -11.700 ©5.000 "LREF 474 .,8100 %bO-Eg
{CHEQD3] ¢ DAJOD9 LARC22-E431 (BE2CI2F10MI4)(WI27E43) (VBRS) 1,910 -40.000 -11.700 55.000 BREF 936.6800 NCHE
XHRP 1076.7000  INCHES
' yrRP 10000 INCHES
ZMRP 375.0000 INCHES
SCALE 0040
f"l (ARLIARREI LARIaRRIIaRIDLAL) : VT A R I TR jrn ' * praT TR T T T A [T T T ATy [T rea T [TETF ng
2 -2 2 n? E E
s _ E d
2.0¢ 2.0 5
1.8¢ : - 1.B% p
E f E
1.6% r 1.8% E
- E 2
1.4¢ 1.4% : 3
L.2¢ . 1,24 3
. 1 .G ; T * 1 .D ; ;
8% z Bt 8 :
A & 8t % - E
B ' .Bf
: 3 & E
4t ol I EEENE ]
T W24 24 :
o: or
-.‘l2 ; - -2 ; i
- '4 : . - 04 ; E
ool cesdsaae Jaresda o bpodeaan esae Leaea Jonenfunan Jece . =TTV FTPTY ITUTL PYPTY YY) (YT CTITE SVTVUITYRA T TR RTINATITA(TENV/IATUITIT,
0] 20 40 0 2 0 ~a2 —.4
ALPHA CLM

FIGURE 4 EFFECT GF REYNOLDS NUMBER (ELEVON= ~-40., BOFLAP=-11.7)
. ' . PAGE 1


http:BDFLAP=-1l.73

DATA SET SYMSX.

CONF IGURATIBN DESCRIPTICN

{CHEQDL ) CA1D2 LARCZ2HE43] (BS2C12F 10MI4) W1 27E43) [VERS)
{CHECO2] BAI09 LARC22HE43! [BS2C12F10MI4) [¥127E43) {VERD)
(ErE003) CAIO9 LARC22HE43] (BS2C)I2F10MI4)(VvI27E43) (VERS)
] .4 AL WAL ARAR LAALIRTALI LR RRLRRRR LN LELEN ELARE LALLE L TIEIITHLIINT
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1.0%
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FIGURE 4 EFFECT OF REYNOLDS NUMBER (ELEVON=

REWL ELEVON BOFLAP  SPOBRY REFERENCE [NFORMATION
7 =40.000 ~11.700 55.000 SREF 2650.0000 SOL.FT,
l.l}g -20.000 -1!.300 gg-% %E'f:: &.8!00 INCH:Zg
YMRP .0000 NCHES
IMRP 375.,0000 INCHES

SCALE L0040
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION REL ELEVON BOFLAP  SPOERK REFERENCE INFORMATION

T
(CHECOL Y - (O DAJOS LARC22MHE43] (BS2C12F10M14){v)Z7E43) [VBRO) L7710 -40.000 -11.700 55,000 SREF  2890.0000 SQ.FT.
{CHEQD?Z ) QA0S LARC22HE43] tas%;g%%gggmgs-mwe&s: ;.no -40.000 -11.700 55.000 LREF 474,8100 ﬁg

-40. -11. .D0D BREF 935,.6800
{CHEDD3) < OALDD LARC22HEA3] (B5 E43) [VBRS) 910 -40.002 -11.700 S5 BRer 5335500 N

YMRP .
IMRE 375.0000 INCHES
SCALE .0040
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FIGURE 4 EFFECT OF REYNOLDS NUMBER (ELEVON= -40, BDFLAP=-11.7)
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DATA GEY SYMBOL  CONFIGURATION DESCRIPTION RELL  ELEVON BOFLAP SPDBR  REFERENCE INFORMATION
4754'8100

{CHEDQY }
(CHEQO3?

T
DAIDS LARC22HEA3] tBS?C; BRS) .710 -40,000 ~11.700 55,000
!

SA.FT.

2F10M14) (V] 1y SREF <
[ CHEQD? ) OA103 LARC22+E£43] [BS2CI2FIOMI4) (W127E43) (VERS) 1.110 -40.000 -11.700 55.000 LREF ms
DAIDD LARC22HEA3! (BS2CI2F1OMI4) (WI1Z7E43)(vERS)  1.810 -40,000 -11.700 55.000 ;lcfEﬂg :3732'7000 NOTES
YMRP 0000 INCHES
ZHRP F75.0000 INCHES
SCAL .0040
rrrrrgrerrirrrhrrsritr e e T ey
3 .0 ;Ill LR RN LR LA LA A N AR AR A LAl I A N L L A L R SRR S LA R A DA i AR AL N1N AR ANLEY £AL) LA EiadsinizdibizlLiaiLenl
2,54
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FIGURE 4 EFFECT OF REYNOLDS NUMBER (ELEVON= -40., BDFLAP=-11.7)
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DATA SET SYMAGL CONFIGURATIOGN DESCRIPTION RE.L ELEVON BOFLAP  SPDBRK REFERENCE IWW;&:T
(CHEQDL ) OA1DS LARCZ2HE43] (BG2C12F 10MI4 ) {vi27E433 (VBRG] L710 -40.000 -11.700 995,000 SR&f 2690,0000 FT,
(CHFOO?I @ GAIDD LARC22HE43] (BB2C1I2F IOMI4] (VI27E43) (VBRS) 1.110 -40,000 -1} 700 95.000 LREF 474,9100 }ﬁg
(CHECDR) OAI02 LARC22HE 43! (Be2C12F10MI4) (W] 27E43) (VERS) '8i0 -40.000 -11.700 55,000 BREF 935.8800
XMRF 1076, 7000 NCHES
YMRP 0000 NCHES
ZMRP 375.0000 NCHE'S
SCALE 0040
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REFERENCE INFORMATION

£
ﬁF 474,8100  [NCHES

g

OATA SET SYMBQL  CONFIGURATION DESCRIPTION REWL ELEVON ﬁ}'!c.ag
(CHEQQD ! DAID9 LARCZZHE4Z] (B62CI2F I0MI43EW]127E43) (VBRS) +740 000 . S
(CHEDID) H 0A109 LARC22MHE43] (BS2CI2F IOMI4) (W]127E43} (VBRS) 1.120 000 L0005
(CHEDI2] < DAICY LARCZ2ZHE43] (BBZL12F10MI4)(W127E43) (VBRS) 1.810 +000 L0000 S

BB

BRE .
076.7000  INCHES
XMRP 1 I
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION RE.L ELEVON BOFLAP  SPDERK REFERENCE [NFORMATION

T
{CHE00S ) 0A109 LARC22HE43] [BB2C12F 10M14)(W127E43) (VERS) 740 000 000 55,000 SREF 2580.0000 SO.FT.
(CHEQIO) [Ol OAIQ0S LARC2ZME4Z] [(B62CI2FI0OMI4)IVI27E43)I{VERS) 1.120 200 000 S5.000 LREF 474,8100 l\Cl-Eg
(CHEQIZ) O OAIDS LARC2IME43] (BE2C12FIOMI4) (WI27E43) VBRG] 1.810 000 000 93,000 %ERE 13732.% NCMFEFES
YMRP 0000 INCHES
ZMRP 375.0000 INCHES
SCALE 000
1 4 T Tt T I e T T T T e T TS TR T AT T IY YT AT AR fevd 1 4 TR T T R T T R T[T T A i e e rnﬂ
» L Y 4
1.3+ 1.3F E
: 3
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FIGURE 5 EFFECT OF REYNOLDS NUMBER (ELEVGN= 0,  BOFLAP= 0 ) .
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION
{CHEDDT) H 0A109 LARC22HEA3] (BS2C)

(CHEDID)

CA

ELEVON BOFLAR  SPDBRIK

,000  S55.000

REFERENCE- JNFORMAT[ON

SREE
000 S§5,000 LREF

2F 10M14) (¥ 127E43) [VERS) . 0000 50.FT.
1 PAI03 LARC22rE43] (BE2C12F10M141{v127E43] [VERS) 1.120 .000 474.8100 ﬁg
(CHEOI2) O DAIOS LARC22HE43] (B52C12F 1OMI14){v]127E43] (VERS) 1.910 000 000 55,000 BREF 6800
. . XMRP 1076.7000  [NCHES
' ¥ .0000 [NCHES
ZMRP 0000 INCHES
SCALE, 0040
jlll T I Y (T I i I I T e T i Iy T r f Im e Irr r ey TEEMITH T ITAT 1TITNITFIIITT | T ll‘ll (RRRSARELALEALE LANLY j!ll ‘Illl LLEANNERZRLERAS l'lll:-
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION RE:L  ELEVON BOFLAP SPDBRK  REFERENCE INFORMATION
(CHEDDS } H 0AIDY LARCZ2HE4R! (BG2C]2F 10MI4) (V] 27E43](VERS) 740 .00 .000 55,000 SREF  2630.0000 SO.FT.
[ CHEQID ) OAIDS LARCZHEA3] (B62C12F1OMI4)fvI27E43)(vARS) 1,120 .000  .00D S55.000 LREF  474.8100  INCHES
LEHEDI2] O  DOAIGS CARC22ME431 (BS2C12F10MI4)(vI27€43)(veRS]  1.e10  ,000  .0D0 §55.000 BREF  935.6800 INCHES
XMRP  1076.7000  INCHES
YMRP 000 INCHES
ZMRP_ 375.0000 INCHES
SCALE .0040
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DATA SET SYMEOL  CONFIGURATION DESCRIPTION RESL ELEVON BOFLAP SPDBRK  REFERENCE !NFGRHA;gu§T

{ CHEQOY ) BA108 LARC22HE43] [BS2C12F 10M14) (W1 27E43) [VBRS) .740 000 000 55.000 SREF  2650.0000 FT,

[CHEBID) f% GAI03 LARC22HE43] (BS2CIZFIOMI4) (VI27E43) (VBRS)  1.120 .000 000 S55.000 LREF 474.8100 INCHES

(CHEDIZ) <& DAI0S CARCZ2HE43] (BB2CIZFI0MI4){wiZ7E4A3IIVvERS) 1,810 .000 000 55.000 BREF S36.6800 INCHE
XMRP  1076.7000 INGHES
YMRP 0000 INCHES
2MRP 375.0000  INCHES
SCALE .0040
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OATA SET SYMBOL.  CONFIGURATION DESCRIPTION .
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DATA SET SYMBOL  CONFIBURATION DESCRIPTION RE.L ELEVON. BOFLAP  SPOERK REFERENCE lNFWAg&;T
{CHECL4) 0A109 LARC22HE43! (BS2C12F 10M14 ) (W127E€43) (VERS] 720 10.000  1B.300 S5.000 SREF .2690,0000 oF1,
[CHEDIS) H OAIDS LARC22HE43] (S52C12F 10MI4){v]127E43){VERS) 1.070 10.000 16.300 55.000 LREF 474 .,8100 !%‘Etg
{CHEDIEY & DAICS LARC22HE4D] (BE2CI2FIOMI4)IVI27E43){VBRD) 1.6380 lU.mC? 16.200 S5.000 iﬂmgg lggg.g% IN}ES
YMRP 0000 INCHES
ZMRP 375.0000 NCHES
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OATA SET SYMBOL  CONF IGURATION DESCRIPTION RE.L ELEVON BOFLAP  SPDBRY REFERENCE !WORNA;E‘JU:
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[CHEDIS) PJ 0A109 LARC??HE*!BI (B62CI2FI0MI4[v127E43) (VBRS) 1.970 0.000 18.200 S55.000 LREF 474,8100 INCHES
[CHEDIB) <& OALOS LARC2ZHE43! (BEZCI2FIOMI4IIVIZ7E4A3) [VERS) 1.880 10,000 15,300 S5.000 BREF 933.6800 INCHES
XMRP 1076.7000  INCHES
THMRP Naoss INCHES
ZMRP 375.0000 INCHES
SCALE 0040
+RRLIARLA) RRELELELAS LRLLIALARY LLARYLRARS LARRILERRIALALYRALLERRLATARLS LI LAY Lt i e R A A LR R LT LR RN RO AR R LRRLE LN ERLRNEALRY LERRR RSN LA !‘H"l-_-
.30¢ 3
25¢ %
205 ]
.15¢ — 5
104 SRe 3 ]
- = Y =
: = ]
.05% =
O-WWMMMMWMM%MMMMM
-10 0 10 20 30 40 o0 60 70 80
ALPHA
0 LA L L ALl R AL AR R N AR NS Ad iR L Y“l TYTTTITIYV LA AR L R R A L L R E N LA N AL R A LA LR R A A R l'i“ THTTTITE “'Y HIT[TFrd ilm-
- .0005¢% ;
- -0010 3 Dt f
3 T 3
3 W= FoRe E
- .0015% S5 q\ ]
: oG 5
- L P y
.0020 E .ﬁ@da ':‘
: 1 3
il -0025 : = %’-(\ z
-.0030% -
Racefaonabyeardeeas®opng b Lo b fonnsfnenadonnalorse fones oaws baas bong leonadineslonashiome s omn bonnsfnes Lonaa Laneaduens biona bipoad i bonns boprs Lisa duan e baa g o lessd
~-10 o 10 20 30 40 S0 60 70 80

ALPHA

FIGURE 6 EFFECT OF REYNOLDS NUMBER (ELEVON= 10, BDFLAP= 16.3)
PAGE 13



DATA SET SYMBOL
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DATA SET SYMBOL.  CONFIGURATION DESCRIPTION RESL ELEVON BODFLAP  SPDBRK REFERENCE INFORMATION

HEQ14 ) (AI09 LARC22HE43] [BS2CI2F 10M14 000 15.300 55.000 SREF 2680,0000  SO,.FT.
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OATA SET SYMBOL  CONFIGURATION DESCRIPTION REwL ELEVON BDFLAP  SPDERK REFERENCE [NFORMATION

tCHEQL7) OAIDS LARC22HE43] [BE2C12F10OM14)IVI27E431(VERS) L7200 15,000 15,300 55,000 SREF 2690.0000 SG.FT.
(CHEDLS) H CALDS LARC22HE43] [B62C12F 10MI43IVI27E43) (VBRS] 1.090 15,000 16.300 55.000 LREF 474.8100 lﬁg
(CHEQIS) & OAID9 LARC22rE431 [B62C12F 10MI4) IVIZ7E43{VERS) 1,900 15,000 18,200 55.000 %Ea; 13735.,% fm—es
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DATA SET SYMAOL  CONFIGURATION DESCRIPTION
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION RE,.  ELEVON BOFLAP  SPDBRK  REFERENCE wm;ﬂ:r

[CHEQL7 ) OA109 LARCO2HE43] (BS2CI2F10MI4) (w1 27643) (VERS) 720 15.000 18,300 55.000 SREF  2620,0000 oF T,

( CHEQLE ] !q OAIO3 LARC22nE431 (BS2CI2FIOMI4)(VI27E43)(VARS)  1.030 15,000 16.300 95.000 LREF  474.8100  INOE3

(CHEDIS) O DAIDS LARCZZHE43] (BE2CIFIOMI4)(VI27E43)(VERS) 1,800 15,000 18,300 S55.000 BRSh 13735-% ]
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ZMRP_ . 375.0000  INCHES
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DATA SET SYMBOL CONIGURATION DESCRIPTION RE.L ELEVON BOFLAP  SPOBRW REFERENCE II’\FW%&;&:T
[CHEQLT7] BAIOS LARCIZ2RE43] [BS2CI2F 1OMI4)IWI27E43)[VERS) 7260 1S.000  16.300 55,000 SREF 2590.0000 SQ.FT.
{CHEDIB) H OATOS LARCIZ2HE4Z] [B62C12F10MI4]EV]27E43)[VERD) 080 15.000 16,300 S5.000 LREF 474. . N.‘}Eg
[CHEQISY O DBAIOS LARCZZHE43] [BS2CI2F10MI4 ) (WIZ7E43](VERS) 1.200 15.000 16.300 S5.000 ;l(ﬁg; 1873%- M‘mrfs
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REFERENCE INFORMATION

DATA SET SYMAOL  CONFIGURATION DESCRIPTION . REWL ELEVON BOFLAP  SPOBRK 0.F1
(CHEQL7) 0A10S LARCZHHE43] (BE2C12F 10MI4)(¥127E43) [VBRS) J720 15,000 16,300 SS.000 SREF 2690,000C F1.
(CHEQLB] H DAIDS LARCZ2HE43] (BG2CI2F jOMI4){vI27E43) [VERS) 1,080 15.000 186.300 355.000 LREF 474,8100 {&]_FEE
(CHEDIS! O DAIDS LARC22HE43] (BSZCI2FI0OMI4){WI27E43) (VERDS) 1,900 15,000 16.300 S5.000 BREF 93s.6800
XMRp 1076.,7000 INCHES
YRR 0000 INCHES
ZMRP 75,0000  IMNCHES
SCALE 0040
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DATA SET SYMBMY  CONFIGURATION DESCRIPTION ELEVEN BOFLAP spot?m.ad R!-IZ-L REFERENCE INFORMATION
CHEDOD UAIUS LARC22HEAZ] (BS2C]12F 1OM14){vw] 43 (vBRS) -40,000 -11.700 55. . 2650,0000
ECH&:DD,Sg H A109 LARCIDHEAS] (BB2C l?FlDMlzltw?'?EéBNVBRSg ~35.888 -ll.z% gg 8% }.300 LREF g’;é:gégg "
teHE00Y) O GMUS LARC22rE43] (BE2XCI2F IOMI4){v]27E43) (VERY . -1l ' ALY 1676 7000 NEHES

MRP .
ZMRP 375.0000 NCHES

CN

€} e O s
T

4

2

LRIEY REARN AN AL R ST LRART LML RARRILEEZS EX]

"n2 -02

LA AL LA LA LI F AL A AL N LER A r LLEAT R

"l4

aadalaceedupgg lanne {odantepestepgabagivrdgatytaraniodddtzaniniiblits 2 SAYINNRTISFEVINNET] i PNTTRTY NN T E NS FTT NN STSTRIRTTNIS NN

SCALE 0040

AR TR T T T T T RO I T TR T T 124] SRR LALLM ALAAILLAY O Tr TR [T T TP T Tt mé

2.2% 2.2¢ :

2.0% 2.0%

.84 1.8% ]

: 3

E 0 & E

1 .64 5 1.6 2 ]
= iR £ ad .

1.4t 42 1.4t y :

.2 = - 1 12 £ =

1.0% 1.0% 154 d

of ) of Y 3

-8% & VE X :

:

.5 / .B E

HTITITTTT LI ikl

E

-.4

3

0 20 40 60 o2 8] -2 -4
ALPHA - CLM

FIGURE 8 EFFECT OF ELEVON DEFLECTION (BDFLAP= -11.7)
CAIMACH = 20.30 PAGE 21




DATA SET SyM3k,

E CHFOOJ; P
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ELEVON BOFLAP
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CONF IGURATION DESCRIPYION

10N
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DATA SET SYMBOL  CONFIGURATION DESCRIPYION ELEVEN SBIDFLAP SPDERK RE,L REFERENCE 1WBRHA;LG:T
{CREDDS) GA109 LARCZMEAI! (B52CI2F10M14)(wI27E43)[VvBRS) -40.000 -11.,700 S$5.000 1.910 SREF 2590.0000 T,
[CHEDDS) 8 OAIDS LARC22HEA4D] {BS2CI2F1I0MI4)(VWI27E43)(VBRS) ~35.000 ~11.700 S5.000 1.900 LREF 474 .8100 hﬂég
(CHEQD7) & DAIOD LARC22HEAZ] (BS2CIZF IOMI4 ) [Wi27E43) [vERS) L0900 -11,700 55.000 1.800 BREF 935.6800 INC
XMRP 1075.,7000 NCHES
YMRP L0000 INCHES
ZMRP 375.0000 INCHES
4 SCALE L0040
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION OLTELY  BOFLAP  SPORRK  RE.L REFERENCE. INFORMAT 10N
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DATA SET SYMBIL  CONFIGURATION DESCRIPTION ELEVON BOFLAP  SPDBRK  RE.L REFERE;g:D IWWA;@:T
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DATA SET SYMBOL  CONFIGURATION DESCRIPTION ELEVON BOFLAP SPDSRK  REWL REFERENCE INFORMATION
[CHEQD3 ] P OA108 LARC22ME43] ([BS2CI2FIOMI4)[WIZ7E43)(VERS) -40.000 -11.700 355.000 1.910 SREF 2620,0000  SQ.FT,
{CHEDIZ) ! OAICY LARC22HE43] (862C12F IOM14) (W127E43) (VERD) 000 000  95.000 1.910 LREF 474.8100  INCHES
(CrEOI8) & OAIDO LARCZ2+E43] (BB2CIZFICMI4)(wi27E431(vEBRS) 10,000 16,300 55.000 1.880 BREF 935.6900 NCHES
XMRP 1076,7000 NCHES
YMRP . 0000 NCHES
ZMRP 375.0000 INCHES
SCALE L0040
T T e T T T T T T O T T T T T I N I T o O I o T e I T T T T T T R T T T N N T T e e T R T v T e e Y e T I T o '”E
2F :
RE - 1
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N: PoVE oY TG0 0203010/ O ON ]
R [ . 3
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3 oL | L E
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FIGURE 16 EFFECT OF COMBINED ELEVON AND BDFLAP DEFLECTION (RE,L = 1.91)

(AIMACH = 20,30
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OATA SET SYMDCL  CONFIGURATION DESCRIPTION AILRON ELEVON BOFLAP  RE,L REFERENCE JNFORMATION

[EHE0O7 ) q DAIDS LARC22HE43! [BG2C12FIOMI4) (WI27E
(E-RD0S) 1oM143{v]

cy

CYN

CBL

1 (VERS) 000 000 -11.700 1.900 SREF  2690.0000 SO.FT,
. - 474.8100 INCHES
JEVERS]  10.000 000 -11.700  1.920 LREF 8 3

43
OAIOS LARCZ2HE43] (BS52C12FI0MI4)(¥I27E43
:3732'"000 NGHES

sl 5

F

o

MRP  375.0000 INCHES
SCALE L0040

AR LLALN RALRL LALANRZIAZ LLARE LA iR I AAREY KRR AR LA LALR AN R Liba panntannt (AN a i RaR i EAd A annen aiannatin (annd ALLARLLELS UAALY RLLAIALLLY LRALE LELLY ERLM T TR

L]
—

Eln RN LALEE AR R ARE N AR RRRRT AL

o

AR eioaa o0 0tiizo ol GE GX ]

I
.
[

-2

—.3 e nde o Haadientan ey S s g SIS LRSS L R L LU AL L
-10 0 10 20 30 40 S0 80 70
ALPHA

10 !l" LALLM EERSHRALRE LARRE LIRS LARAALEREN LARRIRERR) ERAL] lll-l I'Ill LA IR AL RN LA R A A L L S AL D LALE A ELAA S AL LAt AR TARDLARLE TR LS LAY LAl N LALEN LI N LAl LAY
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DATA SET SYMEOL  CONFIGURATIEN DESCRIPTION DUTALN  ELEVBN BOFLAP  RE.L REFERENCE INFORMAT 10N
[ AHEDOB } Bl ARCZ 2 € . . -11,7 1.920 SREF  2690.0000 SO,FT,
)] 09 LARCZHE4AZ| [BS2CI2FIOMI4Y{WI27E4RI(VERS)  10.000 ooo -11.700 SREF £90.0000  Mefds
835.6600
XMRP  1076.7000  INCHES
0000
ZMRP 375.0000 INCHES
SCALE L0040

UARELERRIERALERNRtat s an a i ALARARid) ERAIRIRAR,

- 1 Mg AR R R EA) LR L0A RS AN AR R R AR AR AR AR CR LRt s e nl LAaRS LA EA LR tERRIAILLLN REARE RELLSRARRE LM LS LLER)
L]

TR TTY

0 Dol el WD OB DGR

oF - A g o S a e

DLTCY

TITTFYTI{ITIT{TY

O_ RIDIRIAY app i abiedp gt po R raating

J

) 31:1u4_1u4_Lm_uur1.u4_uLz_uu_uu1uu_u.u_1uL.mq [TV R TTERITENRITYT R FIO VR FRARUS 2 N T I e
-10 0 10 20 30 40 510, B0 70
ALPHA

10 L AL A L L R L L AR R AN L L LA AL N R LR LN ERLA R LADRE RN KRS EALLS LRI LRLESLERARALAEY LARRBLANA102E] LERL]
- -

LS INZR AN LALAN LLEREAEINY LAARELRS]

o
i

TETTrTT T

DLTCYN
i
d
;
2
S
&

TTHT

STERLITISLITER LTI LT EY S TEUARTTTLARAY .

b bt b Esvar Dipsp benyatosea boenalaaerfonnnbaooe fongu beavebpenaloagadocanfanasoonedarar v g Leenetaan Foanalennslen s fange cabtt thidt aind bedb lolRLiLLLL IVENRSEN

-10 0 10 20 30 40 a0 60 70 8
' ALPHA
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o

LEAINLE RS AALRN LLALS RIS LLLLS LRA]

eOHAHD

&

130 10100 o

DLTCBL
o

NIE LY TN NN S TRNLAT RN LSRRI Y-

L EARRI AR RER LT EARLLRRAI LA LI L]

T

- .04 il pieabane e Raonr e Ypgpa ot lensalerppnbnan bnapn fanep lanne lar e fapaarasiianniapaytonqeioeol Jubg gt ang iuattlotis aattteiagboainbanar LonpndoansinpnnJongulnnanduaiantonn

-10 0 10 20 30 40 20 60 70 80
ALPHA
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APPENDIX
TABULATED SOURCE DATA

Tabulations of plotted data are available on request from
Data Management Services



DATE 0t

SREF
LREF
BREF
SCALE

Houonn

MACH
t8.300
18.300
18.300
18.300
16.300
18.300
18,360
18,304
16,300
18,300
18.300
£8.300
18.300
18,300

MAY 7%

TABULATED SOURCE CATA - (M09

REFERENCE DATA

260.0000 $Q.FT.  YMRE
474.8100 INCHES  YMRP
936.6400 INCHES  ZMRP

040
RUN N,
ALPHA CN
20.000 . 40467
24,000 . 53139
28.000 . 69222
30.000 76758
32.000 (85147
34.000 .92432
36.000  1.01249
38.000  1.08%29
40,000 1.17180
42,000 1.e062
44,000 1.33651
46,00 1.41968
48.000  1,48783
50,060 1.54954
GRADIENT WAl

non M

OALDG LARC22HE431 (B62C12F1NML4) (W27E43) (VBRS)

1076, 7000 INCHES
D000 TNCHES

I75.0000 TNCHES-

15/ 0 RN =
CA CAB
07920 -.0m29
0781 -.omar
08076 ~.00139

Tana1ze ~J0049
08131 -.00163
08081 -0
L0824 —.6010T
L07840 ~00216
78T -3
JTTAE - 005255
L7626 - OU2T3
07435  ~00200
07382 -,00303
ATIRT O =.00320
< BO0EE

Rewied]

BETA
ATLRON
SFCERK
BALANC
RE:L

Moo uow

00 GRADIENT INTERVAL = -5.00/ 5.00

LM
031820
L2360
{12653
Q13142
13424
L3538
L3461
L3538
33087
13525
L3E00
L3566
03803
L4585
Heiviss]

oL
-0
SIS
6018
ST
- BOMA
L0011
L0032
JLanzs
= 00023
~ I
L1
LRI
L2
Wiy
Rrenesl

CYN o
Jopns1 -.ons00
Ln3n -.00829
LRGN ~u020
Ln0ee -.01085
L0119 ~J1315
Lhe7  -.ieTa
LT -.01297
Omoe -.0147e
L0137 -.01698
JAL5 -.01740
L0833 ~.MTED
L9868 =-.111749
OMTE =205
L08s  -.02084
OO Mo

IRHEDOL )

FARAMETRIC DATA

00
400
55,000
20.000
710

L

«35314
45299
57328
62410
€874
Tz21e7
71196
80949
+84683
88500
1843
93271
.9407
+93990
SO

FAGE 1

(24 ARR 75 )

ELEVON = =-40.000
BCFLAF = «11,7M0
RUCCER = 000
STING = 1.000
o L/0
- W21261 1.65865
28904 1.56720
39628 1.44665
45419 1.37409
520 1,30526
JS5a3ez2 1.23588
L6804 1.16957
73321 1.10404
81334 1.0412%
L0107 .58218
.98328 .92388
1.07288 JBE935E
1.15%57 B 441
1.23412 LTe150
SO0 Nisansl



CAYTE 01

SREF
LREF
BREF
SCALE

MACH
19.100
19,100
19.100
19.10n0
19,400
19,100
18.100
19,1400
19.1%i0
14,100
19,100
19,100
19.100
19,100

MAY T8

TABULATED SOURCE DATA -~ cwifs

REFERENCE DATA

2600.0000 SG.FT, 0RFE
474.83100 INCHES  YMRF
936,680 INCHES  2MRE

0040
RUN ND,

ALFHA oY)
20.000 .39511
24.000 .52493
28.000 67278
30.000 J74313
32,000 82536
34.000 OH25
36,0040 98084
38.000 1.06266
40.000  1.146W
Az.000 1.22530
44.000 1.39199
46,500 1.35253
48.000 1.45418
57,000 1.54794

L0000

GRACIENT

OATNg LARC2ZHEA31 (BERCIZFIOMI4) (W27E43) (VBRS)

1076. 700 INCHES
L0000 INCHES
375.0000 INCHES

16/ 0 RNL =
CA CAB
SO -.00128
L7380 -.00134
7307 -.0OD148
J07454  ~.01€0
AITA4E ~001T76
7441 -.00103
07386 -.tmz12
SD7ET -.gees
A7l - ngay
07248 -.00264
Omei ~.N279
OMEE -.00294
66914 -.00355
L6862 ~.0318
Wi Ot

00

CLM
1073
L1703
.01893
02020
2430
02579
12675
Naxivakd
12936
.03358
03308
03218
-03688
14631
L0

GRADIENT INTERVAL =

CBL

LHnge
Loy
L3
L8
JLHHI55
L0048
JIN56
Lens
Nyt
L00d)
Nedi{vy
JLeniet
LN
L84
ST

BETA =
AILRON =
SFOERK =
BALANC =
REL =
~5.00/ 5.00
CYN or
SN0 ~.00454
LTS =0T
Jrmes —.0dan
L0075 -.0ded
L0es -,01027
Lonen -o11si
A5 -.01341
Sooet -.0i3eh
SdeR -.0147
L0100 ~.01663
JEG7 -.01608
JLE124 -,01930
L0110 -.01927
Sieé ~ad4E
Nk S

(RHEND2)

FAGE 2

{24 AFR 75 )

FARAMETRIC DATA

L0 ELEVON = -40,000
000 BOFLAF = -~1i.700
§5.000  RUDDER = Nilala)
20,000 STING = 1.0hn
1.140
a ] L/D
3470 20186 1.7i897
44094 28001 160685
55930 38116 1.46T36
JE06P9 43612 1.39020
- 6EGO1 . 500178 1.31976
LT473 L5650 1.24T09
75010 63628 1.17889
JTOP16 L1214 1.11237
83844 L79308 1.04836
L6214 87304 LOREE4
JEBT3A 95537 92683
91649 1.05580 .87218
92166  1.iPeg3 81785
92314 1.20693 . 76486
0000 D JLEA0



{>

BATE Ot

SREF
LREF
BREF
SCALE

FE I ¢ I |

MACH
20,390

an.ang

20,3048
2t, 300
20.300
2. 300
20.300
20.300
20.309
20.309
20.3049
20.300
20.300
20,300

WAY 75 °

TABULATED SOURCE DATA - OAINIG

REFERENCE CATA

2690.0000 Sa.FT.
474.8100 INCHES  YMRP
936.6800 INCHES  ZMRF

40
RUN ND.
ALFHA CN
20.000  .30105
24.000 (51643
28.000 67080
30,000 « 73608
Jz2.000 82400
34,000 89638
36.0099 97985
38.0060 1.05806
40,000 1.14411
42.000 1.22213
44,000 1.30075
46.000  1.38855
48.000 1.45376
55,000 1.51408
GRADIENT falckay]

XMRF

Q4109 LARC22HE43] (BE2C12F10ML4) (W1 2TELD) (VBRS)

1076, OO TNCHES
SO0 TNCHES
375.0000 INCHES

17/ 0 RN/L =
CA CAB
6544 =005
6776 =116
08378 =.00135
[eN;alak =M 45
07135 =001 61
AOMe9 =417
LT =087
N34 =.tn197
016951 ~.00205
08837 =.00218
AIBT4T =.00e3n
+LIG6E3 =.00244
15569 ~.00253
06629 ~.[Heee
Rrrenil L0000

A0

LM
01475
01971
JLi24e2
D276
03105
03182
L3373
L3470
03667
3738
JD3768
03654
63978
o021
00000

GRADIENT INTERVAL =

cBL

onnes
Ryyir:)
L0030
SRS
Lo
L36
G051
LH36
Ruiviti}
Reviray
I35
029
L6t
I35
Nis'xey

BETA =
AILRCN =
SPDERK =
BALANC =
RE:L =
~5.00/ 500
CYN (a4
LH040 =439
Ji44 -.00662
JSEDES =.00935
L0058 - Oi253
JLIEN74 =.01547
L0040 ~-.01201
faivalyg -.01256
Jdines - 01414
Ryaaisa] -.[H 522
fxwai:E ~.JHE613
J01E0 -.01796
JH09 ~.01866
L0108 =.01873
L0107 =027
LN L0000

FAGE 3
(RHED3 ) {24 AFR 75 )}
FARAMETRIC DATA
A00 ELEVON = -40.8060
000 BOFLAF = ~11.700
55.000  RUBCER = 00
20.000  STING = 1.000

1.910
a D L/D
34508 .19524 1.76748
44422 27196 1.63343
« 555680 37638 1.48802
246 142867 1.40543
» 68099 49717 1.32951
. M1383 SE037 1.25600
J75115 63315 1.18637
. To038 .7Ue03 1.11806
83176 78867 1.05453
BE247 +8€857 59298
88882 95211 .93352
.21664 1.04513 877086
£92394 1.12431 82178
92246 1.20246 76714
Mreaha) e rrrs

Ry es!



CATE Ot MAY 75

SREF
LREF
BREF
SCALE

[T L I }

MACH
2a.300
20.300
20.309

20.300 |

20,300
20,300
20,300
2,300
20.300
20,30
21,300
20,390
20,300
2., 300

TABULATEC SOURCE CATA - OA2D9

REFERENCE DATA

2ea0. 0000 SG.FT, XRP
474.8100 INCHES  YMRF
936.6000 INCHES  ZMRF

140

ALFHA
20,008
24.000
28,000
30,000
32.000
34,000
36,0600
38,000
40,000
42,000
44,000
46.000
48.000
53,000
GRADIENT

RUN NQ2.

CN
39414
.51991
JETLN0
. 74404
82632
80340
R-Y:luh
1.05799
1.144€8
1.22602
1.30527
1,38893
1,45545
1.51427
K raly s

OA109 LARC2ZHE4S! (BERCI12FIOM]4) (W1RTEAS) (VBRS}

1n76

375

14/ 0

CA

116660
.[06804
.NE958
.0me1
Lmen
LT3
7034
6980
06849
067
116649
(18516
016374
116406
« LI

« 7000 TNCHES
0003 TNCHES
L0 TNCHES

RN =

CAB
=.0095
=104
-, 20
-.00429
- ¥ 43
=.0154
-.00165
~.(0173
-.0182
~.(i192
-.(0203
-.0z214
-.0G221
=-.0uz232

Toannnn

00 RADIENT INTERVAL =

oL

1322
0175
b2126
2195
L2564
Ry
L2948
.02947
03075
S£I2978
-02992
D2812
433226
L4063
Lo

CBL
L5
L0ngn
Kl
SN
L0010

-0

- oot

Sy oL

-

- LR
4015

- OO

= L8

- 00
Nryichi]

BETA =
AILRON =
SFEBRK =
BALANC =
RE.L =
-5.00/  5.00
YN o
L0332 ~ 00471
L0046 =.0ns5en
L0386 ~,00839
L0050 -.(10997
SUR4T7 ~.t1194
L0061 -M1267
cD':f-‘}gJ - -0139§
L0074 -.[1467
JSKR87 =.01626
LHEe7 =.001743
L1128 =-.01925
JHEIe1 =A11946
L0127 ~02020
L Eryehs!

(RHEOD5)

FAGE 4

FARAMETRIC DATA

Ang
H00
55.000
20.a09
1.949

a

.34759
.44729
55979
» 61994
. 66324
S mIg30
74989
P07
.83285
86603
89274
91796
92652
92428
VU

{ 24 AFR 75 )
DLEVON = =35.000
BOFLAF = -1f. 700
RUBDER = Resh
STING = 1.0

b L0
49730 1.7e093
L2763 1.63467
37645 1.48704
43322 1.40782
49792 1.3320
56308 1.25767
(63173 1.18M4
L TOE3T 1.11944
78825 1.05658
B4 .59458
,05455 .93525
1.04438 87896
1.12426 82412
1,207 76948

flrerey



CATE Of MY 78

SREF
LREF
EBREF
SCALE

MACH
20.300
20.300
20,300
21,300
20,300
20, 200
20,300
21,300
20.300
20,300
211,300
20.3040
20,300
24,300

TABULATED SOURCE DATA - QA109

REFERENCE DATA

2690.0000 S4.FT.  XMRP
474,8100 INCHES  YMRE
936.6800 INCHES  ZMRF

»0040.

ALFHA
20,009
24,000
28.000
S0
32.000
34,000
36.0M
35.000
40,000
42,000
44.060
48,000
48.000

50.000 .

GRADIENT

RUN NO,

CN
+43351
57283
< T3934
81897
91236
99504
1.08443
1.16062
1.26440
1.35726
1.44348
1.53867
1.61769
1.67687
Reran]

CAL00 LARC2EHEAYY (BE2CL2FIOMI4) (W2TE43) (VBRS)

1078

00 INCHES

. D000 INCHES

3mn

18/ 0

CA

eage
SAmer
L7293

17413

L7448
07522
07514
7464
07381
07309
07184
JT1086
JAT47
L0759
« D000

L4000 INCHES

RNL =

CAB
=.00108
=.[10114
=.00124
=.00132
~.0142
=[5
=06t
~.0H M
~,80176
~.00184
=10194
= LlehT
-AHi215
=424

L0000

0 GRADIENT ENTERVAL =

LM
-, 01683
=\02t1s
=276
~43144
=.03445
=03755

. o=Jllatey

=.04645
=.0545G5
= e
=.06975
=784
=.07980
= 0745

SRR

L
L0806

01023

A2
L1397
L1503
001583
W3 T8
L1807
Mage
Li1om
L2079
02257
L2263
£2E0e
Kisicss

BETA =

AILRON =

SFCERK =

BALANC =

RE:L =

-5.00/ 500
CYN Y

=001 40 -0374
=.lil1198 -.1598
=257 =, a0
~LEi284 ~. 873
=-.10291 =.L1986
=-03ze -.A1166
~.[H352 -1255
=-.00367 ~.01408
=, [Hl44 -01580
= [41439 -.[11657
=454 =.01811
= AKid76 -.[1939
=.[Ra7r =.02178
- L1458 ~0z217
LR By i)

(RHEONE)

FAGE 5

FARAMETRIC DATA

000
10,660
55,4000
20.000

1.920

la
.38401
49448
.61856
67218
\T3426
,78286
83316
87572
92114
195973
28844
1.01773
1.03008
1.02380
00000

ELEVON
BCFLAR
RUDCER
STING

W aon

€0
21243
29773
(41142
147369
54664
61878
69820
L7789
86928
o625
1.05439
1.15619
1.24933
1.32593

S

(24 ARR 75 )

000
-11. 700
000
1.000

L/
1.80769
1.66082
1.83323
1.41904
1.34323
1.26517
1.19330
1.12429
1.05%65

89713

93745

88025

B245)

. TE081

Rekyaal



CATE Ot MAY 75

TABULATED SCURCE CATA - QA1N9

SREF =
LREF x
BREF =
SCALE =

MACH
20.300
20,300
20.3500
20.300
20.300
20.300
20.309
20.300
20,300
25,300
25,300
20,300
20.300
20.300

SREF
LKEF
BREF
SCALE

MACH
20,300
20,300
20.304
20.300
20.300
29,300

REFERENCE CATA

2690.0000 SQ.FT.  XMRP
474,8100 INCHES  YMRP
936, 6800 INCHES  ZMRP

JL40
RUN 2.
ALFHA CN
20.000 41875
24.000 . 55381
28.000 +71784
30,000 .Tozed
32.000 .88882
34.000 57018
36.600 1.05596
38.000 1.14195
49,000 1,23430
42 .10 1.32106
44.000 1.40815
46,000 1.50078
48,000 1.57539 -
50,000 1.63208
CRADTENT OG0

REFERENMCE CATA

0AL09 LARC2PHELD1 (BE2C12F1OMI4) (W127E43) (VBRS5}

= 1076, 7000 INCHES

= D000 TNCHES

T 3750000 INCHES

10 RNWL =

Ca CAB
L6421 ~.00102
06553 -.00110
J06849  Sluitdy
JOBE3G  =.05127
L08584 -,00138
JOEETE  ~uLHH49
06559 - 5a
08493 -.00165
06341 ~.00174
06213 -.00180
JE00 -.00186
L0586t -.0193
5861 ~.(hen
5867 -.0Gh14
« QU0 L0000

2690.0000 SR.FT. XMRP
474.81D0 INCHES  YMRP
936.6a00 INCHES 2ZMRF

0040
RUN NO.

BETA CN
~7.000 99821
~3. 500 1.00812
00 1.01314
3. 500 1.01371
7.4600 1.00548
10.000 1.01084
GRACTENT JHI66

BETA =

AILRCN =

SPCBRK =

BALANC =

RE.L -

L0 GRADIENT INTERVAL = -5.00/ 5.00
CLM CEL CrN o

- 0740 00011 L0079 -.0nesn

-01028  Woop? .oo0s2 -.00893

~i1342 Lhnze ioodei T-.0i214

-1 506 00035 JL2d -.1263

-,igag JLEN45 L0147 -.01491

-.02255 S5 JH136 -.01685

-.0z578 JHKIZS 0134 -.01688

-, 01 Morak ) A5 ~.01703

-.03722 L0041 0175 01922

- 54160 Braarid A0191 -.GE0BL

~ 4875 LI5S b0 -.62251

- 555 L0048 L0218 ~.02454

=.15449 =, 00N26 L0243 -.02557

-.04589  ~.00024 L8211 -.02599

Nalaliaia) Lo Nevees) Nehoaal

QA109 LARCZZHES31 (BESCI1ZFIOM1A) (WIRTEAS) (VERS)

ALRMA 2

AILRCN =

SFLERK =

BALANG £

RE;L =

A GRADIENT INTERVAL = =5.00/ 5.00
CLM CBL CYN o

00121 01284 1007 01062

- 00160 00564 0447 -.01408

-.00273  -,00194  -.00253 -.G3602

-.G0251  -.00056  -,00953  -.05867

=00007  -.01738 ~.D1474 | -.08567

0763 ~.02311 -.01975 -.11441

=.00013  -.00247  -.00200 -.00637

= 10767000 INCHES
= JG00 INCHES
= 37%5.0000 INCHES
297 9 RNA. =
CA CAB
06778 . 000449
JD67TE5 =.00504
16686 =.00453
06742 = 00476
Pa]:lvis] =443
B LalakR-) =-.00391
= L0003 L00004

(RHEDD7)

FAGE 6

(B4 AFR 75 )}

PARAMETRIC CATA

000 ELEVON = ot
IDQU BDH.AF = "11-?]&
55,000 RUODER = i
1,900
a D Lo
37154 20356 1.82520
47927 28541 1.68100
JEiz43 .39562  1.52275
. 65283 45347 1.430863
71845 52752 1.36194
. 76608 59788 1.28282
81573 67378 1.21075
.85589 \75402  1.14081
L8477 B4197  1.07459
94017 L3013 1,015
9749 1.02200 94961
99965  1.,12008 89176
1.0i088  1.20096 .83522
1.06443  1.28796 77963
SO Relvss s 2 wxs)
(RHETOB) (28 AFR 75 )
FARAMETRIC CATA
35000 ELEVON = s os]
JEMT BOFLAR = ~11.700
55.000  RUCDER = Krya)
en.000  STING = 1.000
1.920
L < L/
95903  -.05437 -18.37336
1.61136 00592 170,81346
1.01314 A18686  15.15408
1.007m .12818  7.801m3
98969 Jd9003  5.20817
97808 27419 3.56712
-.00052 DL761 ~23.28749



CATE Ot

SREF
LREF
BREF
SCALE

mw M g n

MACH
18,300
168.300
18.300
18.300
18.300
18.300
183
18.300
18,300
168.300
18.300
18.300

MAY T3

TABULATED SQURCE CATA - OA1D9

REFERENCE DATA

2690.0000 $4.FT. YRP
474.8100 INCHES  YMRF
936.6000 INCHES  ZMGF

0040

ALFHA
20.000
24.000
28.000
30,000
32,01
34.000
36,500
38.000
401000
42 .01
44.000
46,000
GRADIENT

RUN ND.

N
43261
. 57299
+ 74669
82089
92265
1.00925
1.09151
1.19061
1.,27253
1.36831
1.4€002
1.55114
L0

OA109 LARCE2HE431 (BERC12F1NM14) (W127TE43) (VBRS5)

1876

375

11/ 0

CA

07579
L7716
17763
0772t
417740
L7729
07589
07583
07459
07311
L7226
17166
« QU0

LT INCHES
L0000 INCHES
SO0 INCHES

RN/L =

CAB
-WJAe2
=018
-A0124
- H1135
-.hri139
~.004 53
00182
=.00176
=.001e0
=.10203
-.Xi215
- 4226

Rrsaihy

BETA
AILRON
SFCERK
BALANC
REsL

L0 GRADIENT INTERVAL = «5.084/ 5.00

CLM
~.00947
~.01418
~.02139
~.02464
=.13101
=-.03130
-.h3972
- 114638
-425410
—-.06122
=075t
=.[17524

falxivay:

aL
Hraaiiy
L0268
SRS
LXH1
SRR
Rivkizcl
L0136
= SRS
ok
JO0G3EL
JLt2s
SHER55
LD

N cr

LNa38 00547
LR =001t
JE106 =010
114 ~-.01167
L0118 =.11289
00128 -JQiie
Jn1ed =-05530
LT = 017286
L6 ~01718
JL0156 - 01835
JLX193 -211933
SK237 -.0224%7
SRR JLARIO0

(RHENGS )

FARAMETRIC CATA

000
000
55.000
20, 040
. 740

L
38059
+49207
162284
+67230
74143
+ 79348
83844
+B89153
93223
196868
1 G005
1.02596
Nehis!

FAGE 7

( 24 AFR .75 )

ELEVON = 000

BOFLAF = L0000

RUDCER = 000

STING = 1.000

B L/

21918 1.73642
30355 1.62106
+41909 1.48618
L4773 1.40853
55457 1.33895
B2B44 1.26263
W207 1.19271
79277 1.12458
BT 1 .15942
5758 89805
1,.06620 03706
1.16558 88022
Ralakis] Ryl


http:55.01.10
http:2690,0.r0

. LEEF

fa YE Oy

SREF

HELF
A7ALE

P O I ]

MACH
19.100
19.1659
19.400
19.100
19.150
19.109
191040
19,100
19.100
19.100
19.100
19.100
19.100
19.100

MAY 75

TABULATED SCURCE CATA - Q4109

REFERENCE [CATA

2690.0000 5G.FT. XMRP
474.8100 INCHES  YMRF
36,6000 INCHES 2ZMRF

0040
RUN ND,
ALFHA N
20.009 43160
24.000 +56595
28.000 T342
30.000 81154
3z.000 51404
34.000 58752
36.000 1.47305
38.000 1.16413
A0.0040 1.25477
42.000 1.34017
44.000 1.43011
46.000 1.53313
48.000 1.59587
54,040 1.66580
GRADIENT Rute iy

CALN9 LARC22HEAM (BE2C12F10ML4) (W 27E43) (VERS5)

1076, 000 INCHES
L0050 TNCHES
375.6000 INCHES

10/ 0 RNWL =
CA CAB
B854 =,00142
LT84 =144
17159 = 00152
A¥7208 =04 58
JHIT193 =T
L7146 -.00185
Q7127 -J0198
49 ~.f210
L= K ~.ne21
06821 ~ 00231
JIE73E -39
6861 -.06245
L06553 00249
L6563 -.00258
Mvlnivil Lnann

00

LM
~.0137
-.A2h22
- 02766
- 113245
~ 13796
~.4280
~.14749
=.05377
~.06138
= -067’.35
~-.0727
=.07920
=, 0707
=07124

OO0

GRADTENT INTERVAL =

¢BL

LO0Ld
Louia
L0nee
L0017
L0040
SRS
JSeEee
L0035
JLHEHT3Z
L0
LH056
W4T
L0007
JSE42
UL

BETA =
AILRON =
SFDERK. =
BALANG =
RE)L =
-5.00/ 5.00
CYN Y
Joon -.D0660
LaTe =007
L0107 -5
Lmie =097
LJ015 0 -01234
128 ~.01366
L0136 ~.01482
L¥26 - 01653
o4 -9
SO0l 010939
JLE198 -.02030
JYI2t5 -.JM12155
L0266 -JhO2134
0219 -.02445
LU Byeasl

(RHED1D }

FARAMETRIC DATA

FAGE a

{24 AFR 75 )

000 ELEVON =
00 BDFLAR =
55.000  RUDDER =
20.000  STING =
1.120
a (o]
.38179 .21296
.48628 29473
.61218 .4D659
66677 .46820
. 72852 .54005
JTTBT3 +61146
.83108 .69191
.67395 77226
.91679 .85949
L9530 194744
.08842 104814
1.0179  1.14911
1,019  1.22966
t.02048  1.31826
L 00000

009
000
090

1.000

L/C
1.79274
1.65673
1.50566
1.42411
1.34899
1.27357
1.20114
1.13168
1.06667
1.00302

94353

H8511

82869

L7741

LX)



DATE Ot MAY 75 TABULATED SOURCE GATA ~ Q4109 FAGE 9
OA100 LARCRZHEASL (BE2C12F10ML4) (W127E4S) (VARSE) (RHED12) (24 AFR 75 )

REFERENCE DATA FARAMETRIC CATA

SREF = 2600.0000 SG.FT., XMRF = 1076.7000 INCHES BETA = 000 ELEVON = 000

LREF = ° 474.8100 INCHES YMRF = L0000 TNCHES . ATLRON = 000 BOFLAF = Ralal

BREF =  936.6800 INCHES ZMRF =  375.0000 INCHES . SFCERX = 55.000  RUDDER = 000

SCALE = 0040 ’ BALANC = 20,000 STING = t.o00

RE,.L = 1.910
RUN ND. 12/ 0  RNWL = 00  CRADIENT. INTERVAL = -5.00/ 5.00

MACH ALPHA N CA CAB CLM L N cr L o Lo
20,300 20.000 42424 06348 -.00104 -.01039 017 LHE59 ~.00580 37654 200475 1.84103
20.300 24.000 56140 .06542 -.0018t1 ~.01548 00005 JLong2 =008 48626 J28811.  1.6RTTT
20,300 28.000 . 72536 06630 -u0120 7 -02084 W38 e -.01038 60933 J39907  1.52686
20,300 30.000 80573 L0670 = H527 - 02567 Neyatlal Jier =.01217 66424 LARI97  1.44094
20,300 32.000 .89930 06874 -.00438 =.02973 el Aiiiga -.01zae 72729 .53316  1.38412
29,300 34,000 .98140 L8720 -.00848 -.03413 Rvvar| A28 -.01459 L7804 JE451  1.28375
20,300 16000 1.07173 L8668 -.06158  -.03904 L0600 JL452 -.01680 82785 L63389  1.21051
20,300 38,000  1.15691 .06583  -.00165  -.04492 L0032 JEHEs -4 87113 J76413 5.14002
20.300. 0,000 1,25243 06487 -.¥MT73 0 -.05214 Vs JLOi6 -.01787 01772 85474 1.07368
20.300 42.000 1.34855 06439 - 00180 -.06088 Nrharr] LTI -3eTe 95908 L9502t 1.00934
L 20,300 44,000 1.43548 .06245  -,0G185 ~.0TO2 00013 A195  -.02083 98922 1.14209 94926
20.300 46,000  1,58011 J06130 -ubto2 ~0T75TR 0024 L0207 -.02157 0 4.01186  1.13€05 L BO0ES
20,300 48,000 1.59491 JOEI65 =.0099 - 076 -0 Je3L -.022e2 1.02213 1.22583 .83382
20.300 50.600 1.65583 JLEI0 -uO0213 0 -.506803 Rayaats Ja0238 - 02363 1.01761 1.3D766 77820
GRACTENT LOOna Wintuyal .OBe00 L0 L0 Rk nds Hovevil Ny'vsys! Rreves Ras's 5l



CATE 04 MAY 7§

SREF
LREF
BREF
SCALE

MACH
20.300
20.300
20,300
24,300
20.300
20,300
20,304
20.300
20.300
20 .30
20,3049
20,350
213, 31

. &b, 300

TABULATED SOURCE DATA -~ OA1D9

REFERENCE CATA

2690.0000 Sa.FT.  YMRP
474.8100 INCHES  YMRP
936.6300 INCHES ZMRP

0040

ALFHA
20,00
24,000
28.000
300090
32.000
34,000
36,000
38.000
49.000
42.000
44,000
46.000
48,4000
5.000
GRADTENT

RUN NO,

N
42111
. 56365
£ 74300
82185
+01393
1.00409
1.08964
1.18077
1.27766
1.37208
1.46055
1,55095
1.63155
1.60768

QALN9 LARC2PHEADL (BE2CI12F1OMI4) (WLRTE4LY) (VBRS)

1976

375

21/ 0

CA

06518
06753
JOM25
ey pbt:]
07183
07253
107275
{17289
07280
07238
Jrem
07268
(7252
07323
« CEHI0

N0 INCHES
Q00 TNCHES
D000 INCHES

RNL =

CAB
-.[0083
=-.00086
=.00054
=Lz
=014
=02y
=-.00140
=001 49
-.0me
=.00177
~.00191
=.00197
=202
--0‘3295

L0000

L0 GRADIENT INTERVAL =

M
-{11985
=.(12824
=.003943
=,04490
~:015251
-.115888
-08443
~-07133
=.408113
-.09128
= 419976
=.1n92t
-.11433
~.40867

L0000

CBL
60014
RKI48
Bovat-y
0506
LK 54
00058
0039
063
- [‘m 54
o062
LE074
Rveiy
LT
L85
050

BETA =
AJLRCN =
SFOBRK =
BALANC =
REsL =
«-5.00/ 5.90
CYN a4
L0007 =.00599
feralss =077
L0005 = {974
L3 ~ 01108
20110 ~.001233
L1133 =.01416
JHI 53 =015684
L0167 01638
JSLtea -.0a8u7
LHLES -.01892
L0208 -.[1997
SLnze7 -.02156
L0243 -uizes
JHLHi245 =A12277
Beaaks SO0

FAGE

(RHED13} {24 AR

FARAMETRIC DATA

00
000
55,000
en.a0n”
1,920

a
37342
49203
62305
67616
. 73699
. 79187
83878
88559
.93195
7122

1.00013

1.02510

1.03783

1.03515
SO0

ELEVON
BOFLAE
RUBDER
STING

@
20527
«20298
+41085
\47257
54522
.62161
.69933
79439
.87m3
87189

1.06888

1.16615

1,26100

1.34757
oo

10

%)

000
16,300
000
1.009

Lo
1.81914
1.67938
1.51650
1.43080
1.35173
1.27391
1.192489
1.12001
1.0e2¢2

99931

93744

87904

82302

76816

SO0



CATE Ot

SREF
LREF
BREF
SCALE

woooa o

MACH
18.300
18,300
18.309
18,300
18,300
18.3040
18.300

18.3000

18,300
168.300
18,300
18.309
14.300
18,300

HAY 75

TABULATED SOURCE DATA = CA10§

REFERENCE CATA

26500000 $Q.F1.  XiRP
474.85100 INCHES YMRF
936,6800 INCHES  ZMRP

L0040

ALFHA
20.000
24.000
28.4000
n.om
32,000
34,000
36.000
38 lm
40,000
42,000
44,000
46. G4}
48.000
3,000
GRACIENT

RUN ND.

N
+46689
63222
.82650
-91890

1.001994

1.10227

1.19520

1.20431

1.413159

1,50085

1,59011

1.68212

1.77906

1.84926
Bilaviry)

OA109 LARC22ZHE43Y (B62CI2F10ME4) (WIBTEAS) (VARS)

1076

375

22/ 0

cA

08456
08945
09349
PS5 TT7
09764
.119952
. 10096
10233
. 10399
. 101544

0610

10818
LAGT
» 10893
« TR

OO TNCHES
L0 TNCHES
L0060 TNCHES

RN/L =

cAB
- 013t
-.0127
-.0029
- 0133
-.00149
- .01 49
-.00161
-.00175
-.T102
~.0209
- 0225
- 00233
=.L0244
- 246

K0

L] GRACIENT INTERVAL, =

CLM
=.04683
~.05942
~D8347
-.[9316
= 10174
=.10796
=+11933
~-.13065
~.14974
~ 16056
=.1M48
~.18476
~.19784

r =.19514

J0EE0

el

00040 .

00054
fiay::]
B ek
AT
L0049
L0061
Raals)
» CEE0
e ki=]
L0085
LH104
N aiin)]
JLH65
JHEE)

BETA =
AILRON =
SFCBRK =
BALANC =
RE,L =
=-5.00/ 5.00
CYN &y
0G93 -00636
Maivai:vs =.00723
Nuiaksi -.00862
fLras) -.01086
LH1145 ~.001353
Nuwh: I =-.1301
00123 ~-.01425
JLHIE29 -011520
L0148 ~-01721
LRIl 60 ~.fHB41
A¥3181 =.01911
L4205 =-.02132
Bvail:-h] =-.02057
LHi23a -.02297
LEEED SLREOO0

FAGE

(RHED14) { 24 ARR

FARAMETRIC DATA

L00°
400
55.000
20.000
+ 720

a
. 440981
/54118
68587
\ 74791
80473
+85818
.910183
.95693
1.01450
1.04480
1.07013
1.69068
1.11038
1.15524
Nrren:)

ELEVON
BCFLAPR
RUCDER
STING

mwie non

<D
+23915
.33886
45T
+ 54239
61759
+69889
+ 78655
87750
9871
1.082¢2
1.1809%
1.28517
1.39417
1.48663
eirkas]

"1

75 )

10.000
16.300
000
1.009

L/D
1.71364
1.5077
1.45753
1.37000
1.30218
1.2272
1.158M
1.09052
1.02734

+96508

2619

84867

. 7645

. 74345

Rexriy]



1Y

.
I
[ =
-

SREF
LREF
BeIF
5CALE

MACH
19,109
19.100
19.100
19.100
19.400
19,100
18:100
19.100
15.100
19,100
19,100
19,100
18.100
19,100

MAY 75

REFERENCE DATA

2600.0050 54.FT,  XMRP
474.8100 INCHES  YMRP
936. 6000 INCHES  ZMRP

D040
HUN ND.
ALPHA CN
20,000 46186
24.000 .62688
28.000 80857
30,000 89880
32.000 09281
34,000 1.085827
38,060 1.i8181
38.000 1.26352
40,000 1.37428
42,000 1.47368
44000 1.56398
46.000  1.66183
48.0000  4.75684
53,00 1.81755
GRADIENT JEN

TABULATED SOURCE DATA - QA109

OAL0G LARCZZHE4XY (BE2CI2FINMI4) (W127E43) (VORS)

1076, 000 INCHES
SO0 TNCHES
375,000 InCHES

23/ 0 RNL =
CA CAB
A7784 00116
Ogz28  -.0O0147
08749 -.00123
08086  -.0h129
Jhezer -.00138
.0G0398  ~.00148

JH9812 -.00181
JSdotes  -.onlvs

L8087 =.00192
L10168 -~.00208
0245 -.0h22e
10284 <0023
.10400 00287
,10375  -.onz2d
00600 Ralsiavy)

00

CLM
- 5196
=-.116083
-.08875
~it19856
=. 10840
-.11951
~. 12085
<.13883
-, 15103
-.16244
= 176\30
-.19037
-~ 201244
=.19510

L0500

GRADIENY TNTERVAL =

CBL
JLufise
JAE3
S
Rralnl:}
L0193
Raasle:)
L0108
L0114
L0117
L0119
L0140
L0147
11194
L0118
Lot

BETA =
AILKCH =
SFDBRK, =
BALANG =
RE/L =
-5,00/ 5.00
CYN o
L0054 =.00476
L0094 - 60673
L85 -.0040 .
00139 -.0105
L0113 . -1207
L0938 -u01302
LIPS -01425
L33 -,01522
JMOi52 -.01643
LM7d -D1788
JHa6  -.01877
L0186 =.01984
L0204 - 02053
D0182 -.02156
Ryvival LN

(RHEDL5)

FARAMETRIC DATA

FAGE 12

(24 AFR 75 )

000
000
55,000
20.0a0
1.07

L
+40738
+ 53920

67285,

\T3346
- bl
.B4T1B
89961
94051
.98857
1.027i2
1.05387
1.58035
1.00827
1.08883
L0000

ELEVON
BOFLAP
RUBCER
STING

noann

la)’
23111
L33013
45685
52722
60431
68479
T4
85824
.55288
1.06185
1,16013
1,26603
1.37517
1.45902
J0O0

1ﬁ -m
i6.3d0
000
1.0A0

L/D
1.76275
1.63329
1.47279
1.39119
1.31240
1.23714
j.16488
1.00587
1.02989

196748

+S0840

85273

+ 79864

+T4E28

L0000



RKIrIVAY M00d IO

Bl @OVd . TVNIDINS

BATE 01 HAY 75

SREF
LREF
BREF
SCALE

MACH
2n.300
20.300
20.300
20.300
24, 300
20,300
29.300
24.300
20,300
25,300
2h0.300
20 .300
24, 3090
24,300

TABULATED SOURCE CATA - OA109

REFERENCE CATA

2690.0000 5Q.77. XMRF
474.8100 INCHES  YMRF
936, 6800 TNCHES  ZMRF

140

ALFHA
20.090
24.008
z2e.000
30.000
32.000
34,0040
36,500
38.000
40.0048
42.000
44,008
46,004
48.000
50.000
GRACIENT

RUN MO,

CN
AE0%0
. 62057
BL0430
89453
98248
1.517884
1.17292
1.27217
1.37294
1.4574
1.55022
1.65608
1.76453
1.81971
LUhra

mwoae

OA1D9 LARCZZHE43]1 (BE2C12F10OML4) (WIRTE43) (VARS)

1076

375

247 0

CA

07246
MTT27
+08z30
18465
ae9s
08938
L9078
09315
119467
Raclsai]
9737
HLi9857
119941
9986
0000

000 TNCHES
L0000 TNCHES
JODCH) TNCHES

Rt =

CAB
=.0010¢
-.00106
~.00114
- 0120
=4t 29
=0l 40
= 5
=161
=401 76
= L0191
-.0020%
= 4212
- LneaT
~. G205

JLIOGUH

L) GRADTENT TNTERVAL =

CLM
=.0495)
=.06593
~.08533
=.[9467
-.$0302
=.11350
=.12489
-.13662
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L
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Preface

Beginning with Volume XX, the Deep Space Network Progress Report changed
from the Technical Report 32- series to the Progress Report 42- series. The volume
number continues the sequence of the preceding issues. Thus, Progress Report
42-20 is the twentieth volume of the Deep Space Network series, and is an uninter-
rupted follow-on to Technical Report 32-1526, Volume XJIX.

“This report presents DSN progress in flight project support, tracking and data
acquisition (TIDA} research and technology, network engineering, hardware and
software implementation, and operations. Each issue presents material in some,
but not all, of the following categories in the order indicated: '

Description of the DSN

Mission Support
Ongoing Planetary/Interplanetary Flight Projects
Advanced Flight Projects

Radio Science
Radio Science Support
Special Projects

Supporting Research and Technology
Tracking and Ground-Based Navigation
Communications—Spacecraft/Ground
Station Control and Operations Technology
Network Control and Data Processing

Network Engineering and Implementation
Network Control System
Ground Communications
Deep Space Stations

Operations
Network Operations
Network Control System Operations
Ground Communications
Deep Space Stations

Planning and Facilities
TDA Planning
Facility Engineering

In each issue, the part entitled “Description of the DSN” describes the functions
and facilities of the DSN and may report the current configuration of one of the
five DSN systems (Tracking, Telemetry, Command, Monitor and Control, and
Test and Training).

The work described in this report series is either performed or managed by the
Tracking and Data Acquisition organization of PL, for NASA.
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DSN Functions and Facilities

N. A. Renzetti
Office of Tracking and Data Acquisition

The objectives, functions, and organization of the Deep Space Network are
summarized. Deep space station, ground communication, and network operations

control capabilities are described.

The Deep Space Network (DSN), established by the
National Aeronautics and Space Administration (NASA)
Office of Tracking and Data Acquisition (OTDA) under
the system management and technical direction of the
Jet Propulsion Laboratory (JPLY), is designed for two-way
communications with unmanned spacecraft traveling ap-
proximately 16,000 km (10,000 mi) from Earth to the
farthest planets of our solar system. It has provided track-
ing and data acquisition support for the following NASA
deep space exploration projects, for which JPL has been
responsible for the project management, development of
the spacecraft, and conduct of mission operations:

{1) Ranger.
(2) Surveyor.
(3) Mariner Venus 1962,

JPL DEEP éPACE NETWORK PROGRESS REPORT 42-26

{(4) Mariner Mars 1964.
(5) Mariner Venus 1967.
(6) Mariner Mars 1960.
{7) Mariner Mars 1971,

(8) Mariner Venus/Mercury 1973.

The DSN has also provided tracking and data acquisi-
tion support for the following projects:

(1) Lunar Orbiter, for which the Langley Research
Center carried out the project management, space-
craft development, and mission operations func-
tions.



(2) Pioneer, for which the Ames Research Center car-
ried out the project management, spacecraft devel-
opment, and mission operations functions.

(3} Apollo, for which the Lyndon B. Johnson Space
Center was the project center and the Deep Space
Network supplemented the Spaceflight Tracking
and Data Network (STDN), which is managed by
the Goddard Space Flight Center (GSFC).

(4) Helios, a joint United States/West Germany project.

(5) Viking, for which the Langley Research Center pro-
vides the project management and Lander space-
craft, and conducts mission operations, and for
which JPL provides the Orbiter spacecraft.

The Deep Space Network is one of two NASA net
works. The other, the Spaceflight Tracking and Data
Network, is under the system management and technical
direction of the Goddard Space Flight Center. Its function
is to support manned and unmanned Earth-orbiting and
Iunar scientific and advanced technology satellites. Al-
though the DSN was concerned with unmanned lunar
spacecraft in its early years, its primary objective now and
into the future is to continue its support of planetary and
interplanetary flight projects.

A development objective has been to keep the network
capability at the state of the art of telecommunications
and data handling and to support as many flight projects
as possible with a minimum of mission-dependent hard-
ware and software. The DSN provides direct support to
each flight project through that project’s tracking and
data systems. This management element is responsible for
the design and operation of the hardware and software in
the DSN which are required for the conduct of flight

operations.

As of July 1972, NASA undertook a change in the inter-
face between the network and the flight projects. Since
January 1, 1964, the network, in addition to consisting of
the Deep Space Stations and the Ground Communications
Facility, had also included the Mission Control and Com-
puting Facility and had provided the equipment in the
mission support areas for the conduct of mission opera-
tions, The latter facilities were housed in a building at
JPL known as the Space Flight Operations Facility
(SFOF). The interface change was to accommodate a
hardware interface between the network operations con-
trol functions and the mission control and computing
functions. This resulted in the flight project’s picking up

the cognizance of the large general-purpose digital com-
puters, which were used for network processing as well as
mission data processing. It also assumed cognizance of
all of the equipment in the flight operations facility for
display and communications necessary for the conduct of
mission operations. The network has already undertaken
the development of hardware and computer software
necessary to do its network operations control and monitor
functions in separate computers. This activity became
known as the Network Control System implementation.
A characteristic of the new interface is that the network
provides direct data flow to and from the stations via
appropriate ground communications equipment to Mission
Operations Centers, wherever they may be; namely,
metric data, science and engineering telemetry, and such
network monitor data as are useful to the flight project.
It accepts command data from the flight project directly
into the ground communications equipment for trans-
mission to the station and thence to the spacecraft in a
standardized format.

In carrying out its functions, the network activities can
be divided into two general areas. The first includes those
functions which are associated with the in-flight support
and in tracking the spacecraft; its configuration can be
characterized as follows:

(1) DSN Tracking System. Generates radio metric data;
i.e., angles, one- and two-way doppler and range,
and transmits raw data to mission control.

(2) DSN Telemetry System. Receives, decodes, records,
and retransmits engineering and scientific data
generated in the spacecraft to Mission Control.

(3) DSN Command System. Accepts coded signals from
Mission Control via the Ground Communications
Facility (GCF) and transmits them to the space-
craft in order to initiate spacecraft functions in
flight.

The second category of activity supports testing, train-
ing, and network operations control functions and is con-
figured as follows:

(1) DSN Monitor and Control System. Instruments,
transmits, records, and displays those parameters of
the DSN necessary to verify configuration and
validate the network. Provides operational direction
and configuration control of the network and
primary interface with flight project mission control
personnel.
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(2) DSN Test and Tiaining System. Generates and con-
trols simulated data to support development, test,
training, and fault isolation within the DSN., Partici-
pates in mission simulation with flight projects.

The capabilities needed to carry out the above func-
tions have evolved in three technical areas:

(1) The Deep Space Stations that are distributed
around Earth and which, prior to 1964, formed
part of the Deep Space Instiumentation Facility.
The technology involved in equipping these sta-
tions is strongly related to the state of the art of
telecommunications and flight/ground design con-
siderations and is almost completely multimission in
character. Table 1 gives a description of the Deep
Space Stations and the Deep Space Communica-
tions Complexes (DSCCs) they comprise.

{2) Ground communications. This technology supports ‘

the Earth-based point-to-point voice and data com-
munications from the stations to the Network
Operations Control Area at JPL, Pasadena, and to
the Missjon Operations Centers, wherever they may
be. It is based largely on the capabilities of the
common carriers throughout the world which are
engineered into an inteprated system by the
Goddard Space Flight Center for support of all
NASA programs. The term “Ground Communica-
tions Facility” is used for the sets of hardware and
software needed to carry out the functions.

The Network Operations Control Center is the funec-
tional entity for centralized operational control of the
network and interfaces with the wusers. It has two
separable functional elements; namely, Network Opera-
tions Control and Network Data Processing.
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The functions of the Network Operations Control Cen-
ter are:

(1) Control and coordination of network support to
meet commitments to network users,

(2) Utilization of the network data processing com-
puting capability to generate all standards and
limits required for network operations.

(3) Utilization of network data processing computing
capability to analyze and validate the performance
of all network systems.

The personnel who carry out the above functions are on
the first floor of Building 230, wherein mission operations
funetions are carried out by certain flight projects. Net-
work personnel are directed by an Operations Control
Chief. The functions of the Network Data Processing are:

(1) Processing of data used by Network Operations
Control for the control and analysis of the network.

(2} Display in Network Operations Control Area of
data processed in Network Data Processing Area.

(3} Interface with communications circuits for input to
and output from Network Data Processing Area.

(4) Data logging and production of the intermediate
data records.

The personnel who carry out these functions are Io-
cated in Building 202, which is approximately 200 m from
Building 230. The equipment consists of minicomputers
for real-time data system monitoring, two XDS Sigma 5,
display, magnetic tape recorders, and appropriate inler-
face equipment with the ground data communications.



Table 1. Tracking and data acquisition stations of the DSN

Antenna
) DSS serial Year of initial
PSGC Location Dss designation  Diameter, Type of operation
m (ft) mounting

Goldstone " Califormia Pioneer 11 26(85) Polar 1958
Echo 12 26(85) - Polar 1962

{ Venus )2 13 26(85) Az-El 1962

Mars 14 64210} Az-El 1966

Tidbmbilla Australia Weemala 42 26(85) Polar 1965
Ballima 43 64(210) Az-El 1973

— Australia Honeysuckle Creek 44 26(85) XY 1978
Madrid Spam Robledo 61 26(85) Polar 1965
Cebreros 62 28(85) Polar 1967

Robledo 63 64{210) Az-El 1973

aA maintenance facility. Besides the 26-m (85-ft) diam Az-El mounted antenna, DSS 13 has a 9-m (30-ft) diam Az-El
mounted antenna that is used for interstation time correlation using Junar reflection techniques, for testing the design of new
equipment, and for support of ground-based radio science.
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Mariner 10 Mission Support

E. K. Davis
DSM Systems Engineering Office

This report covers the period from October 15, 1974 through February 15, 1975,
The primary objectives during this portion of the extended mission were to
assure survival of the spacecraft for a third Mercury encounter -through
conservation of attitude control gas and to conduct trajectory correction
maneuvers (TCMs) as necessary to target the spacecraft for a solar occultation
zone pass. Special support activities included TCMs 6 and 7 conducted on

October 30, 1974 and on February 12-13, 1975, respectively. This period also saw

the DSN interface organization involved in (1) the allocation of sufficient
coverage to assure accurate orbit determination solutions, (2) monitoring of DSN
implementation for Viking to assure maintenance of compatible interfaces and
capabilities required for Mariner 10, and (3) the development of encounter
coverage, sequences, and readiness.test plans.

I. Planning and Operations

During October 1974, the DSN participated with the
Project in plamning and preparing for TCM 6. A major
effort went into obtaining sufficient-tracking coverage for
Mariner 10 in.the face of higher priority tasks: Pioneers 10
and 11, Helios A pre-launch tests, Viking implementation,
and Deep Space Station (DSS) upgrades. This period saw
DSS 44 down for conversion from the Spaceflight
Tracking and Data Network (STDN) to DSN configura-
tion; DSS 14 down for Viking implementation; and DSS
63 down for gear box repairs. Limited but adequate
coverage was provided for Mariner 10. TCM 6 was
accurately performed on October 30, 1974, and there
were no-DSN support problems.
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Due to spacecraft attitude control problems and high
usage of attitude control gas in October, Project placed
the spacecraft in a roll-drift mode with the high-gain
anténna and solar panels positioned to produce torques in
the pitch, yaw, and roll axes that would minimize gas
consumption. This required communications to be con-
ducted over the spacecraft low-gain antenna and lowering
of the data rate to 8-1/3 bps. Furthermore, the spacecraft
roll mode seriously impacted the navigation accuracy
achievable with the previously negotiated DSN tracking
time. Project requested additional radio metric data,
particularly three-way doppler data to understand roll
signatures in the doppler data and additional ranging
points. Special efforts were required to resolve the
tracking coverage conflicts among the various users.



Planning for TCM 7 continued through November and
early December 1974. In order to allow for a single
maneuver strategy and to aveid coverage conflicts during
the Helios A launch and Pioneer 11 encounter periods,
TCM 7 was rescheduled from early Janvary 1975 to
February 12, 1975, This permitted allocation of adequate
coverage for Mariner 10 pre- and post-maneuver orbit
determination activities. During this time the spacecraft
continued its flight in the solar torque, roll-control mode.
Following resolution of the December 1974-February
1975 tracking allocations, full attention was given to
development of a compromise plan for the March 1975
period.

On December 16, 1974, the DSN met with the Mariner
10 Project to develop an understanding of essential
encounter requirements, as well as the requirements of
other flight projects during the March 1975 period. This
meeting resulted in a significant reduction of Mariner 10’s
initial requirement for 8 days of continuous 64-meter
subnet coverage at encounter. This reduction was a key
factor in permitting the DSN to draft a recommended
solution to the problem. In summary, the problem was as
follows:

(1) Helios and Mariner view periods are almost entirely
overlapping during March 1975.

(2) Helios A perihelion, an event of prime interest,
would occur March 15, 1975, requiring 64-meter
subnet coverage during the period March 5-25,
1975.

(3} Mariner 10°s Mercury encounter would occur on
March 18, 1975, requiring 64-meter subnet coverage
during the period March 12-20, 1975,

(4) Pioneer 11 and 10 solar conjunction would oceur on
March 24, 1975 and April 4, 1975, respectively,
requiring 64-meter subnet coverage during the
period March 19-April 4, 1975.

The problem was significantly reduced by the following:

(1) Helios A would not use DSS 63 since coverage in
this longitude is provided by the German tracking
station. ;

{2) Mariner 10 agreed to schedule pre-encounter critical
events to occur over DSS 63. These included: (a)
central computer and sequencer load for encounter
(March 11, 1975), (b} Canopus reacquisition (March
13, 1975), and (¢) far encounter TV calibrations and
tests (March 14-15, 1975), thus leaving DSSs 14 and
43 free to support other projects.

{3) Mariner 10 reduced the encounter 64-meter subnet
coverage requirements to the minimum essential to
recover near-encounter imaging and non-imaging
data, three consecutive passes on March 16-17
(GMT).

Meetings and negotiations continued between the flight
projects throughout January 1975 to reach agreements on
detailed tracking schedules based on the proposed
compromises.

By early February 1975, plans for TCM 7 were
completed, and the required DSS coverage was allocated.
Since the spacecraft continued in the roll-drift mode,
timing of the roll by monitoring Canopus and other star
crossings was critical to proper execution of the maneu-
ver. Coverage from 64-meter stations was required to
acquire these data at 33-1/3 bps since link conditions were
inadequate for communications via the 26-meter stations.
However, shortly before start of the maneuver sequence
on February 12, 1975, a change in time of the Canopus
crossing was noted and the TCM was postponed until
February 13.

Excellent support was provided by DSS 63. Recovery of
data was continuous throughout the TCM even though a
dropcut had been expected due to the planned adverse
pitch angle. DSS 63 accomplished two post-TCM replays
of telemetry data acquired during the burn to fill gaps
caused by difficulties at the data processing facility. As
evidenced by greater than planned changes in the doppler
data, TCM 7 was other than planned. Early indications
indicated a 20 percent error as a result of either engine
overburn, roll error, pitch error, or a combination of all of
these error sources. Effect on the required Mercury aim
point is uncertain at this time. It will be necessary for the
Project to negotiate for additional DSS tracking passes to
obtain sufficient doppler and ranging data to rapidly
redefine the orbit.

Planning for support at Mercury’s third encounter is in
the final stages. Requirements have been defined, and the
DSN has developed a minimum, but adequate, test plan to
revalidate DSS 64-meter subnet data systems and verify
readiness to support special data rates and sequences at
encounter, In many respects, third encounter will be
similar to the first encounter. The primary objective is to
obtain non-imaging science data at 2450 bps, particularly
from the solar occultation zone. A secondary objective is
to recover imaging data during near encounter, except
when passing the dark portion of the planet in the solar
occultation zone. Unlike.the first encounter, the spacecraft
will not pass through the Earth occultation zone during
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this third pass. This targeting provides an opportunity to
acquire data for support of celestial mechanics experi-
ments which was not available on the previous encounters:
first encounter had a tracking gap due to Earth occultation
giving a break in continuous two-way doppler near the
planet; the second encounter was targeted to optimize
television on a bright-side pass, but was too far from the
planet to provide precise results.

A number of engincering tests with the spacecraft have
been planned for the immediate post-encounter period
including propulsion subsystem bum to depletion. The
spacecraft will be programmed to command its transmit-
ter off on April 1, 1975. DSS coverage will be scheduled to
confirm this event, which will mark the end of a very
dynamic and productive mission.

1. Program Control

The DSN continued to provide monthly inputs to the
Project Management Report throughout this periad. The
interface organization kept the Project informed of
changes in the network status due to Viking implementa-
tion activities and negotiated changes to capabilities that

cccurred during this period. The DSN will conduct an -

> encounter readiness review in early March 1975 following
completion of planned tests.

Ill. Implementation Activities

Very little implementation was planned or required for
Mariner 10 during this period. Primary attention was
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given to maintaining required capabilities and interface
compatibility in the face of extensive network implemen-
tation for the Viking mission.

As planned, the Project was committed to transfer
operations to the redesigned command system by mid-
January 1975, After resolution of initial minor difficulties
on January 16, 1975, the change-over took place smoothly
and commanding has continued in this-mode.

The low-noise ultra cone has been maintained at DSS 43
for third encounter support. This required negotiation of
the DSS 43 RF cone reconfiguration work scheduled in
preparation for Viking 75. However, maintaining the low-
noise S-Band Megawatt Transmit (SMT) cone in place at
DSS 14 could not be accommodated through a delay of
cone reconfiguration work. During January 1975, the SMT
conec was replaced with the S-Band Polarization Diversity
(SPD) cone. The DSN will, however, install the SMT
maser in the SPD cone to improve system performance.

With Project agreement, it was necessary to terminate
the Block III planetary ranging capability at DSS 14 in
order to meet the Viking schedule for completing the
Block IV configuration. Connection of the ranging
assembly to the Block IV receiver-exciter is in process..If
this configuration is not verified and operational by early
March 1975, the Block II configuration will be restored
for Mariner 10 encounter support.

The 230-kbps super group communications service
between 1SS 14 and JPL is in the process of reactivation.
The circuit had been deactivated during cruise to avoid
lease costs.



Viking Mission Support

D. J. Mudgway
DEN Systems Engineering Office

D. W. Johnston
Network Operations Office

The previous article in this series covered the initial phases of the Network
Implementation for Viking. This article briefly outlines the background on the
establishment of the DSN/Viking test schedule and describes the progress that
has been made in accomplishing the engineering tests and operational training
and testing required to prepare the DSN for support of the Viking Project tests,

training, and flight operations.

1. Background

The Deep Space Network (DSN) preparations for
Viking 1975 (VK'75) have followed the same general
pattern applied to previous missions. Briefly, the mile-
stone dates for DSN support of Project tests were
established jointly by the DSN, Viking Mission Control
and Computing Center (VMCCC), and the Viking Project
Office (VPQ), in the Level 3 Schedule. These dates were
then utilized by the DSN Manager and Network
Operations Project Engineer (NOPE) as DSN target
completion dates, and to establish the start dates reflected
on the Level 5 Schedule for DSN Operations testing and
training.

Agreements were then negotiated between the DSN
Manager and the implementing organization (Division 33)
concerning budgets and the design, procurement, proto-

type testing, and implementation of the new Viking
equipment to meet the operations test start dates. The
schedules detailed in the last DSN Progress Report (Ref. 1)
varied for the different stations and consisted of five major
blocks of time sequentially covering: (I} preparations at
Compatibility Test Area 21 (CTA 21) and STDN (MIL-71)
to support compatibility tests, (2) DSSs 11 and 14 to
support Planetary Operations Tests, (3} DSSs 42, 43, 44,
61, and 63 to support launch and cruise tests, (4) DSS 12/
62 to support cruise tests, and eventually (5) all DSSs to
support planetary tests.

Previous articles have covered CTA 21 and STDN
(MIL-71) activities. This article deals mainly with DSSs 11
and 14 in detail, with minor references to the other
stations, and covers activities that had occurred as of
February 21, 1975.
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Il. Mission Preparation Status Summarj

There have been the usnal technical and operational
problems in preparing the DSN to support the VK'75
mission,.but the biggest single problem with DSS 11 and
14 preparations has been the slip in the implementation
completion milestone at DSS 14.

The 26-m stations require relatively minor hardware
additions for Viking, but the 64-m stations require
extensive equipment installations. The overseas 64-m
stations (DSSs 43 and 63) are not scheduled to be fully
implemented for Viking until after launch. DSS 14,
however, was scheduled to be fully implemented to
support the VK'75 Project pre-launch planetary tests.

The implementation completion milestone for DSS 14
was originally scheduled for September 15, 1974. Tt first
moved to mid-October, then mid-November, carly
December, and finally to January 4, 1975. This total slip of
3-1/2 months can be attributed to the problems described
in the last DSN Progress Report (Ref. 1).

The generation of procedures for DSN System Perform-
ance Tests (SPTs) and Mission Configuration Tests (MCTs),
and actual test accomplishment, had originally been
scheduled to take place between September 15 and mid-
November; time was also scheduled during this period for
on-site mission-independent training (MIT) and mission-
dependent training (MDT}. Then followed a six-week
period to January 1, 1975, during which time the station
“freeze” for DSN support of Pioneer 11 Jupiter encounter
precluded accomplishment of SPT/MCTs at DSS 14. DSS
Operational Verification Tests (OVTs) were to commence
in mid-November and be completed on March 1, 1975,
overlapping with DSN/VMCCC System Integration Tests
(SITs) during February 1975, )

Because of the lack of hardware, the on-site MIT and
MDT activities were moved to January and the multimis-
sion SPTs had to be cancelled. -The mission-dependent
MCTs, which provide for adequate testing of the DSN
systems to Viking specifications, started on December 21,
1974. The OVTs were then compressed and rescheduled
to start the first week in February 1975, the length of each
test and number of tests were reduced, but more tests per
week had to be scheduled,

On-site training programs are well underway at DSSs 11
and 14. MCTs have almost been completed and OVTs are
nearing completion. Details of these activities are
provided in succeeding paragraphs of this article. Table 1
summarizes the current test and training status of those
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DSN stations that are committed for support of the launch
and cruise phase of the mission.

Hll. DSN Training

A. Mission-Independent Training

Network mission-independent training, though normally
not a part of a Mission Test and Training Plan, is an
essential prerequisite to VK’75-oriented training and
testing. The majority of the subsystems to be used during
the VK’75 mission remain unchanged from previous
missions, although the VK'75 configurations require up to
six full telemetry streams and two command streams at a
single 64-m station in place of the total of four telemetry
streams and one command stream as for previons missions.

Training data and documentation for new equipment
are supplied to the DSN Training Unit Supervisor of
Section 422 by the Cognizant Operations Engineers of the
affected subsystems. The DSN Training Unit prepares a
training package to be sent along with the new equipment
to the affected locations. It is the responsibility of the
Facility Managers to see that personnel training on
mission-independent equipment is carried out.

New Network equipment required as part of the VK'75
mission 64-m configurations consists of:

(1) 100-kW {ransmitter and exciter selector (400 kW at
DSS 14).

(2) Six-channel Simulation Conversion Assembly (SCA).

{3) Block IV Receiver/Exciter and Subcarrier Demodu-
lator Assemblies (SDAs),

(4} Faraday rotation equipment.
(5) Automated weather station.

() Planetary Ranging Assembly and Range Demodula-
tor Assemnbly.

(7) SDA/Symbol Synchronizer Assembly (SSA)/Data
Decoder Assembly (DDA)/Block Decoder Assembly
{BDA)/Telemetry and Command Processor (TCP)/
Command Modulator Assembly (CMA) switching
modifications.

(8) Simulated time switching.
(9} Dual Doppler Counter.
{10) 5/X-band antenna modifications.
(11} Antenna Pointing Conical Scan System.

Mission-independent training has to be completed at all
locations prior to the start of System Performance Tests.



" B. Network Mission-Dependent Training

1. General. The Network mission-oriented training
consists of classroom instruction and training exercises
conducted at each facility for the facility staff. It includes
any “in-house” operational tests designed by the Facility
Director to exercise the VK'75 configuration.

All mission-oriented operator training carried out at a
facility is the direct responsibility of the Facility Director,
who is the Training Controller for the “in-house™ training
at his location,

A comprehensive training package was delivered to
each station by the VK'75 Network Operations Project
Engineer (NOPE) to assist the facility directors in this
phase of training. The package includes lists of Viking
Lander and Orbiter commands from which the stations
produce Mylar command tapes for their use, and use for
cperator training in manual command exercises. All
Viking unique computer “type-ins” for standard opera-
tions, plus those used for troubleshooting and failure
isolation and recovery, were also included for use in
conjunction with the Standard Operations Procedures and
the procedures in the Network Operations Plan for Viking
1975.

2. Objective. The objective of this training is to ensure
that all Network operational personnel are adequately
trained to support the VK75 pre-launch and mission
activities.

3. Training Requirements. Each Facility Director,
acting as Training Controller at his facility, considers the
following list in determining training needs and preparing
plans:

(1) Operations personnel proficiency in mission-inde-
pendent tasks,

(2) Knowledge of mission design and sequences.

(3) Spacecraft radio frequency (RF} modes and data
formats.

(4) DSN configurations corresponding to spacecraft
modes.

(5) DSN commitments for data acquisition, ground
transmission, and real-time and nonreal-time data
handling,

(6) Ground system performance requirements, standards
and limits, and alarm conditions.

(7) Priorities and constraints.
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(8) Spaéecraft commands that affect DSN configurations
and procedures.

{9) Reaction times for system initialization, configura-
tion, reconfiguration, acquisition, etc.

(10) Failure detection, analysis, and recovery.
{11) Backup modes and alternate procedures.

(12) Flight Operations System (FOS} interface and
g P Y
procedures for mission direction, planning, sequence
of events, schedules, operational parameters, etc.

(13} Problem and failure reporting procedures.

(14) Configuration and change procedures.

Information on these subjeéts is found in the Network
Operations Plan (NOP) for Viking 1975 and other project
documents supplied to each facility by the NOPE.

4. Operational Procedures. Every endeavor is made
during the training tests to exercise the procedures
contained in the NOP, with particular emphasis on the
voice backup command procedures and manual TCD
configuration and initialization.

5. Sequence of Events. The sequence of events (SOE)
given in NOP Table 4-1 may be adapted or modified by
the station for the training exercises. Copies of the
Operational Verification Test SOE produced by the
NOPE is now available at the stations.

6. Simulation. DSS On-Site Training Tests are accom-
plished using the SCA as a self-contained VK'75 spacecraft
telemetry simulator, using the fixed pattern data tapes
supplied by the NOPE.

7. Reporting. A problem on previous missions has been
for the NOPE, and DSN Operations Management, to
obtain a clear understanding of a facility’s current training
status. An instance is where a four-shift station would
report 75% trained prior to supporting a project test, and,
when queried on their poor performance, would reply
that the shift involved was completely untrained on the
project in question (implying that the other three shifts
were 100% trained).

To avoid situations where “75% trained” could mean
four shifts three-quarters trained, or three shifts fully
trained and one shift untrained, or any number of
combinations, the reporting format illustrated by Table 2
has been adopted. B

The percentage of “training complete” is the Facility
Director’s estimate of a shift’s ability to support any phase

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-26



of the VK'75 mission. The fractional number is to
represent the number of shift personnel (including the
Shift Supervisor} who are fully trained, over the total
number of operators on the shift. This includes those
operators who are fully experiencéd with their particular
subsystem and who require little or no reorientation to
support the new mission, e.g., Digital Instrumentation
Subsystem (DIS), Analog Instrumentation Subsystem (AIS),
and Antenna Mechanical Subsystem (ANT). The remarks
should cover pertinent items such as “New Transmitter
Subsystem (TXR) Operator,” “New Command System
Analyst,” etc.

IV. DSN Testing

The DSN testing falls in the two specific categories of
engineering and operational tests described below.

A. Engineering Tests
1. System Performance Tests

a. Purpose. The purpose of the Telemetry Command,
Monitor, or Tracking Facility SPT is to demonstrate that
each system meets the specified level of performance
when tested simultaneously with operational software.
The tests normally are conducted with hardware that has
been transferred from the development to the operations
organization and software that has been transferred to the
DSN Program Library. The test procedures are contained
in DSN 850-series documents. They make use of all
elements of the Deep Space Station subsystems within a
given station and provide a basis for DSS system-level
maintenance, performance verification, and prepass
testing. The successful completion of an SPT verifies that
the system meets documented specifications and qualifies
it for Network-level support on a mission-independent
basis.

b. Prerequisites. The main prerequisites to running an
SPT are:

(1) Implementation of DSS/GCF and NOCC complete.
(2} Hardware and software transferred to Operations.

(3) Facility mission-independent training complete.

¢, Personnel. The SPTs are supported by the following
individuals:

(1) Test Conductor: Section 421 System Cognizant
Operations Engineer (SCOE).
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(2} DSS, GCF, and NOCC personnel as required,

d. Comment. SPTs have been successfully completed at
DSS 11, but late equipment implementation precluded
their accomplishment at DSS 14 (see Section II, above).

2. Mission Configuration Tests

a. Purpose. The purpose of the Telemetry, Command,
Monitor, or Tracking MCT is to demonstrate that the
Network system(s) meets the specified level of perform-
ance when tested singly or simultaneously in the Viking
configurations specified in the Network Operations Flan.
The tests utilize software and hardware that have been
transferred to Operations and are run with all elements of
the DSN, DSS, GCF, and NOCC. Test procedures are
contained in DSN 850-series documents, which provide
the basis for system:level maintenance, performance
verification, and prepass testing. Successful completion of
the MCTs verifies the Network’s capability to support
VK'75.

b. Prerequisites. The following should be accomplished
before MCTs are run:

(1) Completion of SOTs.

(2) Configuration of the DSN for VK'75 operations
completed.

c. Personnel. MCTs are supported by the following
individuals:

(1} Test Conductor: SCOEs at direction of VK75
NOPE (or his designate).

(2) DSS, GCF, and NOCC personnel as required.

d. DSS 14 MCT status, Table 3 provides a summary of
DSS 14 Configuration/Interface (G/I) MCTs and Perform-
ance Test (PT) MCTs, the results of which are described
below.

(1} MCT periods 1 through 6 (from December 21, 1974
to January 3, 1975) consisted solely of isolating and
rectifying hardware failures and interface problems
mostly related to the newly implemented Viking
telemetry and command configurations. No mean-
ingful test results were obtained, but numerous
necessary minor modifications to the hardware and

streamlining of MCT procedures were accom-
plished.

(2) MCT period 7 (January 8, 1975} resulted in
achievement of the objectives of C/1 tests 1, 2, and
3 (strong signal) with data passing successfully
through the three telemetry channels of Telemetry
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and Command Data Subsystem (TCD) 1. Subsequent
tests through February 3, 1975 resulted in comple-
tion of all TLM strong signal VK75 MCTs and
completion of Command System tests 1, 2, and 3 on
the alpha Block III Receiver/Exciter (BLK I1I RCV/
EXR) Subsystem string.

(8) The completion of these tests qualified DSS 14 to
support the DSN Operational Verification Tests
(OVTs) and DSN/VMCCC System Integration Tests
(SITs). Final transfer of the BLK IV RCV/EXR and
some associated equipment from engineering to
operations will permit completion of weak signal
telemetry system MCTs.and the remainder of the
Command and Tracking System MCTs prior to the
Viking Project Ground Data System (GDS) tests and
Planetary Verification Tests (PVTs).

(4) The extra time required for this testing that was
necessitated by the equipment failures and debug-
ging activities was obtained by reducing Pioneer,
Mariner, and Helios tracking coverage.

3. DSN/VMCCGC System Integration Tests

a. Purpose. These tests verify the interface between
elements of the DSN and the VMCCC. All data flow
interfaces are verified at data rates expected during
mission operations. These tests also verify hardware
interfaces in a multiple-mission environment.

b. Prerequisites. Successful completion of the DSN
SPTs and MCTs and some DSN Operational Verification
Tests (OVTs) are prerequisites to the SITs. However,
while OVT completion is desirable, it is not mandatory as
operational procedures are not necessarily followed during
these tests.

* ¢. Personnel. The following individuals support the
SITs: -~

(1) Test Supervisor: VMCCC Facility Engineer.

(2} Test Conductor: VMCCC Integration
“Supervisor. )

(3) DSN Test Support: VK75 NOPE, SCOEs, and
Network Operations Analysts (NOAs), plus DSS,
GCF, and NOCC personnel as required.

(4) Performance Evaluation: VK'75 Ground Data Sys-
" tem Engineer.

Test

d. Comments. The first SITs, which are scheduled for
February 25 at DSSs 11 and 14, were slipped to February
28 and March 2, respectively, to allow interfacing of the
Planetary Ranging Assembly (PRA) with the BLK IV
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RCV/EXC to be accomplished so that ranging support
could be provided to the Pioneer 10/11 and Helios
Projects.

B. Operational Verification Tests

L. Purpose. The purpose of these tests is to verify the
operational readiness of the Network to support the
Project Test and Training and Operational Phases. They
demonstrate the operational proficiency of Network
personnel in the use of operating procedures, interfaces,
and equipment. They demonstrate that Network person-
nel are adequately trained and, in addition, provide
valuable training. OVTs follow a time-compressed SOE
designed to exercise all DSN operational procedures and
confirm the ability of the stations to send manual
commands and carry out telemetry bit rate changes in the
time specified.

2. General. The first OVTs with any facility are
considered to be a phase of training coupled with
performance demonstration. The training aspect dimin-
ishes progressively as the tests proceed. Since all DSS,
GCF, and NOCC operational shifts of personnel must be
adequately exercised, it will be necessary for the Viking
NOPE to initiate the scheduling of extra OVTs at
specified times.

3. Prerequisites. Satisfactory completion of the follow-
ing tests is a prerequisite to running OVTs with a facility:

(a) Software Acceptance Tests for all systems.
(b) System Performance Tests for all systems.

(c) Mission Configurations Tests.

4. Personnel. The following DSN Operations personnel
are required:

(a) Test Conductor: VK75 NOPE (or his designate).

(b) Normal shift complement at each of the supporting
facilities required for each test, unless otherwise
specified.

5. DS§ 11 OVT status. Three OVTs have been
conducted with DSS 11. The station was configured for
VK75 cruise/planetary operations and was cycled through
simulated events with two Orbiters and a Lander. The
tests are proceeding very well, and, as indicated by the
following, the station is fully qualified to support the
forthcoming SITs and Project tests:

a. OVT 1, February 5, 1975. This was the first Viking
OVT with any station and was considered 80% successful
despite the occurrence of numerous minor problems.
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b. OVT 2, February 11, 1975. Some simulation
problems; 85% success.

¢. OVT 3, February 17, 1975, Some new problems; 75%
success.

»

6. DSS 14 OVT status. To date, the three OVTs
described below have been conducted with DSS 14. The
station was configured for planetary, three-spacecraft
operations (two Orbiters and one Lander) with the DSS
Simulation Conversion Assembly (SCA) operating in a six-
channel, fixed-pattern mode, remotely conirolled from the
Network Operations Control Center (NOCC). Each test
was supported by a different DSS crew.

a. OVT 1, February 12, 1975. Used NOP backup
configuration because of Symbol Synchronizer Assembly
and Data Decoder Assembly failure {($SA and DDA).
Initial problems setting up the SCA caused a late test
start. The test progressed through the sequence of events
(SOE) completing 74 out of the total 146 events, It was
partially successful, and excellent training was obtained.

b."OVT 2, February 14, 1975, Used backup configura-
tion (two DDA failures). Initial SCA setting up problems
used substantial portion of the test time. Approximately
30% successful.

c. OVT 3, February 16, 1975. Apain used backup

configuration (DDA failure). Approximately 90% success-
ful.

As anticipated with such a complex DSS configaration,
numerous minor procedural problems and difficulties have
become apparent and are being corrected. The DSS and
NOCC operations personnel are adapting more quickly

than expected to this complex mode of operations, and

- should be fully qualified to support the project tests and

flight mission. The hardware failures are a source of
concern; however, the first three tests have demonstrated
that the backup configurations documented in the NOP
have been a valuable investment of time and effort.

V. Conclusion

Based on the experience gained to date, and barring any
serious slippages in implementation completion dates at
the overseas 64-m stations, no problems are anticipated in
completing the DSN test and training programs for
VK'75. Successful completion of these programs will
assure a high level of DSN performance in support of the
subsequent VK75 Ground Data System (GDS) tests,
Project test and training exercises, and actual flight
operations.

A total of 26 VK75 GDS tests will be supported by the
DSN. Initially, single system telemetry, command, and
tracking tests are conducted with DS8Ss 11 and 14,
followed by combined system/combined DSS tests with
the same stations. Combined system tests are then
conducted with each DSS, with some combined DSS tests
simulating specific mission sequences.

DSSs 11, 14, 42, 43, 61, and 83 will have completed all
GDS tests by June 15, 1975 {this includes the Planetary
Verification Tests (PVTs) scheduled for DSSs 11 and 14 on
April 21 and 28). On completion of the GDS tests, the
DSN is committed to support the Project Flight Opera-
tions Personnel Tests (FOPTs) including Personnel Test/
Training Tests (TTs), Verification Tests (VTs), Demonstra-
tion Tests (DTs) and finally the Operational Readiness
Tests (ORTs), as specified in the VK'75 Flight Operations
Test on Training Plan,
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Table 1. Completion of DSN training/testing for VK '75

Training Testmg
DSs
MIT, % MDT, % MCT,* % OVT, %
11 'k 25 100 50
14 75 20 85 45
42/43 40 10 75
61/63 45 12 80

“Percentages are for Telemetry and Command System testing
required prior to first DSN/VMCCC System Integration Tests.

Table 2. Example of a VK '75 operational
training status report

Total number

Facility of shifts Report date
DS8S 14 4 5-15-75
Total mmnmber
. 100%
Shift % Truning tramed Total Remarks
complete
number
on sluft
A 50 5/10 New RCVR/EXC
operator
B T0 7/10
C 66 6/9 .
D 37 3/8 Two on vacation

Average training status of station = 223/4 = 55%.
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Table 3. DSS.-14 MCT status

Time
Period Test Purpose requured,
hours
1 Configuration Interface Test 1 on TCD String 1 Verify primary interfaces with one TCD (data flow, 7
lock indicators, AGC voltage) with DDA-1 and
SSA-1 in use.
Configuration Interface Test 3 on TCD String 1 Same as Test 1 but with DDA-2 and $5A-2 in use. 5
. Period 1 total 12
2 Configuration Test 8 on TCD String 1 Same as Test 1 but interfacing secondary receiver:and 7
SDA combinations.
Configuration Interface Test 4 on both TCD strings Tests interface between all SDAs and each TCD 3
internal bit sync locp.
Period 2 total 10
3 Configuration Interface Test I on TCD String 2 Same as Period 1. 7
Configuration Interface Test 2 on TCD String 2 Same as Period 1. 5
Period 8 total 12
4 Configuration Interface Test 3 on TCD String 2 Same as Period 2. 8
Period 4 total 8
5 Performance Test 1 (12 hours required due to strong Configure both TCD strings; simulating 2 Orbiters, 1 8
signal system verification test and learning curve; Lander at the following data rates:
note that subsequent test times are reduced ) ORB = 16.0 kbps coded
3314 bps uncoded
LDR = 1.0 kbps coded
814 bps uncoded
Period 5 total 8
6 Performance Test 2 - Same as previous Performance Test (PT) but with 5
data rates:
ORB = 8.0 kbps coded
33Y5 bps unceded
LDR = 500.0 bps coded
814 bps uncoded
Performance Test 3 Same as previous PT but with data rates: 5
ORB = 4.0 kbps coded
3314 bps uncoded
LDR = 250.0 bps coded
8 bps uncoded
Period 6 total 10
7 Performance Test 4 Same as previous PT but with data rates: 5
ORB = 2.0kbps coded
3314 bps uncoded
LDR = 250.0 bpscoded
814 bps uncoded
Performance Test 5 Same as previous PT but with data rates: 5
ORB = 1.0kbps coded
8Y5 bps uncoded
LDR = 250.0 bps coded
8% bps uncoded
Period 7 total 10
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Table 3 (contd)

Time
Period Purpose required,
hours -
8 Performance Test 6 Same as previous PT but with data rates: 5
ORB = 16.0 kbps uncoded
33V bps unceded
LDR = 1.0 kbps caded
84 bps uncoded
Performance Test7 Same as previous PT but with data rates: 5
ORB = 8.0 kbps uncoded
335 bpsuncoded
LDR = 500.0 bps coded
814 bps uncoded
Pericd 8 total 10
9 Performance Test 8 Same as previous PT but with data rates: 5
ORB = 4.0 kbps uncoded
3845 bps uncoded
LDR = 250.0 bps uncoded R
8% bps uncoded
“Pexformance Test 9 Same as previous PT but with data rates: g
ORB = 4.0 kbps uncoded
38V4 bpsuncoded
LDR = 250.0 bps coded
8% bps uncoded
Pericd 9 total 10
10 Performance Test 10 Same as previous PT but with data rates: 5
ORB = 1.0 kbps uncoded
814 bps uncoded
LDR = 250.0 bps coded
8V5 bps uncoded
Performance Test 11 Tests 8% bps uncoded data utilizing béth the internal 5
bit sync loop {IBS) and the SSA.
Period 10 total 10
11 Performance Test 11 Repeat for remaining TCD string.
Performance Test 12 Same as Test 11 but 33% bps uncoded data rate.
Period 11 total 10
12 Performance Test 12 Same as previous but on remaining TCD string. 5
ODR record/playback demonstration Self explanatory. 7
Period 12 total - 12
13 Command Test 1 Manual mode test for Viking Orbiter. 4
Command Test 2 Manual mode test for Viking Lander. 4
Period 13 total 3
14 Command Test 3 Automatic tests. 7
Command Test 4 Reliability Tests {with telemetry). 4
: Period 14 total 11
Period 1 through 14 total 141

i6
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Pioneer 11 Mission Support

R. B. Miller
DSN Systems Engmeering Office

The cursory scientific results of the Pioneer 11 Jupiter encounter are described.
The D3N performance during the 60-day encounter is described with emphasis

on the Command System performance.

]. Pioneer 11 Jupiter Encounter Cursoryh
Scientific Results

The principal differences between the Pioneer 10 and
11 encounters important to the science observations are:
First, Pioneer 11 went much closer to the planet; second,
the outbound leg of the trajectory occurred at a different
local time, that is, at a different phase relative to the Sun
and out in a much higher magnetic latitude than Pioneer
10; and, third, repeat observations at a different epic in
time which will help differentiate between spatial and
temporal fluctuations in the observed phenomenon.

As with the Pioneer 10 Jupiter encounter, Pioneer 11
detected multiple-bowshock crossings as it approached the
planet Jupiter. It is therefore indicated that extensive
fluctuations jn the magnetosphere of Jupiter are most
likely a common occurrence. Jupiter has very large moons,
which are very close to the planet compared to the
planet’s radius. For this reason, there was considerable
interest before the Pioneer 11 encounter as to whether
there were interactions between the moons and the
magnetosphere. The spacecraft trajectory carried Pioneer
11 very close to the flux tube of the satellite Io. An
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interaction of the magnetosphere with the orbit of Io was
not immediately apparent in the helium vector magme-
tomeler data; however, there did appear to be noticeable
effects due to Ganymede and Callisto. Since the Pioneer
11 trajectory swept out a much wider range of longitude
than Pioneer 10, it is expected to have a much better map .
of the magnetic field, in particular the dipole component
of the magnetic fields orientation, location, and magnitude,
than was possible with Pioneer 10 data alone, There were
indications from the measurements by the dual flux-gate
magnetometer that the magnetic field of the planet closer
than 3 Jupiter radii could not be successfully represented
by an offset dipcle but was more complex, and that
tentative modeling of the more complex field could help
explain the decimetric radio emissions from Jupiter which
are observed on Earth.

The inner core or dipole region is where there is strong
trapping of particles. For high-energy protons in the
region greater than 35 million electron volts, Pioneer 10
measured a peak at about 3-1/2 Jovian radii, and the
Pioneer 10 data ended with the downward slope after this
peak. Pioneer 11 went much closer and measured the
same peak as Pioneer 10, and there are indications of a
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second peak closer in to the planet. Similar peaks were
observed on the way in and the way out, thus indicating
that the peaks are caused by a2 contained group of
particles in the magnetic field which form a shell-like
structure around the planet. These protons are the same
kind of energy as is produced in a cyclotron on Earth, but
produce no radio emission and are therefore undetectable
except by in situ measurements. The inner peak for low-
energy protons had an intensity of approximately 150,000,-
000 protons per square centimeter per second. This core
structure of charged particles appears to be one of the
more stable features of the planet Jupiter.

Measurements of the electrons in the core region
around Jupiter in the energy spectrum of those electrons
capable of producing radio emissions indicate perhaps 10
times the abundance as was expected based on Earth
cbservations of radio emissions. Proper modeling of this
electron content versus the radio emissions is very
important to astrophysics since ground-based measure-
ments of radio emissions are used to deduce electron
content in distant objects.

Concentration of high-energy protons and electrons
around the plasma sheath discovered by Pioneer 10 was
confirmed by Pioneer 11. It appears that there is an
acceleration mechanism in effect around the plasma
sheath region. The 10-hour periodicity in the radiation
intensity, which was assumed to be tied more closely with
the equatorial plane passage of Pioneer 10, was also
evident in the higher latitude data received by Pioneer 11.
A sweeping effect of the inner moons indicated by Pioneer
10 was reconfirmed by Pioneer 11. There is also
confirming evidence that bursts of electrons and protons
seemed to escape Jupiter’s magnetosphere. This is implied
by the observation of the 10-hour periodicity in particle
count as the spacecraft approached the magnetosphere as
early as 6 months before closest approach to the planet.

The two-month long imaging of the planet Jupiter
enabled viewing changes in the visible features of that
time scale, and the year-spacing between Pioneers 10 and
11 enabled seeing longer-term changes in the visible
features. Pioneer 11 appeared to show a little more
structure in the red spot and crisper definition of flow
around the red spot: The convective plumes of rising gas
about the equator were still present in the Pioneer 11
pictures.

Because of the change of Pioneer 11 to a Saturn
trajectory, the ultraviolet photometer was not able to view
the planet Jupiter during this flyby. However, it did view
the Galilean satellites of Jupiter, and preliminary indica-
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tions are that the hydrogen cloud observed associated with
To during Pioneer 10 was confirmed as still existing,
whereas it appears that Ganymede and Callisto do not
have a hydrogen cloud associated with them.

The meteoroid detector measured a higher concentra-
tion of small particles in the Jupiter environment than in
interplanetary space, and comparison of the Pioneer 10
and 11 data indicates that these particles are being
focused into Jupiter from their solar orbits and are not in
orbit around the planet.

The occultation experiment seemed to be highly
successful again, with all open- and closed-loop data
successfully recovered. The experimenter expected to see
less multipath due to layering in the Pioneer 11 data than
in the Pioneer 10 data because of the different trajectory.
Rather surprisingly, though, the Pioneer 11 data seemed to
be even more complex than the Pioneer 10 and will
require extensive analysis in order to draw firm conclu-
sions.

The celestial mechanics experiment received very good
data. The nature of the Pioneer 11 trajectory meant that
the possible gravitational effects of the planet Jupiter
were observed over much wider latitudes, and indications
are that, from a gravitational standpoint, Jupiter is a very
smooth body in hydrostatic equilibrium; that is to say, no
evidence of mass concentrations was observed. The
perturbations of the trajectory due to the large satellites of
the planet Jupiter will enable accurate determination of
the masses and estimates of the densities of the four
Galilean satellites. Preliminary results indicate that the
two inner satellites, Io and Europa, appear to be denser
than the two outer Galilean satellites, Ganymede and
Callisto. This will have implications as to what their
formation process may have been.

II. DSN Performance During the Pioneer 11
Jupiter Encounter

The overall DSN performance during the Pioneer 11
Jupiter encounter was at the same high level of reliability
as was demonstrated during the Pioneer 10 Jupiter
encounter despite the fact that launch of the Helios-A
mission occurred only 7 days after the closest approach of
Pioneer 11 to the planet Jupiter.

The most significant non-command problem experi-
enced by the DSN was necise at DSSs 63 and 43 a few
weeks prior to the periapsis passage. The problem at both
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stations is referred to as “noise spikes,” which is the term
used for an increase in receiver noise due to some kind of
return of the transmitted signal. The wsual real-time
method around the problem is to reduce the transmitter
power and therefore the power of the returned noise. This
workaround was acceptable during the Pioneer far
encounter because of the large uplink margin that the
spacecraft enjoys at the Jupiter distance. This problem
was, however, a concern for the near-encounter period
when possible radiation effects on the spacecraft could
require high transmitter power, Noise spikes can be
caused either by problems internal to the microwave
system or by external reflections or arcing on the actual
antenna structure. The problem at both stations was
reduced to an acceptable level before near encounter. The
problem at DSS 43 was isolated to a section of waveguide,
which was replaced. The corresponding section of
wavegnide had been replaced at DSS 43 previously due to
noise spiking problems. {As a consequence, a structural
design change is in process for this section of waveguide.)
The noise-spiking problem at DSS 63 was reduced to an
acceptable level by removing the dichroic plate and
ellipsoid from the top of the cones. There were no noise-
spiking problems during the rest of the encounter after
the above action was taken.

As with Pioneer 10, the biggest concern for the total
Ground Data System was command reliability. This is the
case with the Pioneer 10 and 11 missions because of the
fact that both missions involve flying an extremely
complex planetary encounter sequence without the aid of
an on-board programmer. A tremendous number of
commands are required to operate the encounter se-
quence, with the majority of the command requirement
due to a single instrument, the Imaging Photo Polarimeter
(IPP) (the details of the IPP instrument’s operation and the
resulting large number of commands required are
described in Ref. 1). Pioneer 11 required 28% fewer
commands than Pioneer 10, mostly due to better
performance of the IPP instrument, where problems with
gain control and stepping which existed on Pioneer 10
were corrected on the Pioneer 11 instrument prior to
launch.

The overall command reliability of Pioneer 11 is
compared to Pioneer 10 in Table 1. In this table, the
reliability is compared using the total number of DSN
aborts, where an abort is defined as a failure of a
command to transmit in real time due to a DSN-caused
failure or operator error. Of the 17,286 commands
transmitted during the Pioneer 10 60-day encounter
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period, there were seven DSN aborts, resulting in a total
command reliability of 99.96%. The figure for Pioneer 11
is comparable in that there were 12,358 commands
transmitted during the 60-day encounter period of which
eight were aborted due to a DSN problem, resulting in a
total command reliability of 99.94%. Of those eight
failures, four were caused by the same type of anomaly at
DSS 83, which resulted in elapsed timed commands. This
failure occurred during several DSS 63 passes in Novem-
ber until the problem was finally isolated to a timing
problem in a particular Telemetry and Command
Processor.

The total number of real-time aborts is not a complete
measure of the Command System reliability and its effect
on the Project execution of the encounter sequence. This
Is because once the failure has occurred, the Project
ceases trying to transmit commands until the Command
System is restored. In order to get a picture of this aspect
of the Command System reliability, the total number of
failures (whether they caused an abort or not), along with
the mean-time between failure and the mean-time to
recover from the failure, is listed in Table 2. This table
lists the statistics for four different levels of support.
Levels of support are defined in advance as the means of
committing to the Project the amount of redundancy and
the amount of effort that will go into a particular track.
Level 1 is_the highest level of redundancy the DSN can
provide, where the redundant telemetry and command
strings are loaded and are processing simultaneously with
the string that is supporting the track, and a maximum
effort is made by station personnel to recover rapidly in
the event of a failure in the real-time string. A 6-minute
recovery from a failure in redundant equipment is
committed during Level 1 support. As the table shows,
Level 1 support was committed for just the three passes
surrounding periapsis, and there were no Command
System failures during that period. Level 2 support is
essentially the same equipment configuration as Level 1
support, but the recovery requirement is relaxed to less
than or equal to 20 minutes. From Table 2 one can see
that there were 144 passes where the committed Level 2
support was provided, and during those passes there were
11 failures in the Command System with a mean-time to
vestore of only 6.45 minutes, well within the 20-minute
requirement. There were also 26 passes labeled as Level
2-F in Table 2, where the Level 2 redundant configuration
could not be completely provided because of failures in
the redundant equipment. Fortunately, during none of
these passes was there a failure in the prime on-line
equipment. Level 3 support does not require that the
backup string be loaded and running during the pass and
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relaxes the recovery time requirement to 30 minutes or
less. The table shows that there were 36 passes with Level
3 support in which only 2 failures occurred, and the mean-
time t0 recover was 22 minutes, which also meets the

recovery requirement. (Statistical data were extracted
from Refs. 2, 3, and 4.)

As was the case for the Pioneer 10 encounter, during
the Pioneer 11 encounter the overall performance of the
Ground Data System, and in particular the DSN portion
of the Ground Data System, was such that there was no
compromise in the science return during the 60 days of
encounter due to a Ground Data System er DSN problem.
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Table 1. Cornmand reliability during Pioneer 10 and 11

Jupiter encounter
Total commands Total number Total
. transmitted
Mission during 60-da of DSN command
: £ 4 aborts® reliahbility,? %-
encounter

’ Pioneer 10 17,286 7 99.96
Pioneer 11 12,358 8 £9.94

aDefined as failure of a command to transmit in real time due to
a DSN-caused failure or error.

b(Total commands — number of aborts) /total commands.

Table 2. Command system reliability during Pioneer 11 Jupiter encounter

. e Mean time Mean time
Support Number of Nur{'lber of between to Reliability = %
level passes failures ) .
failures, h recover, min

1 3 0 —_ - 100.00
2 144 11 93.8 845 99.89
2-Fb 26 0 - - 100,00
3 36 2 153.9 29 99.76

a(Track time — total time failed ) /track time

bFailure to provide committed Level 2 configuration.
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Helios Mission Support

P. 8. Goodwin
DSN Systems Engineering Office

W. G. Meeks
Network Operations Office

Helios-A, the cooperative US./West Cerman space flight, is now successfully
enroute to its 0.31-astronomical unit (AU) perihelion passage of the Sun in mid-
March 1975. This article describes the DSN performance to date, along with a
few minor problem areas that have developed but do not jeopardize mission

objectives.

I. Introduction

The previous article {(Ref. 1) discussed the successful
launch of Helios-1 (previously denoted Helios-A) on
December 10, 1974, and the support provided by the DSN
through the completion of the critical Step 11 maneuver
sequence of the spacecraft which oriented its spin axis
towards the ecliptic pole. The final sequence of the Step
I1 maneuver oriented the spacecraft’s despun high-gain
antenna (HGA) towards Earth. Early science instrument
telemetry data indicated a possible problem with one of
the experiment packages; however, that article closed
. before the extent of the problem was fully diagnosed.

Il. Mission Status and Operations

A. Scientific Data Versus Spacecraft High-Gain
Antenna Operation

With a successful conclusion to the critical Step I and 1II
spacecraft maneuver sequences and the subsequent

orientation of its high-gain antenna, the equally critical

22

checkout of the scientific experiment package was
initiated by the Flight Team and Project Scientists. Ten
mutually complementary experiments are carried by
Helios-1. These experiments are designed to achieve, as 2
package, the science portion of the Helios mission. The
experiment package checkout using the spacecraft high-
gain antenna proceeded nominally through the first four
experiments. Experiment 5 (the Plasma and Radio Wave
Experiment) telemetry data contained an excessive level
of noise. The experimenter, Dr. Gurnett of the University
of Iowa, requested that the spacecraft’s operational
antenna be switched to the medium-gain antenna to
isolate the noise source. This request was honored, but on
a later pass over Deep Space Station (DSS) 42. After the
initial delay caused by the Experiment 5 anomaly, final
verification and configuration of the scientific experiment
data package continued using the spacecraft high-gain
antenna.

With the exception of Experiment 5, the checkout and
analysis of the scientific experiments established the
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integrity of the package. At this juncture, Experiment 5
underwent intensive analysis. The experimenter recom-
mended spacecraft medium-gain antenna operations
which would result in substantially lower, and therefore
unacceptable, spacecraft telemetry data rates during the
early phase of the mission. Thus, the high-gain antenna
mode was selected, at the expense of Experiment 5 data,
to allow operation at a higher data rate using the 26-meter
deep space stations.

As Mission Operations Phase I came to a close in early
January 1975, noise on Experiment 1 telemetry data was
detected. Anzlysis of Experiment 1 (the Plasma Detectors
Experiment by Dr. Rosenbauer of the Max Planck
Institute) telemeiry data revealed that noise generated
during high-gain antenna mode operation was also
affecting its data. With Experiment 5 data being
essentially worthless and an important part of Experiment
1 data being lost due to high-gain antenna operation, the
consensus was to increase operations on the spacecraft
medium-gain antenna by using the 64-meter deep space
stations. i

This mutnal German-NASA decision was made to
maximize scientific data return of the total scientific
experiment package. Medium-gain antenna operations
required schedule reallocation of the 64-meter stations at
Goldstone and Australia, in conjunction with the 100-
meter German Effelsberg station, to maximize scientific
data return during January and February, when only DSN
26-meter station support had been originally scheduled.
To minimize the amount of switching between high-gain
and medium-gain antenna modes, a Helios antenna
switching plan was implemented.

This plan, which was agreed upon by both Flight
Operations and Project Scientists, resulted in maximum
medium-gain antenna operations by providing extended
coverage by the large aperture antennas. The defined
tracking schedule in this plan required 14 switching
operations during the period January 30 to February 28,
1975, for a total of 28 switches between medium-gain and
high-gain antenna modes. The DSN 26-meter stations did
provide support during several of the extended medium-
gain antenna mode operations, but usually only provided
scheduled coverage during spacecraft high-gain antenna
operating modes, which enabled maximum telemetry data
rate.

"The first Helios perihelion occurs March 15, 1975 with
the attendant critical period coverage; the total Helios
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perihelion period is March 3 through March 27, 1975.
During Helios perihelion coverage, when the large
aperture antennas provide almost total coverage, the plan
is to operate in the medium-gain antenna mode during one
pass every other day.

B. Mission Phase 1/11 Handover

Mission Phase I was defined as that time period wherein
Mission Operations were conducted by the German
Opérations Team, but from the JPL Mission Support Area
(MSA). It encompassed pre-launch operations activities,
launch, Step I and II maneuvers, and subsequent
operations up to four weeks following launch—at which
time Mission Operations personnel were transferred to the
German Space and Operations Center (GSOC) at Oberp-
faffenhofen, West Germany. Mission Phase II is defined as
that time period starting with the completion of Phase I
and continuing through the spacecraft entry into first solar
occultation.

Transfer of Mission Control Area responsibility from
JPL to GSOC was accomplished, as planned, on January
10, 1975 at 1400 GMT. Two of the three German Flight
Operations Teams departed JPL on January 7, 1975 for
the GSOC. To provide for a smooth handover, one
operations team remained at JPL until Januvary 14, 1975. A
DSN Operations representative also accompanied the
German Flight Operations Teams to GSOC to provide
real-time interface and problem amalysis pertaining to
DSN Operations support.

Data comparison between JPL and GSOC real-time
computer programs showed full agreement regarding
Helios flight data. Calibration aud limit values were
adjusted, where needed. GSOC successfully recorded and
processed data from the Effelsberg station while in a
multimission configuration with West Germany’s AEROS-
B and Symphonie Projects, which were active simulta-
neously with Helios-1. :

Mission control responsibility had been with the
German Flight Operations Teams at JPL since the
successful launch of the Helios spacecraft on December
10, 1974; however, the German Space Operations Center
had actively participated since the initial spacecraft
acquisition over DSS 42 (Australia). The German Effels-
berg Station (GES) first tracked the spacecraft on
December 13, 1974, and the German Telecommand
Station (GTS) first transmitted to the spacecraft on
December 15, 1974.

The continuity of mission operations during this
handover verified the soundness of the Mission Phase 1711
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handover plan. Interface problems and/or questions that
arose were addressed as they happened by those cognizant
personnel involved. Internetwork operating procedures
are continuing to be refined to further enhance mission
operations. ~

C. Operational Interface Change

With the departure of the German Flight Operations
Teams, the JPL Helios mission support at JPL consisted
only of the remaining JPL Mission Operations Support
(MOS) teams. This JPL staffing remained at the Phase I
level of support until February 1, 1975, 1530 GMT. At
that time, a new operational support mode was imple-
mented. °

The new operational mode for Mission Phase II involves
a German/JPL real-time voice interface between the
German Network Operations Control Chief (NOCC) and
the DSN Operations Chief (OPSCHIEF)/Mission Control
and Computing Center Operations Controller (MCCC
OPSCON), rather than via the JPL Chief of Mission
Operations Support (CMOS) which was the case for Phase
I. The CMOS and the JPL. Command Operator will
continue to support all critical Phase H operations on a
shift-by-shift basis, as appropriately scheduled in advance;
otherwise, support will be on a call-up basis. Within three
hours of a request by GSOC to the DSN OPSCHIEF/
MCCC OPSCON, preparations for commanding in the
backup mode (command initiated from JPL) will com-
mence. This applies 24 hours a day, 7 days a week,
throughout the remainder of the mission.

During all noncritical periods, including periods of
commanding in the backup mode, the operational
interface with JPL exists through the DSN OPSCHIEF
and MCCC OPSCON. All MCCC-related coordination is
handled by the OPSCON. DSN-related (including DSN
Ground Communications Facility (GCF)) coordination is
handled by the OPSCHIEF.

The “CMOS Call-Up” has been exercised only once
since February 1, 1975. On February 4, 1975, at 2025
GMT, GSOC requested backup mode commanding from
JPL because of an inoperative computer at the German
Center. Within 10 minutes, the first of 9 backup
commands was sent and verified. Backup command
support was successful and terminated at 2225 GMT,
when control was transferred back to GSOC. .

The present operational mode, with its critical-period
coverage and call-up provision, has proven capable of
providing adequate support for the Helios-1 Mission
Phases II and III. Future adjustments to this coverage, if
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required, will be negotiated between JPL and GSOC
Mission Operations.

D. Scheduled Versus Actual Coverage

From Helios-1 launch until February 13, 1975, a total of
199 station tracks of the requested 202 tracks have been
completed. Only seven 64-meter station tracks (DSS 14}
were originally requested by the longrange schedule.
However, the problems encountered with Experiments 1
and 5, plus a downlink signal level anomaly, caused real-
time schedule changes. This involved successful negotia-
tions with other projects to secure additional 64-meter
coverage substantially greater than the original require-
ment for investigation of these problems. Multiple-mission
tracking and Helios Project data requirements have
necessitated schedule changes that have caused Helios to
lose three complete passes, one over Australia and two at
Goldstone. Considering the varied spacecraft tracking
requirements of the DSN and similar viewperiods
between Helios and Pioneer, spacecraft coverage has been
very good to date.

Helios-1 will be entering a critical perihelion. mission
period during mid-March 1975. DSN resources will be
extremely scarce because of the Mariner 10 and Pioneer
Projects’ critical activities also planned for mid-March. A
Network Allocation Plan has been formulated by all
affected projects to meet multiproject requirements.
Results will be covered in the next report.

E. Helios Downlink Signal Level Variation

DSS 62 (Spain) reported on January 8, 1975 that since
Helios-1 had been switched back to high-gain antenna
mode on December 20, 1974, random transient phenom-
ena had been observed on the system noise temperature
chart recordings. These transients, which were noted as
small but sudden changes in system temperature, could be
detected in both two-way (one station) and three-way (two
station) tracking configurations. This observation elimi-
nated the possibility that the noise was being generated by
the station transmitter. Occasional variations of 1 to 2 dB
in the downlink signal level had also been detected.

The variation in the received signal level was one
aspect of the anomaly that was not as readily observable
as was the system temperature chart recording. This is due
to the sample rate of the station monitoring device, the
Digital Instrumentation Subsystem (DIS), and the DSS
receivers being configured in narrow AGC bandwidths.
The DIS algorithm uses several points to calculate the
receiver AGC. With the receivers in the narrow
bandwidth position, a smoothing action resulted in the
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observed downlink signal level fluctuations. Therefore,
only the cccasional large variations of 1 to 2 dB were
observable,

As a result of their astute observations, DSS 62 (Spain)
initiated a thorough investigation of the Helios downlink
signal during pass 27 on January 5, 1975. The variations in
the downlink signal level were directly correlated to the
transients on the system noise temperature chart record-
ing during this test, but no definite trend or periodicity of
the variations could be established.

The Helios downlink investigation was expanded by the
DSN throughout the 26-meter network that was support-
ing Helios. The analysis efforts were concentrated at DSS
12 (Goldstone). DSS 62s initial experiences were dupli-
cated at DSS 12 on passes 32 through 35. No attempt was
made to isolate the problem within the spacecraft during
the DSN investigation, inasmuch as it was a Helios Project
responsibility. The investigation provided detailed infor-
mation on the characteristics of the shape, duration, and
recovery time of the variations. This phenomenon has only
been observed with data associated with spacecraft high-
gain antenna operation. One typical 3-1/2-hour period
that was analyzed had 22 randomly occurring variations.
The magnitude of the majority of these variations was 0.3
to 0.6 dB, with an average duration of approximately 5
seconds; but some had a magnitude of as much as 2 dB.
The DSN has provided the above information to the
German Operations Team, and is continuing to assist and
provide support to GSOC, as required, in their efforts to
isolate and correct the variations in Helios-1 downlink
transmission.

F. Telecommunication Constraints Caused by Grayout/
Blackout

The Helios orbit, relative to the Sun-Earth line, at
various times during the mission crosses either in front of
or behind the Sun. As the spacecraft approaches the Sun—
Earth line, telecommunication is disrupted, either by
solar-generated noise or by total occultation of the
spacecraft, thus causing a grayout or a blackout, respec-
tively. The critical angular range is expected to be plus
and minus 3 degrees around the Sun-Earth line.

The first grayout has occurred and data are being
compiled for analysis. Results should be available for the
next DSN Progress Report. DSS 82 (Spain) first observed
the grayout effects during pass 70, February 17, 1975, The
grayout period lasted through pass 72, and again DSS 62
was tracking the spacecraft as it exited the region of solar
grayout. The most severe solar effects were observed by
DSS 62 and DSS 12 (Goldstone) during pass 71, February
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18, 1975. The receiver out-of-lock times were so extensive
that no useful telemetry data were observable.

[1l. DSN System Performance for Helios
A. Telemetry System

The Helios Telemetry System performance analysis has
shown that a constant improvement in the Helios
telecommunications link performance versus predicted
performance has occurred. This improvement has been
noted in the actual residual calculations of the downlink
signal level and signal-to-noise ratio (SNR). The improve-
ment of telecommunications link performance is still
being analyzed and has not yet been satislactorily
explained. Link analysis of actual performance has
resulted in minor changes to the predicted pre-flight
nominal predictions. These parameter adjustments are
incorporated into the DSN Link Analysis and Prediction
(computer) Program (LAPP) for refinements to the
telemetry predictions for real-time operations.

The investigation of the aferementioned variations in
the downlink signal level was one area of major analysis
activities during this reporting period. Other significant
analytical studies were made on the Helios telemetry
threshold and the Helios performance at solar conjunction.
Both of these studies will be relevant for Helios perihelion
which occurs March 15, 1975. The only Helios telemetry
discrepancy reports opened during this period concerned
anomalous SNR residuals and were not considered
significant.

B. Tracking System

The DSN Tracking System performance for Helios-1
from launch through January 31, 1975 has been nominal.
Predicted spacecraft frequencies, both transmitted and
received, have been extremely accurate and reliable.
Trend analysis of 160 Helios tracks indicates the doppler
“noise for Helios-1 averaged 0.003 Hz, which is well within,
specification. The two-way doppler residual averaged -0.1
Hz, indicating a high reliability in the Helios Project-
supplied ephemeris tapes. Several tracking discrepancy
reports were opened during this period but none was
considered significant.

C. Command System

During the months of December 1974 and January
1975, 6890 commands were transmitted to the Helios
spacecraft. No DSN Command System aborts occurred;
however, two Project command aborts have happened. A
-system abort is an abort due to a Command System
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failure. A Project abort is 2 command aborted by Project,
i.e., disabled while being transmitted.

Although minor command equipment anomalies have
occurred throughout the network, they have caused no
significant impact to the Helios Project’s Command
System performance.

IV. Conclusions

The Helios-1 spacecraft has now passed in front of the
Sun (first syzygy) enroute to an 0.31-AU perihelion
passage, which will be well into the unexplored region of
the solar system inside the orbit of the planet Mercury.
DSN.coverage support to date has not been completely as

pianned before launch, due to both spacecraft anomalies
and schedule difficulties with other flight project support;
however, mission objectives have not been jeopardized.
The scheduling difficulties are expected to increase during
March 1975, especially with respect to 64-meter station
coverage, due to a severe peaking of flight project
activity: Mariner 10 will re-encounter the planet Mercury
a day after the Helios-1 perihelion point, and Viking pre-
launch implementation within the DSN will necessitate
some selected station downtime. The impact on Helios-1
will be a lower science telemetry bit rate return when
coverage is provided by 26-meter DSSs instead of 64-
meter DSSs. Nonetheless, near-continuous coverage of the
Helios-1 perihelion region is still planned for this
important mission event.
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Helios Flight 1 Spacecraft/Deep Space
Network Compatibility Test Summary

A. |. Bryan
DSN Systems Engineering Office

The Helios flight 1 spacecraft/DSN compatibility testing followed a very
successful three-phase compatibility test program for the Helios prototype
spacecraft. This article covers the tests from arrival of the flight 1 spacecraft at
Cape Canaveral, Florida through launch. The compatibility tests consisted of (1)
DSN/spacecraft radio frequency tests at both weak and strong signal levels, and
(2) verification of radio frequency compatibility with the Helios flight I
spacecraft mated to the launch vehicle at Launch Complex 41.

l. Introduction

This report covers the DSN/Helios flight 1 (F-1)
spacecraft compatibility testing that extended over 56
hours from October 25 through 28, 1974, and for 8 hours
on November 26, 1974. The compatibility tests performed
during these periods were divided as follows:

(1) DSN/spacecraft radio frequency (RF) tests at both

weak and strong signal levels during October 25-28,
1974.

(2) Verification of RF compatibility performed on

November 26, 1974 with the Helios F-1 spacecraft
mated to the launch vehicle at Launch Complex 41.

The DSN/Helios F-1 spacecraft compatibility testing
followed a very successful three-phase program of
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compatibility testing between the DSN and the Helios
prototype spacecraft (Ref. 1).

Il. Test Report

The DSN/Helios F-1 spacecraft telecommunications
compatibility testing utilized a test system that was
operationally representative of a standard DSN station.
The test system was under control of a computer to
provide appropriate test conditions in an automatic mode
of operation.

The spacecraft configurations during all of the tests
were agreed upon by the Flight Project and the DSN.
Spacecraft modes were selected to exercise a representa-
tive subset of all possible ¢onfigurations, and to minimize
the time required for completion of an adequate test

program.
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A. Telecommenications Compatibility Tests

These tests provided an assessment of telecommunica-
tions compatibility status between the Helios F-1
spacecraft and the Network based upon the results
obtained between the DSN equipment in the STDN (MIL
71} station and the Helios F-1 spacecraft. These tests,
conducted within the scheduled time period of October 25
through 28, 1974, were the final phase of the documented
three-phase plan for establishing telecommunications
compatibility between the Network and the Flight
Project.

Procedures for conducting these tests were prepared by

the Network. Test parameters and spacecraft design

criteria were provided by the Helios spacecraft telecom-
munications engineers. The final procedures and test plans
were reviewed and approved during a joint meeting of the
DSN/Helios Project telecommunications representatives
at Cape Canaveral. In particular, the Helios telecommuni-
cations representatives provided extensive support during
the test procedure preparation and test planning phases.

The total time to accomplish the Helios ¥-1 spacecraft/
STDN (MIL 71) compatibility tests was 56 hours. The
successful completion of the tests during this time period
was due in large measure to the excellent support
provided by the JPL and Goddard STDN (MIL 71)
management and operating personnel.

1. Test objectives. The objectives of the tests were to
verify telecommunications design compatibility between
the Network and the Helios F-1 spacecraft. The design
compatibility was previously established between the
DSN and the Helios prototype spacecraft in testing at the
JPL Compatibility Test Area at Pasadena.

A selected set of standard tests, as specified in the Deep
Space Network/Flight Project Interface Compatibility
Test Design Handbook, for verifying transponder RF,
command, telemetry, and metric data compatibility were
performed. In addition, telemetry erasure rate tests were
extended in response to Project requests, to include Data
Decoder Assembly (DDA} statistical data. All tesis were
accomplished in ‘accordance with the Network Test and
Training Flan for Helios Project.

2. Test description. The Helios F-1 spacecraft was
configured for flight operations and STDN (MIL 71) was
configured to simulate a DSN station. The spacecraft was
located in the clean room of Building AO, Cape Canaveral
AFS, Florida, and STDN (MIL 71) was located at the
MILA-STDN Station, Kennedy Space Center, Florida. An
S-band RF air link of approximately 16 km (10 miles) was
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utilized between a 1.85-meter antenna at Building AO and
a l.2-meter antenna at the STDN station. RF link
amplitude variations were 0.5 dB peak-to-peak for the
critical tests in telemetry and command.

The STDN station software utilized in performing these
tests was supplied by the DSN and was a subset of
software officially released to the station for Helios Project
support. The programs consisted of:

(1) Telemetry and Command Data Handling Program.
This program provides independent control of the
commanding and telemetry handling functions.
Commands may be controlled manually from the
station or automatically from the Mission Control
and Computing Center. Telemetry may be decoded,
formatted, and transmitted to the Mission Control
and Computing Center for decommutation and
display.

(2) Planetary Ranging Assembly Program. This program
provides either continuous spectrum or discrete
spectrum operation for determining very accurate
range estimates of a spacecraft at planetary dis-

tances.

(3) Helios Decommutation and Data Validation Pro-
gram. This program provides the capability of
decommutating spacecraft engineering data and
display at the station for verifying spacecraft
parameters during compatibility testing.

(4} Multiple-Mission Test Program. This program pro-
vides a flexible test capability for performing bit
error rate, word error rate, and signal-to-noisé
estimates.

3. Test results. Table 1 provides a summary of the test
results. Significant events and data in the areas of RF,
telemetry, command and metric data are described below:

a. Radio frequency acquisition and tracking. The
criteria established for acquisition and sweep rates,
spectrums, threshold, carrier, and subcarrier phase jitter
measurements were either successfully met or exceeded.
Special RF spectrum data required for the launch and first
Goldstone pass modes were performed and provided_to
the DSN Network Operations Project Engineer for initial
spacecraft acquisition procedures.

b, Telemetry. Bit error rate (BER) measurements at 8
and 32 bps uncoded were very successful with respect to
test criteria. The spacecraft was configured for all
experiments during these two tests in order to provide
maximum data density to the Symbol Synchronizer
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Assembly. 8Tp/Nj levels corresponding to an expected
BER of 10 were established for both tests.

Frame deletion rate measurements at 256, 1024, and
2048 sps were equally successful. A special overfill
program to the Helios Decommutation and Data Valida-
tion Program, provided by Office 420, was utilized to
output Data Decoder Assembly statistical data. The data
included number of frames counted, number of computa-
tions per frame, erased frames counted, and a distribution
table of these data. The $T./N, levels established for these
tests simulated 0.418 AU for 256 sps, 0.202 AU for 1024
sps, and 0.705 AU for 2048 sps. Additionally, the
utilization of the special overfill to the Helios Decommu-
tation and Data Validation Program provided the means
of extending these lests to obtain the distribution of
computations per frame. Therefore, the system telemetry
performance was more critically determined.

¢. Command. Command performance was performed
on a functional basis due to limited test time. Command
performance was successfully simulated for 2.0-AU
conditions from a 26-meter antenna station at 10 kW
(uplink -142.1 dBm, without ranging) and a 64-meter
antenna station at 20 kW (uplink -136.6 dBm, with
ranging). Both spacecraft command detectors (512 and 448
Hz) were tested.

d. Metric. The polarity of the spacecraft “ranging
channel” was found to be INVERTED. This condition,
different from the prototype spacecraft, represented no
major impact as provisions for correcting phase reversal
was resident in the Planetary Ranging Assembly software.
With the exception of phase reversal, both continuous and
discrete ranging measurements were well within expected
values.

No differenced range versus integrated doppler
(DRVID) testing was performed due to limited test time
and higher priority items.

B. RF and Data Verification Tests

These tests provided an assessment of telecommunica-
tions compatibility status between the DSN, represented
by DSN equipment in the STDN (MIL 71) station, and the
Helios F-1 spacecraft after encapsulation and mating to
the launch vehicle. These tests conducted on November
26, 1974, were a subset of tests performed previously
between the F-1 and the DSN equipment in the STDN
(MIL 71} station at Merritt Island, Florida, in October
1974,
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Procedures for conducting these tests were prepared by
the DSN, and spacecraft test parameters and design
criteria were provided by the Helios Telecommunications
Project. The final procedures were reviewed and approved
during a joint meeting of the DSN/Helios Project Test
Team at Cape Canaveral.

The total time to accomplish the Helios F-1 spacecraft
STDN (MIL 71) compatibility tests was 8 hours.

1. Test objectives. The objective of the tests was to
verify continued compatibility between the DSN and the
Helios F-1 spacecraft after the spacecraft had been
configured for launch operations. All tests were accom-
plished in accordance with the Network Test and Training
Plan for Helios Project.

2, Test description. The Helios F-1 spacecraft was in
launch configuration and STDN (MIL 71} was configured
to simulate a DSN station. The spacecraft was located at
Launch Complex 41, Cape Canaveral AFS, Florida and
STDN (MIL 71) was located at the STDN (MIL Station,
Kennedy Space Center, Florida). An S-band RF air link of
approximately 16 km (10 miles) was utilized to establish
the spacecraft/ground station interface. The spacecraft
transmit/receive function was performed by connecting a
test point at the shroud to a 1.2-meter antenna connected
to the launch service tower.

The ground station software utilized in performing
these tests was supplied by the DSN and was a subset of
software officially released to the station for Helios Project
support. The programs consisted of:

(1) Telemetry and Command Data Handling Program.
This program provides independent control of the
commanding and telemetry handling fanctions.
Commands may be controlled manually from the
station or automatically from the Mission Control
and Computing Center. Telemetry may be decoded,
formatted, and transmitted to the Mission Control
and Computing Center for decommutation and
display.

(2} Planetary Ranging Assembly Program. This program
provides either continuocus spectrum or discrete
spectrum operation for determining very accurate
range estimates of a spacecraft at planetary dis-
tances.

(3) Helios Decommutation and Data Validation Pro-
gram. This program provides the capability of
decommutating spacecraft engineering data and
display at the station for verifying spacecraft
parameters during compatibility testing.
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3. Test results. Table 2 provides in summary form the
test results. Significant events and/or items in the areas of
RF, telemeiry, command, and metric data are described
below:

a. Radio frequency. Short-term RF link fluctuations
throughout the test period were observed to 1.5 dB on
the link between Launch Complex 41 and MIL 71. All
phases of the RF tests were successfully completed.

b. Telemetry. Shortterm RF link variations during
subtest 1 were observed to be 1.5 dB. However,
variations during subtest 3 were observed to be +7.5 dB
and resulted in the Telemetry and Command Subsystem
(TCD) dropping lock occasionally. (This same situation
was experienced during the Helios prototype spacecraft/
Launch- Complex 41 test) In view of the adverse
conditions under which subtest 3 was conducted, it was an
“engineering judgement” that both telemetry tests
performed satisfactorily.

¢. Command. Short-term RF link variations during
command subtest 1 were observed to be £6 dB. Variations
during subtest 3 were #2 dB. During subtest 1, 114
commands were sent successfully, and during subtest 3,
118 commands were sent successfuily.

d. Metric. Ranging system acquisition time was

successfully completed with no problems experienced.

Il. Conclusions
The successful conclusion of the formal DSN/Helios

compatibility program enabled the establishment of
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telecommunications compatibility and was evidenced by
the successful launch of the Helios F-1 spacecraft on
December 10, 1974.

The importance of a formal compatibility test program
is clearly demonstrated by the problem areas uncovered,
verified, and resolved during the DSN/Helios testing.
Prominent problem areas discovered and resolved during
this test program were:

(1) Deficiencies in the engineering model transponder.
The transponder exhibited lag in sensitivity, pushing
effects at strong uplink signal levels, instability of the
voltage-controlled crystal oscillator, and improper
shielding,

(2} Polarity of the ranging channel in the F-1 spacecraft
was inverted. This condition was different from the
prototype spacecraft.

{3) Many hundreds of hours of test time were used at
the DSN station (DSS 71) to determine optimum
modulation indices for the Helios Mission. A full
description of this testing was published in Ref. 2.

{4) An elaborate test system to simulate uplink and
downlink amplitude, phase, and frequency modula-
tion conditions during the spacecraft Step II
maneuver was performed. This simulation demon-
strated that the spacecraft could be successfully
commanded during this very critical phase of flight.

These problems, undetected and unresolved prior to

launch, would have presented serious operational prob-
lems to the Network with the spacecraft in flight.
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Deep Space Network

Test

. Test . .
date  Test title No, BLK BLK pp, Uplink  Uplink /) cpc SDASUBC CAR  Bit
{1974) I I RNG CMD  doppler, offset, offset offset SUP  rate EXC
. RCV EXC Hz/s kHz
10725  Spacecraft i1 1 1 OFF OFF 500 —30 NA NA HI 2048 1
maximum
sweep and
acquisition
Late 1 1 OFF OFF 500 +30 NA NA HI 2048 1
1 1 OFF OFF 80 -97 NA NA HI 2048 1
1 1 OFF OFF 80 +9.9 NA NA HI 2048 1
10/26 Downlink IL.1 1 )] OFF OFF NA NA NA NA HI 2048 1
spectrum
analysis
II. 2 1 1 OFF OFF NA NA NA NA HIY 128 1
II.3 1 1 OFF OFF NA . NA NA NA LO 32 1
L7 1 1 ON NA. NA NA NA NA HI 2048 1
(Idle
. seq.)
II. 10 1 1 ON ON NA NA NA NA HI 128 1
10/25 TUplink 7.1 1 1 OFF OFF NA NA NA NA Hi 128 1
threshold
- 1. 2 1 1 ON OFF NA NA NA NA HI 128 1
L. 3 1 1 OFF OFF NA NA NA NA HI 128 1
10/25  Carrier IV. 1 1 1 OFF OFF NA NA NA NA HI 2048 . 1
residual
phase jitter V.2 1 1 OFF OFF NA NA NA NA HI 2048 2
1v.3 1 1 OFF OFF NA NA NA " NA HI 2048 1
1 1 OFF OFF NA NA NA NA HI 2048 1
Iv.4 1 1 OFF OFF NA NA NA NA HI 2048 1
1 1 OFF OFF NA NA NA NA HI 2048 1
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Tabte 1, DSN/Helios F-1 spacecraft telecommunication test summary

Spacecraft Test data
Test
. S/C  S/C Time, Test comments
RCV PWR ANT TWT RNG Performance Criteria min
DM FM
1 HP MCA 2 OFF 0 4 Acquired @ —100.0  Acquire @ —100.0 125  Acquired U/L @ best
dBm; tracked to dBm; track to lock {VCXO 1)
+82.5kHz +32.5kHz 2115.679152 MHz
1 HP MGA 2 OFF ¢ 4 Acquired @ —100.0 Acquire @ —100.0 Acquired U/L @ best
dBm, tracked to dBm; track to lock (VCX0 1)
—32 5kHz —32.5kHz 2115.679152 MHz

1 HP MGA 2 OFF o 4 Acquired @ —141.0 Acquire @ —141.0 Acquired U/L @ best
dBm; tracked to dBm; track to lock (VCXO0 1)
+32.5kHz —32.5kHz 2115.679152 MHz

1 e MGA 2 QFF 0 4 Acquired @ —141.0  Acquire @ —141.0 Acquired U/L @ best

dBm; tracked to dBm; track to lock {VCXO 1}
—382.5kHz —3825kHz 2115.679152 MHz
1 HP MGA 1 OFF 0 4 No spurs observed No spurious signal 17 Subearrier OSC No. 2
within 30 dB of noncoherent mode
carrier N
1 Lp LGA NA  OFF 0 4 No spurs observed No spurious signal 15  Subcarrier OSC No. 1
within 30 dB of noncoherent mode
carrier
1 Lp LGA NA  OFF 4] 4 No spurs observed No spurious signal 20  Subcarrier OSC No. 1
within 30 dB of noncoherent mode
carrier

1 Lp LGA 1 OFF 0 4 No spurs observed No spurious signal 15  VCXO 1, coherent

within 30 dB of ( Goldstone first acq)
carrier : mode

1 HP MGA 1 ON 0 4 Neo spurs observed No spurious signal 16 VCXO 1, coherent

within 30 dB of mode
carrier '

1 HP MGA 2 OFF 0 4 —155 dBm —155.0=%1dBm 85  Threshold value is
average of 8
measurements

1 HP MGA 2 ON 4] 4 —155dBin —155.02=1 dBm 43

2 HP LGA 2 OFF 0 4 —154 dBm —1550=+1 dBm 38

1 HP MGA 1 OFF 0 4 1.95 deg rms 5.7 deg rms 40  U/Llevel =100 dBm

1 HP MGA 2 OFF 0 4 1.74 deg rms 5.7 degrms 9 U/Llevel —100 dBm

1 HP MGA 2 OFF 0 4 177 degrms 2.86 deg rms 25 UL level —100 dBm

1 HP MGA 2 OFF 0 4 14.80 deg rms 22.9 deg rms U/L level —144 dBm

2 HP LGA 2 OFF 0 4 1.73 deg rms 2.86 deg rms 20  U/Llevel —100 dBm

2 HP LGA 2 OFF 0 4 16.00 deg rms 22 9 deg rms U/Llevel —144 dBm
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Deep Space Network

Test

. Test _ -
date Test title No. TEK BLK oop Upliok  Uplink 00 cync SDASUBC CAR Bt
(1974) I 11 ANG CMD doppler, offset, offsat offset SUP  rate EXC
RCV EXC Hz/s kHz
10/25 Downlink V.1 1 1 OFF OFF NA NA NA NA HI 128 1
threshold
v.3 - 1 1 OFF OFF NA NA NA NA HI 128 2
V.5 1 1 OFF OFF NA NA NA NA HI 128 1
1 1 OFF OFF NA NA NA NA HI 128 1
V.6 1 1 ON OFF NA NA, NA NA HI 128 1
1 1 ON OFF NA NA NA NA HI 128 1
10/26  Spacecraft VI.2 1 1 ON OFF NA . NA NA NA HI 128 1
ranging delay
V94 1 1 ON OFF NA NA NA NA HI 128 1
VI.9 1 1 ON OFF NA NA NA NA HI -128 1
VI 10 1 1 ON OFF NA NA’ NA NA HI 128 1
10/26 Rangmg VIL.1l 1 1 ON OFF NA NA NA NA HI 128 1.
system
acquisition VIL. 2 1 1 ON OFF NA NA NA NA HI 128 1
time
10/26 Biterrorrate VIIL 1 1 1 OFF OFF NA NA NA NA LO 8 1
{UNC)
VIII. 2 1 1 OFF OFF NA NA NA NA LO 32 1
(UNC)
10/28 Telemetry IX. 1 1 1 OFF ON NA NA NA NA HI 128 1
erasure rate
10/27 IX.2 1 1 ON ON NA NA NA NA HI 512 1
IX.8 1 1 OFF ON NA NA NA NA HI 1024 1
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Table 1 (contd)

Spacecraft Test data
Test
$/C  §/C Trme, Test comments
RCV PWR ANT TWT BRNG D Performance Criteria min
M M
1 HP MGA 1 QFF 0 4 —158.8 dBm —159.5=3 dBm 21 Noncoherent mode
1 HP MGA 2 QFF 0 4 ~158.7 dBm —1595*3dBm 20 Noncoherent mode
2 HP LGA 1 OFF 0 4 —158.3 dBm —159.5 =8 dBm 19 Coherent mode,
U/L level —100 dBm
2 HP LGA 1 QFF 0 4 —158.7 dBm —159.5 =3 dBm 18 Coherent mode;
UsLlevel —144 dBm
1 HP MGA 1 ON 0 4 —159.0 dBm —159.5 %3 dBm 20 Coherent mode;
U/Llevel —100 dBm
1 HP MGA 1 ON 0 4 —159.0 dBm —159.5 =8 dBm 29 Coherent mode;
. U/L level -100 dBm
i HP HCA 1 ON 0 4 §/Cdelay: 1364 ns 15  —100dBm U/L
1 HP MGA 1 ON 0 4 §/C delay: 13.70 ns No requirement 15 —100 4Bm D/L
1 MP MGA 2 ON 0 4 5/C delay: 1384 ns RNG stability: 22 “Phase reversal” vs
E500ns prototype spacecraft
1 MP  MGA 2 ON 0 4 $/C delay: 1369 ns 15 V12,4, 10 discrete
V1 9 continuous
1 HP MGA 1 ON 0 4 22 min40 s <745 min 25 Continuous spectrum
1 HP MGA. 1 ON 0 4 1lminl8s <2 min 10 Discrete spectium
U/L level —184.5
dBm
D/L level —135.0
dBm
1 HP MGA. 1 OFF 0 4 0 errors in 10% bits 10-¢ 210  U/L —148.1 dBm
D/L —135dBm
1 HP MGA i OFF ¢ 4 0.09 X 10¢ 104 Uncoded mode
1 HP MGA 2 OFF 0 4 Dy/L threshold 102 230  D/Llevels providing
—147.5 10-2 erasure rate
Dy/L level —128.3 were below link
criteria
1 HP MGA 2 oN 0 4 D/L thresheld 10-3 200  Test to estimate
—141.0 telemetry performance
UyL level —137.9 by distribution of
computations/frame
1 HP HGA 2 QFF 0 4 D/L thresheld 10-2 60
—1384
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Deep Space Network

Test
Test :
date  Testtile  °* BLK BLK Uphnk — Uplink ) sypc  SDASUBC CAR  Bit
£1974) - I I RNG CMD  doppler, offset, offset offset SUP  rate EXC
RCV EXC Hz/s kH=z
10/26  Subcarrier X.1 1 1 OFF OFF NA NA NA NA HI 128 1
frequency and
phase jitter
X2 1 1 OFF OFF NA NA NA NA HI 128 2
X.3 1 1 OFF OQFF NA NA NA NA HI 128 2
10/26  Spacecraft XL1 1 1 OFF ON NA NA NA NA HI 128 1
command
performance
XI.2 1 1 ON ON NA NA ) NA NA HI 512 1

10727 XIL. 3 1 1 OFF ON NA NA NA NA HI 1024 1

NOTE: See Table 3 for definition of terms used.
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Table 1 (contd)

Spacecraft Test data ~
Test
S/C  8/C . Time, Test comments
RCV PWR ANT TWT RNG Performance Critera min
DM FM
NA LP LGA NA  OFF 0 4 0.835 deg yms 1.15 deg rms 25 5/CDHE CSC
32,768 Hz 32,768 Hz No 1Chainl
NA LP LGA NA OFF 0 4 0.84 deg rms 1.15 deg rms 24 5/CDHE OSC
32,768 Hz 32,768 Hz No. 1 Chain 2
NA LP LGA NA  OFF 0 4 0.86 deg rms 1.15 deg s 25 S/C DHE 0SC
32,768 Hz 32,768 Hz No. 2 Chain 2
1 HP MGA 2 OFF 0 4 54 commands All commands 20 VCXO 1, coherent,
accepted and accepted by command §/C @
processed spacecraft 512 Hz
1 MGA ON 0 4 54 commands All commands 14 U/L @ —142.1 dBm
accepted and accepted by (2.2 dB above
processed spacecraft command thresheld)
2 HP HGA 2 OFF 0 4 23 commands Al commands 14 VCXO 2, coherent,
accepted and (continuous) command S/C @
processed accepted and 448 HzU/L @
processed —138.1 dBm (5.9 dB
above command
threshold)
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Deep Space Network

Test

. Test . .
date - Testtle N, prxkm BLKII PRA Uplink  Uplink  GMA — SDA = 5 g,
(1974) ov EXC ane CMD  doppler,  offset, - SUBC  SUBC gup o
R . Hz/s kHz offset offsct )
11726 Spacecraft 11 —106 dBm -—1085dBm OFF OFF 500 —30 NA NA HI 2048
maximum 23.412423  22.038540 to
sweep and +32.5
acquisition
rate —106dBm —1085dBm OFF OFF 500 +30 NA NA HI 2048
23.412423  22.038540 to
—329
11/26 Uplink .1  —110dBm 22.038540 OFF OFF NA NA NA NA HI 128
threshold 23412423
.3 —113dBm 22.038594 OFF OFF NA NA NA NA HI 128
23.412481
11/26 Downlink V.1 23412401 —110dBm OFF OFF NA NA NA NA HI 128
threshold 29.038520
11726 Ranging VIL1 —112dBm —112dBm ON OFF NA NA NA NA HI 128
system 28.412401  with mod
acquisition 22088520
time
11727  Telemetry IX.1 —112dBm —109dBm OFF ON NA NA NA NA Hi 128
performance 23 412401 22 038520
IX.8 —116dBm —107 dBm OFF ON NA NA NA NA HI 1024
23 412483 22 038595
11/27 Spacecralt XI.1 —117dBm —1135dBm ON ON NA NA NA NA HI 128
command 23.412423  22.038540
performance -
X1.3 ~—116dBm —108dBm ON ON NA NA NA NA HI 1024

23.412482  22.038494

NOTE: 1. Block I receiver 1, exciter 1 used for all tests.
2. See Table 3 for definition of terms used.
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Table 2. DSN/Helios F-1 spacecraft telecommunications test summary

Ll

Spacecraft Test data
Test
$/C S/C time, Test comments
EXC RCY PWR ANT TWT RNG Yo %/ Performance Criteria min
DM M
1 1&2 HP LGA 2 QFF 0 4 Acquired and Acquire at best 71 2115.699 kHz
tracked lock; track to best lock frequency
+32.5 kHz §/C receiver 1
1 1&2 HpP LGA 2 OFF 0 4 Acquired and Acquire at best
tracked lock; track to
—32.5 kHz
1 1 HP LGA 2 OFF 0 4 —158.8 dBm To be measured 40 Average of 3 runs;
link variance
1.5dBp-p
1 ) Hp LGA 2 OFF ] 4 —159.0 dBm ‘To be measured a4 Average of 8 runs;
link variance
1.5dBpp
1 1 HP LGA 1 OFF 0 4 —158.8 dBm —139.0 =2 dBm 24 Average of 3 runs;
hink variance
1.5dBp-p
1 1 Hp LGA 1 ON 0 4 1-min acquisition TBD 23 i5 components
98738 RU discrete, 1 min
integration time
1 1 Hp LGA 2 OFF 0 4 Decommutatéd 30 min of 83 Link variance
data satisfactory decommutated 3dBpp
data
1 2 Hr LGA 2 OFF (] 4 Decommutated 30 min of 74  Link variance
data satisfactory decommutated 15 dB p-p, TCD
when TCDmlock  data out of lock
periodically
i 1 HP LGA 2 OFF 0 4 All good All commands 46 Discrete ranging
commands successfully on commands
{114 commands} received by 501-506
spacecraft
1 ) HP LGA 2 OFF 0 4 All good All commands 39 Discrete ranging
commands successfully on commands
{118 commands ) received by 501-502
spacecraft
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Table 3. Definitions for Tables I and 2

ANT
Bit rate

_BLX TIT exciter
BLK III recerver

CAR SUP
CMA SUBC offset
CMD

EXC
HGA
LGA
MGA
PRA RNG
PWR
RCV
RNG

S/C DHE
S/C DM
S/CFM
SDA SUBC offset

T™WT

UNC

Uplink doppler
Uplink offset

Spacecraft antenna

Clock frequency of the telemetry bit
information

The standard DSN S-band exeiter equipment

The standard DSN S-band receiving
equipment

Downhnk earrier suppression due to
telemetry modulation

Command modulation assembly subearrier
frequency offset relative to nominal

Telemetry and command data handling
command modulation

Spacecraft S-band exciter equipment
High-gain antenna

Low-gain antenna

Medium-gain antenna

Planetary ranging assembly modulation
Spacecraft transmitter power mode
Spacecraft S-band receiving equipment
Spacecraft ranging channel

Spacecraft data handing equipment
Spacecraft data mode

Spacecraft data format

Subcarrier demodulator assembly subcarrier
frequency offset relative to nominal

Traveling wave tube amplifier
Uncoded
Ramp rate of the uplink carrier frequency

Uplink carrier frequency offset relative to
the spacecraft receiver rest frequency
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A Demonstration of Radio Interferometric
Surveying Using DSS 14 and the Project
ARIES Transportable Antenna*

K. M. Ong, P. F. MacDoran, J. B. Thomas, H. F. Fliegel, L.
J. Skjerve, and D. J. Spitzmesser
Tracking and Orbit Determination Section

P. D. Baielaan

Communications Elements Research Section

S. R. Paine
DSN Engineering Section

M. G. Newsted

Trend Western Corporation

A precision geodetic measurement system (ARIES for Astronomical Radio
Interferometric Earth Surveying) based on the technique of very long baseline
interferometry has been designed and implemented through the refurbishment of
a 9-m transportable antenna, together with the 64-m Goldstone antenna (DSS 14)
of the Deep Space Network. A series of experiments designed to demonstrate the
inherent accuracy of the transportable interferometer concept was performed on
a 307-m baseline during the period from December 1973 to June 1974. This short
baseline was chosen in order to obtain a comparison with a conventional survey
with few-centimeter accuracy and io minimize interferometry errors due to
transmission media effects, source locations, and Earth orientation parameters.
These interferometry measurements, representing approximately 28 hours of
data, were in excellent agreement with the survey baseline in all dimensions
within the formal uncertainty of 3 cm. The ARIES transportable antenna has
now entered its next phase of demonstrations over a 180-km baseline (Goldstone
to JPL) and has initiated a tectonic motion monitoring program within the
southwestern United States.

* This report presents the results of one phase of research sponsored by the Office of Applications,
Earthuand Ocean Physics Applications Program, Project ARIES. It is being made available in this
forum because of the essentialness of the available DSN facilities for this work and of the potential
usefulness of radio‘interferometry to future DSN development,
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]. Introduction

In recent years, the technique of independentstation
radio interferometry (commonly called “very long baseline
interferometry” or VLBI) has been continuously devel-
oped and to some degree successfully applied to the
problem of accurately determining baseline vectors
between fixed reference points or Earth relative to an
“inertial” coordinate system defined by the virtually time-
invariant directions of extragalactic radio sources. Astrono-
mers and geophysicists alike have been enthusiastic about
the use of this new technique as an accurate geodynamic/
geodetic measurement tool.

Since other interferometry baseline measurements (e.g.,
Refs. 1-4) have been summarized elsewhere (e.g., Ref. 5),
they will not be discussed in detail here. All of those
previous VLBI experiments utilized non-portable antennas
that, unfortunately, lack the mobility that would be
required in an extensive geodetic monitoring program. For
example, a program to thoroughly monitor global plate
tectonics or even a regional strain field, such as in the
seismically active Southern California region, would
require accurate geodetic measurements of many refer-
ence baselines. Furthermore, in a test of the recently
advanced dilatancy/diffusion model for earthquakes (Refs.
6-8), it would be especially important to be able to make
frequent measurements in three dimensions in areas that
are suspected of dilatant behavior. Since it is not
economically feasible to build a large network of fixed
interferometer antennas all over the world to monitor such
complex crustal motions, the question arises whether
accurate interferometric surveying is possible with a
system in which one element, or perhaps both elements,
of the interferometer are transportable, as described in
Ref. 9.

In pursuit of this question, a preliminary signal-to-noise
analysis at the Jet Propulsion Laboratory (JPL) indicated
that, with existing low-noise receivers, an antenna with a
diameter of approximately 10-m could be used in
conjunction with the Goldstone Mars Deep Space Station
{DSS 14) 64-m antenna, provided that the incoming radio
signals were recorded with a relatively wide bandwidth
{greater than ~2 MHz). Fortunately, a wide-band
recording system with a 2-MHz bandwidth already existed
at the time in the form of the Mark Il Very Long Baseline
(VLB) System of the National Radio Astronomy Observa-
tory (NRAO) (Ref. 10). Consequently, under Project
ARIES (for Astronomical Radio Interferometric Earth
Surveying), a surplus U.S. Army 9-m transportable satellite
communications station was obtained and meodified at JPL
for the specific purpose of demonstrating independent-
station interferometry with a portable antenna. The
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transportable antenna, which will be referred to as the
ARIES station, was made ready for its first interferometry
experiments in the fall of 1973.

Before the technique of independent-station interferom-
etry, including portable-antenna interferometry, can gain
acceptance as a valuable geodetic/geodynamic measure-
ment tool, a series of demonstration experiments are first
required to establish its reliability and accuracy at the
centimeter level. Among the many possible demonstra-
tions, a short baseline experiment is one of the most
effective for several reasons, as summarized by Thomas et
al. (Ref. 5). Briefly, short baseline interferometry experi-
ments can lead to accurate three-dimensional, Earth-fixed
baseline measurements that expose and therefore effec-
tively test many potential interferometer problems. More
importantly, a geometrically complete, centimeter-level
accuracy demonstration is possible for a short baseline
since conventional survey techniques can measure short
baselines in three-dimensions with accuracies at the
centimeter level,

In addition to demonstrating portable station interfer-
ometry, the present experiments were motivated by the
difficulties encountered in comparing survey and interfer-
ometry baselines at the 10- to 20-cm level during the
analysis of the 16-km Goldstone experiments (Ref. 5). The
accuracy of that comparison was significantly degraded by
survey uncertainties due to geoid variations and possible
interferometer instrumental effects. Since an independent
accuracy check was desired, an even shorter baseline
demonstration was conducted in which geoidal uncertain-
ties were less significant. Thus, the ARIES antenna was
placed approximately 307 meters away from the 64-m
antenna for these portable antenna demonstrations. (See
photograph, Fig. 1. The apparent relative size of the
antennas is inaccurate due to the difference in their
distances from the camera. The true sizes of the antennas
may be visualized by noting that thesubreflector of the
Mars antenna is approximately the same diameter as the
ARIES antenna.)

In summary, the purpose of this series of ARIES 307-m
baseline experiments was to demonstrate the following
capabilities of independent-station radio interferometric
surveying:

(1) Attainment of few-centimeter formal uncertainties

in three dimensions.

(2) Demonstration of few-centimeter accuracy in three
dimensions by comparing with a conventional
survey. -

(3) Accurate measurement of small known changes in
the baseline vector.
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IL. Instrumentation _

Even though the basic concepts behind radio interfer-
ometry are ostensibly simple, the details involved in
instrumentation, data reduction, and analysis are quite
involved. Since many of these aspects of interferometry
have been amply described elsewhere (e.g., Refs. 5 and

11-17), attention will be focused primarily on the features-

that are specific to the present transportable system.

The present system employs the Goldstone 64-m Mars
antenna with an operational system noise temperature of
20-50 K and an efficiency of approximately 0.55, in
conjunction with the transportable 9-m ARIES antenna
with a system noise temperature of approximately 200 X
and efficiency of 0.50. The system noise at ARIES was
added almost entirely at the first stage of amplification,
while for the Mars antenna, it was a sum of instrumental
noise, background radio-frequency noise, and source noise.
The group delay variation effect experienced at the Mars
station in previous measurements (Ref. 5} has been
overcome for the present experiments by the use of a
superconducting magnetic shield surrounding the travel-
ing-wave maser amplifier.

As illustrated in Fig. 2, a fixed and transportable antenna
pair simultaneously receive random radio signals emitted
by a compact extragalactic radio source. Because of a
difference in the raypaths from the extragalactic radio
source to each station, reception of the signals will be
delayed at one antenna relative to the other. This
“geometric delay,” 7, and its time derivative (propor-
tional to the so-called “fringe frequency,” vy are the
primary observables of an interferometer. Both quantities
are sensitive functions of the baseline vector between the
two antennas. Therefore, by observing many different
radio sources widely spread over the sky, one can obtain
an accurate three-dimensional determination of the
baseline vector by means of a simultaneous least-squares
fit to the ensemble of measured delay and fringe
frequency values. In the present experiments, the delay
measurements are the main observables.

There is, at each station, a very stable frequency
reference that is used to derive the local oscillator signals
for the radio receivers and to drive the station clock. At
the ARIES station, a Hewlett-Packard rubidiem
(HP5065A) oscillator served as the frequency reference for
the local oscillator and the timing signals; at the Mars
station, a JPL hydrogen maser was used. The radio
receiver output is digitally sampled and time-tagged
according to the clock-signals. This stream of time-tagged
digital data is then input to a magnetic tape recorder at
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each station. In the present implementation, the NRAO
Mark II 4-Mbit/s recording system {Ref. 10) is used.

In order to determine the time delay observable with
high precision, the extragalactic radio signals are recorded
in two separate frequency channels and the so-called
“bandwidth synthesis” technique (Refs. 13 and 18} is
employed. In the present ARIES system, the signals were
received at two 2-MHz frequency bands centered at 2311
and 2271 MHz, and recorded on alternate seconds at a
4-Mbit/s rate using Mark II terminals at each site. A block
diagram of the system configuration is shown in Fig. 3.
The delay values produced by this system possessed
uncertainties due to system noise that ranged between
0.05 and 0.5 ns for correlated flux strengths between 2 and
90 Jy. (1 Jy = 1 Jansky = I flux unit = 1 X 10-28 watts/
m2/Hz.) The techniques of extracting the time delay and
fringe frequency observables will be discussed next.

[1l. Data Reduction Technique

In these ARIES experiments, about a dozen compact
radio sources were observed simultaneously at the two
antennas in 20-30 separate scans of approximately 10-
minute duration over a total time span of 6-10 hours.
After each experiment, the 5-cm-wide video tapes on
which the data were recorded at each station were
brought together for digital cross correlation using the
Mark II Processor Playback System at NRAQ, Charlottes-
ville, Virginia (Ref. 10). The resulting post-correlation
computer tapes, which contain the highly compressed
data usually referred to as “stopped fringes,” were then
taken back to JPL for further reduction and analysis with
an IBM 370 computer at the California Institute of
Technology. The data reduction software for fringe
processing, which was designed and developed at JPL for
the IBM 370, extracts the phase as a function of time
(phase tracking), refines the phase model used for
“stopping the fringes” in the Mark II Processor, and
obtains the delay (by two-channel bandwidth synthesis) for
each radio source observed. The delay model, phase
model, phase tracking, bandwidth synthesis techniques,
and radio source locations used for these experiments are
essentially the same as those employed for the 16-km
Goldstone experiments detailed in Refs. 5 and 13, and will
not be described here.

Each measured delay value can be modeled as a sum of
a geometric delay, instrumental delays, and any differen-
tial' delays due to the transmission media. For the present
system, the instrumental delay terms can, in the ideal case,
be collectively modeled as a constant offset (“clock offset”)
and a linear drift (“clock rate difference”), but must
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sometimes be given a more complicated form to account
for oscillator instabilities. As mentioned earlier, for a
baseline that is only 307 meters in length, the transmission
media delays should be nearly equal along the two
raypaths so that they virtually cancel out in the measured
delay. Furthermore, relative to other delay uncertainties,
the geometric delay for this baseline is insensitive to
source location and Earth orientation errors at the arc
second level, Since the relevant source locations and Earth
orientation parameters have been independently measured
at the 0.03-1.0 arc second level, they are more than
adequate for the present experiments.

Based on the above model, the delay values collected on
a given day can be simultaneously fit by means of a
weighted least-squares procedure (Ref. 3) in which the
three baseline components and two instrumental parame-
ters (in the ideal case) are “solve-for” parameters. Quoted
(“formal”) errors in these solvefor quantities are esti-
mated by means of a covariance analysis based on post-fit
residuals,

IV. Conventional Survey of the 307-m
Baseline

Over a 7T-month period the ARIES transportable station
occupied two different positions separated by about 0.5 m,
approximately 307-m east-southeast of the Mars station.
The site occupied before January 16, 1974 is called Site A,
and the other is called Site B. The baseline vector
between the two antennas is most conveniently defined to
be the vector extending from the intersection of the
azimuth and elevation axes of one antenna to the
corresponding point on the other antenna. This vector has
been measured by means of local surveys in terms of
geodetic coordinates and then transformed to the Conven-
tional International Origin (CIO} frame. (In the CIO
frame, the z-axis points toward the 1903.0 mean pole, the
x-axis toward the Greenwich meridian, while the y-axis
completes a right-handed coordinate frame.) The conven-
tional surveys were performed with respect to a first-order
control point (MARS A) established by the U. S. Coast and
Geodetic Survey (now the National Geodetic Survey) in
1966. An additional control point (ARIES A) was placed
near the ARIES antenna. The baseline vector between
antennas was then obtained by combining three separate
conventional surveys: Teledyne, Inc. for MARS A to
MARS antenna in 1966; M&Q Pacific for MARS A to
ARIES A in 1974; and JPL for ARIES A to ARIES
antenna in 1974. The resulting survey baseline coordinates,
which have been transformed to the CIO frame, are
presented in Table 1 along with their estimated errors (1
o).
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V. Interferometry Results and Comparison
With Survey

During the period from December 1973 to June 1974,
four successful interferometry experiments between the
ARIES transportable antenna and the 64-m Mars station
were conducted. The first of these experiments (on
December 22, 1973) was performed with the ARIES
antenna at its Site A position, whereas the Site B position
was occupied for all subsequent experiments. For each
experiment, an attempt was made to fit the measured
delay values with the “ideal” five-parameter model
discussed above. However, because of oscillator instabili-
ties in these experiments, it was found that either 6 or 7
parameters were necessary in order to obtain good fits to
the measured delay values. In the December ‘22, 1973,
April 24, 1974, and June 18, 1974 experiments, the
rubidium oscillator apparently underwent an abrupt
frequency shift in the midst of the observations so that
independent parameters for both the offset and the.clock-
rate (giving a 7-parameter fit) were required on either side
of the discontinuity. On the other hand, in the June 5,
1974 experiment, which contained approximately 10 hours
of data, the oscillators behaved well enough so that all 29
delay measurements could be fit by 6 parameters {the 5
“ideal” parameters plus a frequency rate parameter).
Delay residuals for this last experiment are given in Fig. 4.
For each experiment, an analysis of post-fit residuals
revealed the presence of unmodeled noise in addition to
known system noise. Therefore, an extra noise term,
estimated on the basis of the xZ-analysis, was included in
the final least-squares solution for the baseline and
instrumental parameters (Ref. 5). The source of this extra-
noise term was possibly the unmodeled short-term (=1
hour) instability of the rubidium oscillator. A summary of
each experiment, including root-mean-square delay residu-
als and the unmodeled noise level for each experiment, is
given in Table 2. The resultant baseline vectors are given
in Table 3, where a weighted average of all Site B
solutions is also included.

Table 4 compares the displacement vector (Site B-Site
A) as derived from the combined interferometry data with
the one derived from survey. It is seen that the two
methods are in good agreement within the data noise level
of 8 cm. (The relatively large data noise is due mainly to
the 7-cm uncertainty in the Site A interferometry
solution.)

A summary of the interferometry results and a
comparison with the survey is given in graphical form in
Fig. 5. Note that the December 1973 experiment, which
was performed with the ARIES antenna at Site A, has
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been adjusted to the Site B position by use of the
accurately determined survey displacement vector. The
bracketed values represent the weighted averages of the
last three Site B measurements.

One important feature of these particular interferome-
try results is that in some cases the error in the
Y-component of the baseline vector is larger than the
other components, both in terms of its formal error
estimate and in terms of the agreement with the survey.
This Y-component weakness was caused by an inadequate
geometric distribution of source directions, due either to
poor observing strategy or to the loss of scheduled
observations. It should be possible to design future
measurements so that this weakness is eliminated.

VI. Conclusions

These measurements completed the first phase of a
series of Project ARIES experiments designed to demon-
strate the suitability of a transportable, independent-
station radio interferometric system for accurate geodetic
measurements. In this first phase, a 307-m baseline near
the 64-m Mars station at Goldstone has been surveyed
both conventionally. and interferometrically. Resulis of
these experiments show that the transportable interferom-
eter possesses an inherent accuracy of a few centimeters
in three dimensions for short baselines, and is a potentially
powerful geodetic measurement tool. Specifically, the
following capabilities of the present transportable radio
interferometer have been demonstrated for a 307-m
baseline:

(1) With approximately 28 hours of observations, a
formal uncertainty (precision) of 3 cm in each
component of the baseline can be achieved.

{2} Comparison of the interferometer baseline with
conventional survey indicates that the 3-cm preci-
sion can be regarded as the accuracy of the system.

(3) The interferometer has successfully detected a small
intentional change in baseline with approximately
8-cm accuracy. This relatively large uncertainty was
due mainly to the single six-hour measurement of
the Site A position.

In addition, these ARIES experiments have isolated and
demonstrated at the few-centimeter level the following
performance of the instrumental and analytic subsystems
on the 307-m baseline:

(1) The achievement of an adequate signal-to-noise ratio
for delay measurements using the 9-m/64-m inter-
ferometer system with a 4-Mbit/s record rate.
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(2) The experimental evaluation of oscillator instability
in terms of bandwidth synthesis and baseline vector
solutions. In this regard, we have found that the
rubidium frequency standard is marginally adequate.

(3) The successful integration of the NRAO 2-MHz-
bandwidth Mark II digital recorder and cross-
correlation system.

(4) The adequacy of the group delay stability of the
interferometer instrumentation.

(5) The adequacy of the two-channel bandwidth synthe-
sis subsystem.

(6) The development and validation of post-cerrelation
software for delay observable generation and
multiparameter estimation of the baseline and
instrumental parameters.

Vil. Outlook

Project ARIES has now entered its second phase of
demonstration experiments. The transportable antenna is
currently deployed at JPL and will occupy several sites
throughout the seismically complex region of Southern
California in the near future. The baselines to be surveyed
in this second phase will range from 100 to 300 km in
length. These baselines are particularly important since
some geophysicists now believe that the crustal uplifting
due to rock dilatancy, which is possibly premonitory to
earthquakes, can be observed in the regions spanning a
few hundred kilometers (Refs. 7 and 8). With these longer
baselines, however, new challenges for Project ARIES
must be met in order to achieve a system accuracy of 1-3
cm. First, the troposphere, ionosphere, and space plasma
will introduce appreciable uncertainties in the time delay,
since raypath dissimilarities will be greater for widely
spaced antennas. Calibration of these differential propaga-
tion media delays will require special-purpose instrumen-
tation such as the water vapor microwave radiometer (for
calibrating the “wet” tropospbere) and dual-frequency
reception (for calibrating charged-particle effects). For
these longer baselines, radio source locations and Earth
orientation parameters must be calibrated or modeled at
the 0.03 arc second level. Such calibration should be
obtainable from independently conducted interferometry -
experiments on intercontinental baselines. With these
anticipated improvements, the ARIES interferometer
should be capable of three-dimensional measurements of
basclines spanning hundreds of kilometers with an
accuracy of a few centimeters.
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Table 1. Conventional survey baseline vector between the ARIES
antenna (Site A and Site B) and the Mars antenna (ARIES minus
Mars) in the CIO frame

Cf;;ﬂ:;it Site A, m Site B, m
X 221,89 = 0.02 291.73 = 0,02
Y —172.11+0.03 —172.47 + 0.03
z —123.6 +0.02 19351 0,02
Total length £ 306.68 £ 0.02 306.87 = 0.02

Table 2. Summary of interferometry experiments

. Total Number of Number of Number AMS fit Unmedeled
Experiment . . delay .
Site duration of observa- - sources of fit . delay noise,
date . . residual,
experiment,® h tionsd observed parameters s ns
12/22/73 A 6.0 17 g 7 0.31 0.25
< 4/23/74 B 7.0 20 14 7 0.24 0.15
6/5/74 B 9.7 .29 11 6 0.20 .13
6/18/74 B 5.8 19 12 T 0.35 0.18

alncluding antenna move times.

. iEach oliservation approximately 10 minutes.
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Table 3. Interferometry results for the ARIES 307-m baseline experiments

Experiment date Site X, m Y,m Z,m L, m
12/22/74 A 221.79 X 07 —-172.14 = .07 —123.33 + .07 306.64 = .07
4/23/74 B 221.70 = .04 —17239 =X .07 —123.57 = .08 306.82 = .07

6/5/74 B 221.72* .04 —17253*+.04 —123.52 = .04 306.90 = .04
6/18/74 B 221.72 + .06 —172.66 = .10 —123.57 = .08 306.99 = .10
Weighted average B 221,71 .03 —~172.51=* .03 —123.54+.03 306.90 = .03

Table 4. Comparison of the interferometry displacement vector

between Sites A and B (B — A) with the survey value

Type data AX, cm AY, em AZ, cm Al, cm
Interferometery —8*+8 —37*+8 —21*x8 268§
Survey® —16=%=1 =-38x1 —25F1 191
Interferometer — 858 —]§ 4+8 7x8

aThe survey displacement vector is a special local measurement
on a very short (~0.5 m) distance and thus possesses a smaller

formal uncertainty (<1 cm) than the values quoted in Table 1.
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Fig. 1. The 307-m baseline between the 64-m Mars antenna (left) and the 9-m ARIES antenna (center); ARIES
electronics and control trailer on right
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System Performance of the Dual-Channel
Mu-1l Sequential Ranging

W. L. Martin

Communications Systems Research Section

This article discusses the purposes and performance of the Dual-Channel Mu-
II Sequential Ranging equipment in both the laboratory and field. Measurements
were made to quantify the degradation introduced by the exciter, receiver,
Ranging Subsystem, and spacecraft iransponder. Additionally, both long- and
short-term group delay stability is discussed. Finally, experimental data
obtained during the Mariner Venus/Mercury 1973 mission are presented to show

the utility of the machine,

I. Introduction

The Dual-Channel Sequential Ranging System (Fig. 1)
was designed to support the Mariner Venus/Mercury 1973
(MVM'73) radio science experiments. Experimental
objectives included a study of the interplanetary plasma
and an investigation of the solar corona.

A radio signal is- delayed as it passes through a plasma
field. Magnitude of this delay is dependent upon both the
field’s density and the frequency of the radio wave.
Theoretically the differential delay resulting from two
radio signals of different frequency passing through a
common plasma field is proportional to the ratio of those
frequencies squared. Thus, if the frequencies are known,
measurement of the differential delay allows the unique
solution of field density.
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MVM'73 was the first space mission to fly a two-
frequency (S- and X-band) ranging transponder. It
provided a premier opportunity to measure the total
columnar electron density as well as the plasma dynamics.
Past missions have been restricted to the latter since they
carried a single-frequency (S-band) transponder. While the
plasma dynamics are scientifically interesting, the inability
to determine total columnar electron density represented
a potential source of error preventing the full realization
of other experimental objectives.

For example, both the Mariner 1969 and 1971 missions
included a relativity experiment wherein the objective
was to differentiate between Einstein’s theory of general
relativity and a modification of that theory proposed by
Brans-Dicke.
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The experiment consisted of measuring the range over a
protracted period in order to establish the spacecraft’s
orbit with a high degree of confidence. These range
measurements continued as the spacecraft passed behind
the Sun and the Sun-Earth-probe angle became small, on
the order of 1 degree. As the signal’s ray path approached
the Sun, the intense gravitational field resulted in a
warping of the time-space field such as to make the
apparent distance appear greater than that predicted by
the spacecraft’s orbit. This difference is due to the
relativistic delay and is the subject of the theories
promulgated by Einstein and Brans-Dicke.

Since only 7% separates the delays predicted by the two
theories, a high degree of precision is required to
differentiate between them. Unfortunately, plasma from
the solar corona also introduces a delay in the received
signal. While its magnitude is only a small fraction of the
relativistic delay, the two are indistinguishable, and the
size of the coronal delay is sufficiently-large so it cannot be
ignored. Thus, models have been formulated which
attempt to quantify the coronal delay as a function of
Sun-Earth-probe angle. The problem is that these are
necessarily steady-state representations which approxi-
mate the average expected delay.

On the other hand, the solar corona is actually a highly
dynamic body wherein day-to-day variations can reach a
substantial fraction of the total coronal delay. Therefore,
the modeling technique contains an intrinsic error limiting
the accuracy of delay determination and hence the
relativity experiment. Clearly, what is needed is an actual,
daily, measurement, not only to test the corona model, but
also for the correction of ‘range data around superior
conjunction. The dual-channel, S-X, ranging equipment
provides this capability for the first time. But faith in the
measurements made by this device must necessarily
depend upon a trust in the ranging machine itself.
Therefore, the remainder of this article is devoted to
presenting and interpreting test data collected over a
period of months with the Dual-Channe! Sequential
Ranging System.

ll. Code Correlation Characteristics

To isolate the components introducing errors, correla-
tion measurements were made in ‘the Telemetry Develop-
ment Laboratory (TDL) using a variety of system
configurations including:

(1) The ranging equipment alone.

(2) The ranging equipment connected to a wide-band -

10-MHz modulator.
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(3) The ranging equipment connected to a Block III
Receiver/Exciter Subsystem using a wide-band zero-
delay device.

(4) The ranging equipment connected to a Block IIf
Receiver/Exciter Subsystem using an MVM’73
prototype transponder.

Figure 2 pictorially summarizes the four test configura-
tions. Correlation curves are generated by connecting the
equipment in one of the four modes. After acquiring the
range in a normal manner, the local reference (receiver)
coder is shifted by its smallest increment (7.5 or 15
nanoseconds depending upon the reference frequency),
and a new phase measurement is made. This process of
shift and measure is continued through one complete code
cycle. Both the 0- and 90-degree accumulators are
integrated over the period of each"phase measurement,
and this number, representing the degree of correlation, is
recorded at the conclusion of the measurement.

When plotted, the two channels represent the familiar
code correlation curves (see Fig. 3). Of course, Fig. 3
represents a theoretical, and hence idealized, correlation
function. In actuality, bandpass limitations and non-
uniform phase shifts between the fundamental code
frequency and its harmonics cause a distortion of the
correlation relationship. These nonlinearities can result
from imperfections in the ranging equipment itself, or
from code waveform distortion occurring within the
associated Deep Space Station (DSS) Receiver/Exciter
Subsystem or within the spacecraft’s transponder. Thus,
the purpose of these tests was to investigate the
contribution of each aforenamed subsystem to total system
error. During the first test, the Ranging Subsystem’s
transmitter code output was connected, through an
attenuator, to its receiver 1 input. Because of the
automatic gain control (AGC} amplifier’s wide-band
characteristics, the range code is passed directly through
to the analog-to-digital converter and thence to the
correlator. To foreclose a significant droop in the range
code due to the amplifier’s low-frequency cutoff, a 2-MHz
code was selected for this test.

Under normal operating conditions the equipment
receives a 10-MHz carrier, phase modulated with the
ranging cade. Where as here the code is present without
the 10 MHz, correlation against a model containing a 10-
MHz reference will result in the integral of samples over
the interval being zero. Thus, the internal reference must
be disabled. Fortuitously, this can easily be accomplished
via the 10-MHz disable switch conveniently located on the
machine’s front panel.
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Figure 4 summarizes the results of the “base band” test.
Since a 2-MHz=z code, rather than the usual 500-kHz code,
was used for this test, only 32 steps were required to shift
its phase through one complete cycle. This resulted in a
rather large spacing between points, as will be observed in
the quadrature channel where the individual steps are
plotted, and accounts for the roughness of the solid curve.

Note that the spacing of the peak points is different
from all others. This is due to the local (receiver) code
never being perfectly in phase with the transmitter code
because the 15-nanosecond shift available with a 66-MHz
reference is too coarse. Thus, the correlator output at this
point is less than it would have been had the 2 codes been
in phase. This causes an apparent distortion in the
correlation curve which is not actually present in the
machine and is one of the reasons why a 132-MHz
reference was selected in preference to the 44-MHz
alternative available from the Block IV exciter. In the
presence of noise this apparent quantization does not
reduce the accuracy of the range measurement.

The intrinsic accuracy of the machine is determined by
the lnearity of the correlation curve, for it is this
relationship between reference and quadrature channels
that translates into a phase measurement. Linearity in turn
is affected by, among other things, code waveform both
within and without the machine. It is useless to generate a
perfect transmitter code and an ideal modulator, exciter,
and spacecraft transponder if the local code used for
correlation purposes is defective, for the result is but the
product of the two waveforms and the poorer will prevail.
Thus, when one asks a 1-nanosecond accuracy in range, he
is requiring a phase measurement to be better than 0.05%,
placing stringent requirements on code waveforms.

As discussed earlier, precision and stability were
primary objectives. They were achieved by providing
wide bandwidths and careful control over all code
waveforms. High-speed logic was used to ensure that
transition times were short and symmetry was good.

Comparing the phase calculated using the measured
correlation curve (Fig. 4) with that obtained with a
perfect square wave {and hence an ideal correlation
function), yields the error curve of Fig. 5. Note the peaks
occurring at /2 intervals due to the distortion in the
correlation function at its maximum and minimum values.
As discussed supra, this distortion is a product of the
quantization and delay experienced in this particular test
and would be expected to disappear under normal
operating conditions. Thus, the slight difference in
amplitude of the error function due to slightly greater
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distortion in the reference channel would also probably
disappear.

The important information presented by Fig. 5 can be
summarized as follows: First, the error function is
substantially periodic at 7/2 intervals. Second, the error at
the actual tracking point {(w/4 + nm/2) is virtnally
nonexistent. Third, the average value over 2w is approxi-
mately zero, showing the machine contains no biases.
Fourth, the maximum error experienced was on the order
of 2 nanoseconds and this was probably due to quantiza-
tion.

In order to ascertain the degradation in performance
resulting from the interconnection with other equipment,
similar tests were run using a more normal operating
mode. Figure 6 shows the test results using the 10-MHz
wide-band modulator (see Fig. 2). This is similar to the
previous test in that only the ranging equipment is under
test; however, now the input is receiving a 10-MHz phase-
modulated carrier as it does when connected with a DSS
receiver. Additionally, the typical 500-kHz range code is
employed rather than the 2-MHz code.

Observe the high degree of linearity in the sides of the
correlation function. The slight rounding at the peaks is
due to bandpass restrictions in the modulator; however,
this distortion is small compared with that which appears
using other configurations.

The error fenction, Fig. 7, is plotted for one-half of the
period (0 to #). Its maximum amplitude is approximately
the same as that measured during the baseband test and
oceurs at the peaks of the correlation function. At other
locations the error is substantially zero. Figure 7 also
includes an apparent negative bias that results from the
method by which code phase is established. In fact, it is
part of the system delay that has not been removed and
therefore should be ignored.

Continuing with the system tests, Fig. 8 is a plot of the
correlation function when the system is connected to a
standard DSS Block III Receiver/Exciter Subsystem
through a zero-delay device (refer to configuration
diagram Fig. 2). A zero-delay device comprises a wide-
band crystal mixer which converts a part of the
transmitted energy to the receive frequency and is so
named because its through-put time is exceedingly small.

Careful inspection of Fig. 8 reveals some nonlinearity in
the correlation function. This is likely due to a non-
uniform shift in the phase of the higher-order range code
harmonics with respect to the fundamental frequency.
Note, also, the somewhat greater rounding at the peaks of
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the correlation curves. This is consistent with the non-
uniform phase-shift theory in that the rounding is
indicative of poor high-frequency response in the system.
As the response begins to roll off, it becomes uneven with
the result that the phase-frequency characteristic is
nonlinear. This in turn results in a disproportionate phase
shift in the high-order harmonics and the nonlinear
correlation curve.

The effect is clearly evident in the error curve of Fig. 9.
Here the amplitude has increased from approximately 2
nanoseconds to more than 7 nanoseconds. Note, also, that
the area under the error function is substantially greater
than that indicated in Figs, 5 and 7. This results not only
from the increased amplitude, but, also, from an increase
in the error value at all code phases. The latter results
from the nonlinearity in correlation function caused by
non-uniform harmonic phase shift.

The final system test results appear in Fig. 10. For this
measurement a Block III exciter was connected to a Block
IIT receiver via the MVM'73 prototype transponder (see
Fig. 2}). This, then, represents a hardware complement
similar to that which would be found in the field during an
actual mission track. The tests were run at relatively
strong ranging signal levels in order to properly identify
the system’s characteristics. However, the total uplink
power was kept at -120 dBm in order to ensure a noise-
limited condition at the spacecraft transponder’s limiter
and, hence, linear performance (i.e., no material recon-
struction of the range code).

Here the degradation is readily apparent by comparing
Fig. 10 with any of the preceding correlation curves. Not
only has the-linearity suffered badly, but, also, the peak-
rounding is so great that the curve is becoming nonlinear
at the equal power points for the reference and
quadrature channels. Moreover, careful inspection reveals
that this rounding is asymmetrical with respect to the true
peak. Again, this follows from the restricted bandwidth;
however, in this case the spacecraft is the limiting
element.

The degradation is clearly evident in the error function
(Fig. 11). Amplitude is some 8 times greater than that
measured in the baseband test. Moreover, the magnitude
remains fairly high for all code phases, indicating
substantial high-order harmonic phase shift. Further
indication of this shift appears from the asymmetrical
character of the error curve, that is, the sharp increase
followed by the relatively slow decline. The message here
is that the correlation function is not symmetrical with
respect to its peak, with the result that the optimal
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tracking point has been shifted from the normal, @/4,
point.

Examination of Fig. 10 reveals that the once triangular
correlation curve now approximates a sine wave. Some
possibilities for improvement in system performance
suggest themselves. It is obvious from the foregoing
discussion that the greatest degradation occurs in the
transponder. This means that the transponder’s charac-
teristics of bandwidth and harmoénic phase shift are the
dominant factors in shaping the correlation curve and;
hence, the overall system performance. From here it
follows that small variations in ground equipment
bandwidth will not affect system delay since the transpon-
der’s relatively narrow bandwidth will have removed most
code harmonics. Thus, the spacecraft’s characteristics
dominate, and, if a method could be found to quantify the
distortion introduced by the transponder, the overall
ranging accuracy could be improved.

One method is to measure the correlation characteris-
tics of each transponder as was done here with the MVM
radio (Fig. 10). These measurements can be incorpora}ted
as corrections to the linear phase estimator algorithm
employed in the ranging system. Using this technique the
ranging equipment could be exactly matched to each
spacecraft.

A second alternative is to filter the higher-order
harmonics between the DSS receiver and the ranging
equipment. In this case the phase shift introduced in the
harmonics by the transponder is unimportant since only
the fundamental remains after the filtering. Preliminary
tests show that, when used in conjunction with an arc
tangent phase estimator algorithm, the filtering method
reduces errors to about the level of the ranging equipment
alone.

? A

Both alternatives are under active investigation. Unless
dramatic improvements in transponder design are forth-
coming, one of them will probably be necessary to meet
the accuracy requirements of future missions.

lll. System Stability

Another aspect of accuracy is stability. By this is meant
the system’s ability to produce the same result over a
period of time where conditions remain relatively
unchanged. Stability can be further subdivided into short-
term and long-term components.

Short-term stability may be defined as the capacity to
remain invariant over periods from 8 to 12 hours, such as
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would be experienced during a single pass. This character-
istic is important because the equipment is only calibrated
prior to, and occasionally after, each track. Changes
occurring during the pass are indistinguishable from the
parameter being measured, either range, or the change in
range due to particle dynamics (DRVID). These variations
impose an upper bound on the system’s accuracy and
every effort should be made to minimize them.

Long-term stability refers to the system’s ability to
produce consistent results over a period of months. This is,
of course, inexorably related to short-term stability in
many respects, for most of the factors influencing one will
also affect the other. Frequently, a situation will arise
which forecloses a ranging calibration either prior to or
following a pass. The reasons can vary from overcommit-
ment of station tracking time to equipment malfunctions
that require repair during the normal calibration periods.
In a situation such as this, it is desirable to use the
calibration of the previous day or, perhaps, of the previous
week if tracks are infrequent. This is only possible if the
delay will not have changed during the period and
therefore long-term stability becomes very important.

As noted in an earlier section, considerable care was
taken to ensure high stability in the Ranging Subsystem.
To evaluate the success of this effort, the range code was
connected, via the wide-band 10-MHz modulator, to the
‘ranging unit’s input (see Fig. 2). This utilized the
minimum amount of external equipment necessary to
make a meaningful stability measurement.

A normal range acquisition was made and the machine
“was allowed to continually remeasure the range at 10-
minute intervals for more than 16 hours. The results are
plotted in Fig. 12. During the entire period the peak-to-
peak variation was less than 60 picoseconds (60 X 10-12
seconds). Moreover, the average variation during the same
period was on the order of 30 picoseconds. This
corresponds to a change in one-way range of less than 1/4
inch (approximately 5- millimeters) over the 17-hour
period!

While the relative contributions of the modulator and
Ranging Subsystem are inseparable, the size of the change
probably makes further consideration of this matter
unnecessary. Unless one is willing to postulate larger drifts
in opposite directions for each piece of equipment, which
almost perfectly compensate one another, and which
situation is highly unlikely, then the only conclusion left is
that neither equipment changes significantly.
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Long-term stability of the entire ground system was
evaluated by plotting ranging calibration data obtained at
DSS 14 over a period of several months. The particular
configuration consisted of the Ranging Subsystem herein
described, a standard Block III exciter and the new Block
IV receiver. The zero-delay device at DSS 14 had been
improved so as to eliminate the air path and therefore a
problem with RF reflections which had been found near
the face of the dish.

The calibrations, made at 8-band, are plotted in Fig. 13
for a period from February through the middle of June
1974. Because of different path lengths, only data obtained
with the 100-kW transmitter were plotted.

Note the remarkable consistency throughout the entire
period. The average delay was found to be 3.470
microseconds and the standard deviation was less than 4
nanoseconds {approximately 1/2 meter in one-way range).
One can discern evidence of cyclic behavior whose period
is approximately 25 days. After the system had stabilized
following day 70, the day-to-day variation is extremely
small compared with the cyclic characteristic. Some effort
should be expended to identify the source of this change,
whereafter the total variation (peak-to-peak) could
probably be reduced to less than 5 nanoseconds. If this
were done, daily calibration may be found unnecessary.

As a further check on long-term stability, differential
group delay was plotted for a somewhat longer period
using both the 100- and 20-kW transmitters. The results
appear in Fig, 14. Here the data can be separated into
three distinet groups. During the early part of the year,
just prior to Mercury encounter, there was considerable
activity at DSS 14 in readying the new Block IV receiver
for the critical period. The effect of this activity is evident
as an increased instability in differential.delay prior to day
70.

On or about day 75, cables traversing the elevation
bearing were replaced, resulting in a substantial change in
differential delay. Thereafter, the day-to-day variation
became smaller and the cyclic behavior more evident.
From day 80 through day 135 the average delay
diminished by only 1 nanosecond, although the periodic
signature resulted in a standard deviation of about 4.5
nanoseconds.

The station was inactivated for a period of time
following day 135. During this period certain unidentified
changes took place, causing the differential delay to
decrease by 6.7 nanoseconds. This reconfiguration also
appears to have had a stabilizing effect in that the average
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delay rcmained unchanged during the following 1-1/2
months. Moreover, the cyclic variation appears to be
increased in frequency and reduced in amplitude. Thus,
careful scrutiny of the alterations made during this period
may provide a clue as to its cause.

The conclusion reached from this compendium of
information is that the entire ground system exhibits fairly
stable behavior over substantial periods of time, particu-
larly if left undisturbed. Further work should be under-
taken to identify the source of the cyclic behavior.

IV. Experimental -Results

In the final analysis, the test of any system is in the
utility of information which it produces. As noted in the
introduction to this section, one limitation on the accuracy
of relativity experiments has been the absence of a
dynamic corona model. Obviously, the best model is
obtained from actual measurements made through the
time near superior conjunction.

The two-frequency capability of this system provided a
unique opportunity to measure not only the dynamics but
also absolute coronal delay. The effect of the solar corona
upon group delay will be found in Fig. 15 and is presented
through the courtesy of T. Howard of Stanford University,
team leader of Mariner 10 Radio Science Experiments.

No attempt will be made to interpret these data, which
are far beyond the purpose or scope of this presentation.
Suffice it to say that the graph amply demonstrates the
system’s ability to resolve not only the magnitude of delay
but, also, its day-to-day variation. Theoretical computa-
tions have confirmed the correctness of the data contained
in the figure.

One final measurement deserves mention. On day 171,
approximately 2 weeks after superior conjunction, the
ranging equipment was configured to provide rapid,
multiple acquisitions. Only three range code components
were employed, which were sufficient to resolve the
differential delay resulting from the solar corona. Some 25
points were obtained over a 4-hour period, approximately
one point every 10 minutes. The purpose here was to
demonstrate the machine’s ability to resolve high-
frequency fluctuations in coronal density, which caused
changes in differential group delay. The data are plotted
in Fig. 16.

The predicted signal level available on day 171 was such
that the expected variation in delay due to noise was small
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compared with the changes actaally observed. Again,
interpretation of these data is not within the purpose of
this work, and the data are included simply to show the
capabilities of the equipment.

V. Conclusions

All this leaves a question as to what can and should be
done to improve the entire system’s accuracy. The
foregoing evidence suggests several‘conclusions.

First, the ranging equipment, standing by itself, appears
quite adequate. The tests have shown that improvements
in this subsystem would not materially affect the overall

system performance.

Second, accuracy and stability with the Block III
Receiver/Exciter Subsystem are fairly good. While
bandwidth limitaiions are clearly present and some
nonlinearity exists due to non-uniform harmonic phase
shift, these distortions do not appear to have a substantial
effect on stability. Work should be undertaken to
eliminate the non-uniform phase shifts that probably occur
within the exciter. Because it was unavailable for many of
these tests, no conclusions are reached with respect to
performance with the Block IV equipment.

Third, the dominant source of error is within the
spacecraft’s transponder. From this it follows that the
maximum yield in terms of performance improvement for
manpower invested would be obtained by concentrating
on this unit,

If one accepts these conclusions as true, then the only
reasonable course is in terms of spacecraft transponder
development. To attempt alternate “fixes” with respect to
the ground equipment is to treat symptoms and not
causes, and it will prove both expensive and relatively
unproductive in the long term. The underlying problem is
one of bandwidth. It is too narrow. A limited bandwidth
may have had merit in the days of the 28-m (85-ft)
antennas, 10-kilowatt ground transmitters, and pseudonoise
ranging systems. Today there are 64-m (210-ft} antennas,
100-kilowatt transmitters, and sequential ranging equip-
ment, and the relevant considerations. have changed
accordingly. Now the question is no longer whether we
can measure range at all, but, rather, how accurately can
we measure it. Whereas a 20-meter accuracy was
sufficient but a few years ago, now uncertainties greater
than 5 meters can invalidate whole experiments. Tomor-
row the requirements will press to a few centimeters.
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Viewed from this perspective the answer seems clear:
widen the bandwidth. Increasing the present 1.5-MHz

transponder bandwidth to 12 MHz would result in less
than a 10-dB loss in signal-to-noise ratio. To produce the
same uncertainty in phase, the already short integration
time would have to be increased by a factor of 8, provided
that the code frequency remained constant. However, if
channel bandwidth limitations imposed by the Federal
Communications Commission permiited, the code fre-
quency could, and should, be increased. Remembering the
equation for phase uncertainty (Ref. 1)

o = 2T[Ny/(2s)]1/2
where T is the code bit period.

It is obvious that increasing the code frequency to 2
MHz will result in the same phase noise without changing
integration time! But, the higher code frequency will have
resulted in improved accuracy for the reason that time,
and hence range, has been guantized into smaller units.
Thus, the answer is not one of patching an existing and
outmoded system, but rather in re-evaluation and change
of that system in light of today’s experimental
requirements. )
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A Fabrication Method for 64-m Antenna
Radial Bearing Wear Strip Segments

H. D. McGinness and H. P. Phillips
DSN Enginsering Section

R. E. Renner
Fabrication Shops Section

In the construction of the 64-m antennas for the DSN the fabrication of the
radial bearing wear strips has been a difficult problem, and one that was not
solved satisfactorily during the initial construction. A test project carried out in
the JPL machine shop has shown the feasibility of e direct machining process,
using a tracer or tape controlled planer. This process can be used for the
manufacture of replacement wear strips for those presently installed on the
antenna, and can be used with higher hardness steels giving an improved wear

life of these components.

. Introduction

On the DSN 64-m antennas, fabrication of the radial
bearing runner wear strip segments to the desired flatness
tolerance has been very difficult and not completely
successful. The wear strips are hardened steel plates 2.86
m (1)2.5 in.) long formed to an arc 36 deg long on a 4.57-
m (15-ft} radius. The manufacturing process that has been
used consists of grinding the wear strips flat and then cold-
forming them to the desired radius. The cold-forming
process has caused a transverse warpage which prevents

proper seating of the wear strip on the runner, and .

requires machining of the cuter surface of the wear strip
at final assembly. This paper deseribes a project carried on
in the JPL machine shop to test a method of machining
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these segments to the desired arc on a planer, holding the

" desired flatness, and without resorting to the use of a very

large boring mill. The fabrication technique is applicable
to replacement parts or new construction.

Il. Fabrication Problem

The 64-m antenna radial bearings are made up of three
2-wheel trucks running against the 10 hardened wear strip
segments on the face of the 9.14-m (30-ft) diameter
runner. The original wear strips were made of T1 steel
with a hardness of approximately 24 Rockwell C and a
yield strength of 6.9 X 10® N/m? (100,000 psi). The
manufacturing process used consisted of grinding the
plates in the flat to a thickness tolerance of +0.05 mm

69



{0.002 in.) to assure that the machined concentricity of the
runrer would be maintained in the bardened wear strip
face and that there would be a minimum step across
adjacent segment ends. The segments were then cold-
formed to the desired radius (the outside radius of the
runner) and attached to the runner with counterbored cap
screws. It was found that the cold-forming produced an
anticlastic distortion of the wear strips in the form of an
outward curvature that prevented proper seating of the
wear strips on the runner (Fig. 1). The resulting gaps were
filled with shim material to distribute the wheel loads
from the wear strip into the runner, and the outer surfaces
were machined on a very large boring mill to assure a flat
outer surface. The shimming process is not satisfactory
because it leaves hard spots that cause high local contact
stresses on the wheel and the wear strip, which will lead
to premature failure of these components.

l1l. Test Program

The objective of the test was to determine if the wear
strip segments could be machined in the final arc form on
a planer, using a tracer attachment, and maintaining the
desired thickness tolerance. The test was made using heat-
treated 4130 steel rather than Tl because the higher
hardness obtainable would be needed in the future
construction of larger antennas of similar configuration.
The fabrication process used was as follows:

A plate of annealed 4130 steel {oversized to allow for
finish machining) was rolled to the approximate curve and
then heat-treated to 32-38 Rockwell C. The curved plate
edge was machined and then placed on a planer table,
edge lengthwise, using angle plates for support, and
standard hold-down bolis for clamping (Fig. 2).

A full length template was computer programmed and
machined on a numerical control mill to an accuracy of +
0.05 mm {0.002 in.).

A hydraulic tracer attachment was set up on the planer,
and a special outrigger unit was fabricated to follow the
contour, thus positioning 2 tool to machine the test
bearing plate to the required contour on the planer.

The planer action was chosen so that the tool marks
would be in alignment with the antenna guide rollers, and

would not set up 2 Brinell action that a milling slab cutter-

" might do. The outer surface was machined in two halves.
This was required because the hydraulic tracer attachment
used could not move the tool away from the work fast
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enough on the return stroke to clear the convex side of the
wear strip. Upon machining the inside surface, the tool
swept the entire length, since the return stroke was across
the concave side of the wear strip and there was no
clearance problem.

The tool geometry was ground to a compromise
between the “mean” allowable positive rake and the
allowable negative rake.

The feed rate was 3.4 mm/s (80 in./min) controlled
primarily by the reaction time of the tracer cylinder.

The problems encountered in the prototype test were
primarily in the outrigger attachment, which chattered
badly if actuated too rapidly, and in the hydraulic tracer
unit, which was too slow to maintain the normally
required feed rate.

The inspection technique used was twofold. First, while
the part was being machined, the thickness was checked
to determine if the two sides were parallel and/or how
much out of parallel. The test final piece was 0.38 mm
(0.015 in.) out of parallel. It is felt that a numerically
controlled (NC) machine, cutting full length instead of two
halves as the test was run, would easily hold 0.127 to 0.25
mm (0.005 to 0.010 in.) parallel.

Second, the part was then released, and placed in a free
state with an indicator taking the place of the tool bit.
The part was moved through its longitudinal cycle to
determine how closely it maiched the template contour.
The test piece checked to within 0.508 mm (0.20 in.) of
the template. An NC machine, cutting full length, should
be within 0.254 mm (0.010 in:).

IV. Summary of Test ‘Results

The resulis of this test are summarized as follows:

(1) The longitudinal planer method appears to be
desirable to keep the tool marks running in the
direction of the mating bearing rollers.

{28} A more desirable machine would be an actual
“hydraulic tracer planer,” -which would be used in
place of the attachment, or, better still, a numeri-
cally controlled planer. The latter would be the
more desirable as all of the machine functions could
be programmed beforehand, thus allowing higher
speed.
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(3) A final thickness variation of 0.127 mm (0.005 in.)
can be expected. This would cause an undesirable
step across the adjoining segments and would
require hand work in the final assembly.

(4) It appears that the process of forming the plate cold,
heat treating it, and then machining it on an
appropriately equipped planer is a practical way of
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achieving the desired final dimensional accuracy.
Some hand working of the steps across adjacent
segments may be required at final assembly, but the
end product will be much more satisfactory than
achieved so far. The proposed method should also be
competitive with the previous method on a cost
basis, and can be used for replacement parts as well
as for new construction.
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Fig. 1. Runner and wear strip details

Fig. 2. Planer tracer control setup
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Operating Noise Temperature Calibrations
of the S-Band Systems at DSS 14 for
Calendar Year 1974

M. S. Reid and D. W. Veelik

Communications Elements Research Section

A previous article summarized the system operating noise temperatures of the
receiving systems at DSS 14 for the calendar year 1973. This article reports
recent precision system temperature measurements on the S-band receiving
systems at DSS 14 and presents a summary for the calendar year 1974,

A previous article (Ref. 1) summarized the system
operating noise temperatures of the receiving systems at
DSS 14 for the calendar year 1973. This article reporis
recent precision system temperature measurements on the
S-band receiving systems at DSS 14 and presents a
summary for the calendar year 1974,

The S-band megawatt transmit (SMT) cone was in
operation on the 64-m antenna at DSS 14 throughout
1974. Figure 1 shows a summary of the data for the whole
year. System operating noise temperature in kelvins is
plotted against time in day number and date. The
configuration for the upper data set is the SMT cone, with
the maser in the Module 3 area, operating in the diplexed
mode. The low-noise receive-only path, operating with the
maser in the SMT cone, is shown in the lower data set. All
measurements were made at 2295 MHz with the antenna
at zenith. Measurements made in clear weather are
plotted as solid circles, and measurements made in
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overcast weather or rain are plotted as open circles. There
are 402 data points in the upper set excluding the unclear
weather data. The average of these 402 clear weather
measurements is 22.8 K and the standard deviation is 0.55
K. There are 60 clear weather measurements of the SMT
cone low-noise path. The average of these data is 13.2 X
and the standard deviation is 0.45 K. Most of the
measurements, but not all, were made with the reflex feed
system retracted. No distinction has been made in Fig. 1
between dichroic feed extended and retracted because the
dichroic feed system does not degrade the SMT cone
performance at high elevation angles (above 30 deg) (Ref.
1). The SMT cone was removed from the antenna on
January 27, 1975.

Figure 2 is a plot of the system operating noise
temperature of the polarization diversity S-band (PDS)
and the S-band polarization diversity {SPD) cones. On
September 28/29, 1974, the PDS cone was replaced by
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the SPD cone, which is the standard DSN S-band cone at
all three 64-m antenna stations. This change is shown in
Fig. 2. In this figure also, measurements made in overcast
or rain conditions have been clearly separated and
excluded from the averages. All measurements were made
at 2295 MHz with the antenna at zenith.

The noise temperature of the diplexed PDS cone shows
a significant improvement in the second half of the year,
and the PDS low-noise path shows an even greater
improvement. Several changes were made in the PDS
system, which could account for these lower noise
temperatures in the latter part of the year. A bad rotary
joint was replaced, and this improved both the low-ncise
path and the diplexed-noise temperatures. Furthermore,
during September the PDS cone underwent a major
configuration change. The following equipment was
removed from the cone: two rotary joints, a quarter-wave
plate, the cosine taper, orthomode transducer, an H-plane
bend, the waveguide band-reject filter, a waveguide
switch, and associated waveguide runs. A crossguide
coupler was removed and replaced with a loop coupler,
which reduced the waveguide path by approximately 13
cm. These changes were reflected by a marked improve-

ment in operating noise temperature as shown in the
figure. Additional changes in the PDS cone prior to the
Mariner 10 Mercury II encounter were the removal of the
diplexer and the transmit filter. Insufficient measurements
were recorded during these changes to yield a good
average.

Two sets of SPD cone data are included in Fig. 2. The
lower set shows the SPD cone diplexed measurements.
The average of these 131 data points is 21.2 K and the
standard deviation is 0.68 K. Measurements made with the
SFD cone, diplexed, and the maser in the Module 3 area,
are shown in the upper set. The average of these 22
measurements is 25.3 K and the standard deviation is 1.1
K.

All measurements in this report (most of which were
made by station personnel at DSS 14) were made with the
Y-factor technique of switching between an ambient
termination and the horn. Most of the data points are
based on a single Y-factor measurement, and the
remainder were made with a precision technique of
multiple Y-factors which has been discussed elsewhere
(Refs. 2, 3, and 4). Table 1 is a summary of the averages of
all the measurements.
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Table 1. System operating noise temperature and other data for the SMT, SPD,
and PDS cones for calendar year 1974

System operating noise temperature Maser Follow-up Nominal

] noise Number of maser noise
Average, Standard Number of gggl, temperature, measurements temperature,

K deviation measurements X K

Cone and maser

SMT cone
MOD 3 maser . .
Diplexed 22.8 0.55 402 45.0 0.19 6

SMT cone
SMT maser
Low-ngise path 13.2 0.45 60 48.8 0.09 6 2.1

SPD cone
SPD mager
Diplexed 21.2 0.68 131

SPD cone
MOD 3 maser
Diplexed 25.3 1.07 29

PDS cone

PDS maser

Diplexed 24.1 079 - 52
Before mod.

PDS cone

PDS maser .
Diplexed 22.2 11 4
After Mod.

PDS cone

PDS maser v - ) -

Low-noise path 20.4 0.56 18 43
Before mod.

PDS cone
PDS maser
Stripped cone ) 146 11 2
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High-Viscosity Oil Filtration for Hydrostatic Bearings

H. D. McGinness and H. P. Phillips
DSN Engineering Section

In the operation of hydrostatic bearings, such as are used on the azimuth axis
of the Deep Space Network 64-m antennas, the use of high-viscosity fluids offers
adventages in operation clearances and in power consumption. One problem in
using high-viscosity oils is that of appropriate filter selection. A test program was
undertaken to determine the characteristics of commercially available filter ele-
ments used with high viscosity fluids. The test data forms the basis for selecting
filter elements for use with fluids in the range of 2500 Saybolt second viscosity.

I. Introduction

In the operation of large hydrostatic bearings, such as
are used to support the azimuth motion of the DSN 64-m
antennas, the use of higher viscosity fluids provides a
choice of higher film height between moving parts, lower
power consumption by thé high-pressure pumps, or a
combination of these. However, the application of these
fluids presents problems of filtration because of the high
viscosities.

Typical filter elements for use with hydraulic oils are
rated for fluids with viscosities in the range of 0.006 to
0.300 N-s/m® (30 Ssu to 1500 Ssu). For higher viscosi-
ties there is 2 tendency to extrapolate these ratings—a
questionable practice when the viscosities to be used may
range from 0.480 to 0.840 N-s/m? (2400 Ssu to 4200 Ssu).
In order to develop a basis for the application of con-
ventional filtering elements to these high-viscosity fluids,
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Fram Corporation, under contract to JPL, conducted a
series of tests on flows, pressure drops, and effects of
water entrainment on several types of filtering elements
using a high-viscosity oil of a type applicable to hydro-
static bearings.

[l. Effect of Viscosity on Hydrostatic Bearing
Operational Parameters

A hydrostatie bearing consists of a recessed pad and a
runner (Fig. 1). High-pressure oil is forced through the
pad recess to escape as a thin film between the runner
and the pad. The pressure in the recess is directly related
to the load applied on the pad. In operation the pad will
lift, increasing the film height, until the pressure required
to force the fluid out through the film is in equilibrium
with the pressure due to the load.
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The bearing film height, h, is determined from laminar
flow consideration to be

h=K, [%;,—’*]m 1)

The pumping power, H, required to force the oil
through the bearings is given by

(2)

W2 h3
[

®

Where K, and K, are constants related to the size and
configuration of the pads and recesses, Q is the oil flow,
W the applied load on the pad, and p the absolute
viscosity, all in compatible terms,

From these it can be seen that for a fixed fluid flow and
bearing load the film height for a particular bearing
configuration varies as the third root of p, the fluid
viscosity.

Similarly, if the film height is maintained constant, the
pumping power will vary inversely with the oil viscosity.

. Test Program

The tests were conducted using Exxon EP5 lubricating
oil, having a viscosity of 0.820 N-s/m? (4107 Ssu} at 29°C
(85°F). The temperature-viscosity relationship of this oil
is shown in Fig. 2. The test set up is shown in Fig. 3.

The series of tests listed in Table 1 was conducted to
-establish the flow versus pressure drop relaticnship of
various filters.

The data recorded for Tests 1, 3, 4, 7, and 8 were the
flow rates at temperatures of 29, 32, 35, and 38°C (85,
90, 95, and 100°F ), with differential pressures of 1.38 X
10+, 207 X 10, and 345 X 10 N/m? differential (2, 8,
and 3 psi).
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The data recorded for Test No. § were the flow rate
at temperatures of 29, 32, 85, and 38°C (85, 90, 95, and
100°F) with differential pressures of 0.69 X 10~ 1.38 X
10%,2.07 X 10~ N/m? (1, 2, and 3 psi).

The data recorded for Tests 2, 4, and 6 are flow rates
at 20°C (85°F), with differential pressure at 2.07 X 10~
N/m? (3 psi), 82°C (90°F) at 2.07 X 10 N/m (8 psi),
35°C (95°F) at 2.07 X 10, N/m? (3 psi), 38°C (100°F) at
2.07 N/m? (3 psi); and 29°C (85°T) at 1.88 X 10, 2.07 X
104, and 345 X 10~ N/m? (2, 3, and 5 psi).

The flow rate for Tests 1 through 9 was accomplished
by volumetric measurement of flow through the flter re-
turn line. The temperature was maintained using the
ASTM 51F thermometer as the control,

The volumetric samples (3000 to 4000 ml) required to
establish the flow rate through the filters were taken only
when the temperature was. within 0.06°C (0.1°F) of the
required temperature and was stable. A minimum of four
volumetric samples were taken over a minimum of cne
hour at each temperature-differential pressure setting
99°C (85°F) at 1.38 X 10~ N/m? (2 psid), 20°C (85°F) at
2.07 X 10~ N/m? (3 psid).

To determine the effects of water on the filter elements,
the elements used for Tests 2, 4, and 6 were submerged
in water for a minimum of twelve hours before testing
was accomplished. Test results are summarized in
Table 2.

Test No. 11 was viscosity versus temperature on Exxon
Spartan EP5 Lube Oil. The results of this test are shown
on Fig. 2.,

IV. Conclusion

Commercial filters are satisfactory for fltering oil in
the viscosity range of 2400 to 4200 Ssu. The test results
provides satisfactory hasis for selecting filter elements for
such applications.
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Table 1. Flow versus pressure drop fests

Test
No.

Fram
filter element

Type of test

10

C-744-15-0
C-744-15-0

C-709
C-709

C-788-40HTO
C-788-40HTO

C-703-10
C-703-25
C-703-40

None

Flow versus differential pressure

Flow versus differential pressure
using & water-wetted element

Flow versus differential pressure

Flow versus differential pressure
using a water-wetted element

Flow versus differential pressure

Flow versus differential pressure
using a water-wetted element

Flow versus differential pressure
Flow versus differential pressure
Flow versus differential pressure

Viscosity versus temperature for
Eaxon EP5 Lubricating ‘oil
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Table 2. Test results

Test 1 C_;r :iflzs.o Test 3 E‘_’f,%g Test 5 0_78%3&0?”0 Tost 7 Tost 8 Test 9
Temper- AP, C-T44-15-0 ¢ /0. paper C-709 25 um paper . C-788-40HTO 4, urm paper C-703-10 C-703-25 C-703-40
ature, N/me % 104 15 pm paper ( Water wet) 25 um paper (Water wet) 40 gm paper (Water wet) 10 pm screen 25 um screen 40 gm screen
°C {psi)
Flow, m8/sec X 10#
{ gal/min)
29 0.69 0.757 3.89
(1) (1.20) (6.18}
1.38 0.82 1.28  L.17 177 1.53 1.68 1.67 0.59 1.74 8.74
(2) (1.30) (2.05) (1.85) (2.81}) (2.43) {2.66) (2.64) (0.94}) (2.77) {13.86)
207 1.17 194 2.50 293 221 2.51 264 252 0.95 2.50 12,49
(3) (1.85) {3.07) (3.96) (4.65) (3.50) (3.99) (4.18) (83.99}) (1.50} (3.98) (19.8
3.45 1.94 3.90 3.53 4.20 4.20 175 437
(5) (3.08) {8.18) (5.59) (6.65) (6.65) (2.77) (6.93)
32 0.69 5.80
(1) (9.2)
1.38 1.07 1.97 2.20 0.65 2.08 9.37
(2) (1.69) (3,13} {3.49) {1.03) {3.30) {14.85)
2,07 1.49 1.46 2.88 3.12 2.93 3.20 0.97 3.12 17.49
{3) (2.33) (2.31) (4.57) (4.95) (4.85) (5.08) (1.54) (4.95) (27.72)
3.45 2.34 4.68 4,72 1.87 5.00
(5) (3.71) (7.42) (7.49) (2.97) {7.92)
35 0.69 6.24
(1) {9.9)
1.38 118 2.50 2,51 0.83 234 12,49
(2) (1.87) {3.96) (3.99) (1.32) {3.71) (19.8)
2.07 177 175 3.54 3.53 3.53 3.92 1.29 3.50 18.74
(3) (2.81) (2.77) (5.61) (5.59) (5.59) (6.21}) (2.05) (5.54) {20.7)
3.45 3.03 5.35 5.87 2.19 6.25
{5) (4.80) (8.48) {9.31) {3.47) {9.90)
38 0.69 7.00
(1) (11.1)
1.38 1.59 2.88 ' 3.32 0.95 291 18.74
(2) (252) (4.57) (5.26) (1.50) (4.82) (29.7)
2.07 2.24 2,19 4,11 4.20 4.72 4.47 1.53 4.69 Over 19
(3) {3.55) (8.47) (6.51) (6.65) (7.49) (7.09) {2.42}) (7.43) (30)
3.45 3.58 6.50 7.05 2.50 .50
{5} {5.67) (10.30}) (11.17) (3.96} {11.88)

Two entries under Tests 2, 4, and 6 indicate different tests.
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Fig. 2. Viscosity versus temperature, Exxon EP5 lubricating oii
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Long Frame Sync Words for Binary PSK Telemetry

B. K. Levitt

Communications Systems Research Section

Sequences of length 16 to 63, which possess correlation properties suited to
frame sync applications for binary phase-shift-keyed (PSK) telemetry, have been
found. From a storage viewpoint, these sequences all have the advantage of being
generated by a 5- or 6-bit linear feedback shift register.

Consider the problem of determining a suitable frame
sync word for a digital communication link employing
binary phase-shift-keyed (PSK) modulation. For uncoded
data received over the additive white Gaussian noise
channel, the optimum procedure for Jocating the received
sync words is based on a bit correlation rule (Ref. 1). In
the block-coded case, the optimum sync word search
requires a word correlation rule (Ref. 2); however, prac-
tical considerations often dictate the use of the sub-
optimal bit correlation approach.

For example, if format constraints require that the
sync word not contain an integral number of block code
words, the bit correlation scheme is much less complex
than the optimum frame sync rule (Ref. 2, p. 1130}, In
the case of convolutionally coded telemetry as well, the
suboptimal bit correlation sync word search is desirable
from a complexity viewpoint.

84

Suppose the sync word is a K-bit binary sequence of
+1’s, 5 = (80,81, * **, 8x-1), with the nonperiodic (Ref. 3,
p. 195} autocorrelation function

K=1-2

CE: : :SISHE;

i=0

0<E<K 1)

In a binary PSK modulation system, because the derived
carrier reference in the receiver has an inherent 180 deg
phase ambiguity, the detected data stream will be
inverted with probability ¥ (e.g., Ref. 4). Consequently,
when a bit correlation sync rule is used, the probability
of false synchronization is minimized by selecting a syne
word s for which [Cs| is minimized over the range
1 <4 < K — 1 That is, ideally the autocorrelation

_ function of s should have the property

|G| <1; 1<2<K-1. )
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Sequences satisfying this constraint are called Barker
codes (Ref. 5): they are optimum syne words for the
channels of interest, Unfortunately, no binary sequences
of length greater than 13 satisfy the Barker restriction of
Eq. (2) (e.g., Ref. 8).

Generally, if sync words s with suitable autocorrela-
tion functions are considered, frame sync performance
improves exponentially with increasing length K. For
K > 18, the Barker constraint must be relaxed somewhat,
althongh it is still desirable that |Cs| be near zero for
£ 5£ 0. To this end, Neuman and Hofman (Ref. 7) have
argued that the following criterion can be used to select
good frame syne words for arbitrary lengths K. They
define a “minimum distance”

Dupn=min{D,:1 <2 <K -1}, (3)
where the parameter
Di=K— /1 -|C). (4)
Note that

Dlnin S Dh’—l = K - 1 - K_l . (5)
A good K-bit sync word s for the channels of interest is
one for which Dy, is near the upper bound of Eq. (3).
Using computer search techniques, Neuman and Hofman
found sequences which maximized Du,;, over all binary
K-tuples, for the range 7 < K < 24. Massey has demon-
strated by simulation that these Neuman-Hofman se-
quences compare favorably with Barker codes for frame
sync applications when K < 13 (Ref. 1, Tables 1 and 2).

For longer lengths K, the Neuman-Hofmar search pro-
cedure for a good K-bit sync word involves a prohibi-
tively large number of candidates: even though compli-
mentary and reversed sequences yield identical D%,
2% binary K-tuples must still be compared. In order to
keep the computer search time for longer sync words
within practical limits, only a small subset of all possible
sequences can be examined; hopefully, the size of this
subset should grow lincarly, rather than exponentially,
with K.

For a given large value of K, it is proposed that the
syne word search be confined to the subset of binary
K-tuples which are prefixes of pseudo-noise sequences
(maximum-length linear recurring sequences; e.g., Ref, §,
p- 75) of length 2© — 1, where L satisfies the inequality

9 < K+ 1< 98, (6)
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Pseudo-noise (PN) sequences have periodic (Ref. 3, p. 195)
autocorrelation functions of the form -
o £=0
K H =
C;=Z6'i-5‘i+z={_1; 1<i<K-1. ()

=0

Where the subseript i + £ is modulo 2. Of course, for
frame sync applications, it is the non-periodic autocorre-
lation C, that is of interest. Nonetheless, PN sequences
are sufficiently psendo-random that the subset defined
above contains some excellent sync words, as shown
below. Furthermore, 2 PN sequence of length 2% —. 1
can be generated by an L-stage linear feedback shift
register, which is advantageous from a storage viewpoint.

To demonstrate the merit of the shortened sync word
search procedure described above, it was used to find
good sync words of lengths 16 to 63. For a given K in the
range 16 < K < 31, Dyuin was maximized over all pos-
sible K-bit prefixes of 31-bit PN sequences (L = 5 accord-
ing to Eq. (6)). Neglecting reversed PN sequences, there
were only 3 distinct 5-stage lifiear feedback shift register
configurations to consider (Ref, 9, Appendix C): these are
completely described by the linear recursion formulas in
Table 1A, Each configuration generates any of 31 dif-
ferent PN sequences (which are cyclic permutations of
one another), depending upon which 5-bit initializing
sequence s° = (5,,81,8:,81,8:) is used (excluding the all-1
sequence). Thus, for each K in the stated range, 93 candi-
date sync words were compared. The best sync words
found are listed in Table 2: for a given length K, the syne
word s consists of the first K bits generated by the indi-
cated shift register configuration, initialized by the desig-
nated sequence s'. -

Similarly, for 32 < K < 63, D,.;» was maximized over
K-bit prefixes of 63-bit PN sequences. Here, there were
3 distinct 6-stage linear feedback shift register arrange-
ments of interest (Ref. 9, Appendix C), described by the
recursion formulas of Table 1B. So 189 possible sync
words were compared for each K in this range, and the
best are listed in Table 2, Also, out of curiosity, the K-bit
prefixes of these 63-bit PN sequences were tested with
respect to Dy, as possible sync words for 16 <K< 3L
As indicated in Table 2, for 4 values of K in this range,
a sync word derived from a 63-bit PN sequence has a
larger Dy, than the best 31-bit derivative. In fact, for
K= 17 the sync word derived from a 63-bit PN sequence
has a D,,, which equals the upper bound of Eq. (5).

To demonstrate how close the D,,,’s of the syne words

~in Table 2 approach the upper bound of Eq. (5), they are

plotted in Fig, 1,
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Table 1. Linear recursion formulas for generating 31-bit PN

sequences from S-stage linear feedback shift registers (the s;'s
are +1)

Configuration Formula
5A 8 = 8,3 ° S5
5B S T84 * S Sy * g
5C S, =8 * figt Sy * Sis

Table 2. Recursion formulas for generating 63-hit PN sequences
from 6-stage shift registers

Configuration Formula
6A 85 = 85 * Sig
6B Sy T 8 Sy St S
6G

S, = Sy " 8 7 Sy Sig

JPL. DEEP SPACE NETWORK PROGRESS REPORT 42-26
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Table 3. Listing of best K-bit frame sync words derived from 31- and 63-bit PN sequences.

K Uprgi?ozm:/?__l)jmm Dyin (1 Slfgtmf_ 1) Configuration Initializing sequence, s’
16 1113 10.26 3 5A 1,-1,-1,-1,1

16 11.18 10.26 8 5B -1,-1L1,-1

17 12 00 10.84 4 A 1,-1,-1,-1,1

17 12 00 12.00 4 6B 1,1,-1,—-1,-1,—1
18 12.88 11.55 4 5A 1,1,—1,1,1

18 12.88 11.55 4 5C 1,-1,1,1,1

18 12.88 12.00 4 6B 1,1,1,-1,-1,~1
19 13.76 12.88 4 5C 1,~LL1,1

20 14.64 13.68 3 5C C1,-L,111

21 15.53 14.59 5 5B -1,-1,-1,-1,-1
21 15.53 14.64 4 6B 1,-1,-1,—-1,—1,—1
22 16.42 1553 4 5B -1,-1,—-1,—-1,—1
23 17.81 16.00 4 5B -1,-1,1,1,-1

24 18 20 16.64 5 5A -1,1,1,-1,—1

24 18.20 16.64 5 5C -1,-1111

25 19.10 17.76 5 5A 1,-11,1,1

26 20 00 18.76 5 5C -1,-1,1,1,1

26 20.00 18.88 5 6A 1,-1,-1,-1,-1,-1
27 20.90 19.55 5 5A 1L1,-1,-1,—1

28 21.80 20.20 5 5B ~1,1,-1,—-1,~1
29 2271 21.53 5 5A 1,-1,-1,-1,-1
30 23 61 22.26 4 . 5B 1,-1,1,—-1,—1

31 24,59 23.81 4 5C 1,1,1,-1,~-1

32 25.43 22.90 6 6B -1,1,-1,-11,-1 -
33 26.34 23.80 5 8A 1,-1,-1,1,1,—1
34 27.96 24.88 6 6C ~1,1,1,1,—1,1

35 28.17 25.80 5 6A -11,-1,-1,11
36 29.08 26.90 4 6A ~1,-1,1,-1,-11
37 30.00 27.48 7 BA 1,-1,1,1,~1,1

37 30.00 27.43 7 6B 1,1,~1,—-1,1,1

38 30.92 28.42 5 8A -1,1,1,1,—-1,-1
39 31.84 29.13 7 6A -1,1,-1,-1,—1,1
40 32.76 30.84 6 6C -1,-1,-1,1,1,1
41 38.68 30.90 7 8A -1,1,-1,-1,-1,1
41 33.68 30.90 7 6C -1,1,1,1,1,-1

42 34.60 31.80 8 6C -1,1,1,,1,—1

43 35.52 32.64 7 6A 1,1,1,—-1,-1,1

44 36.44 33.80 7 8C 1,1,1,-1,1,1

45 87.37 34 34 8 6C 1,-1,-1,1,~1,1
46 38.29 85.17 8 6C 1,-1,1,~1,—-1,1
47 39,29 36.00 7 6C -1,-1,—-1,1,—-1,1
48 40.14 36.92 7 6B 1,-1,1,1,1,-1

49 41.07 38.00 7 6C 1,1,-1,1,1,—1

50 42.00 38.90 i 6A -1,1,-1,1,~1,—1
51 42.93 40.00 7 6C 1,1,1,1,~1,1

52 43.86 40.92 7 6A 1,-1,1,1,1,1

53 4479 41.68 8 6C -1,1,-1,~1,1,1

88
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Table 3 (contd)

K Up%eiliogn(b%lﬂmi“ Doin (1 S‘ii‘“}‘é‘; 1) Configuration Injtializing sequence, s’
54 45.72 4392 7 6C -11,-1,1,~1,-1
55 46.65 48.76 7 6C 1,~1,1,1,1,1

o6 47.58 4478 6 BA 1,1,1,1,-1,1

57 48.52 45.61 6 6C -1-11,—-1,-1,-1
58 40.45 48.00 7 6C 1,1,11,-1,—-1

59 . 50.38 47.99 7 6A -1,-11,-1,-1,-1
60 51,82 48.00 8 6C 1,1,1,-1,-1,1

61 52.25 48,43 6 BA 1,1,1,1,-1,1

82 53.19 50.84 6 GB -11,1,1,—1,—1

63 54,13 51.52 6 6B 1,-1,1,1,-11

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-26
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UPPERBOUND ON Dmin= K-1-4K-1

min

Fig. 1. Measure of correlation properties of K-bit sync words in

Table 3 using Neuman-Hofman distance parameter D, ;
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A Multiple-Rate Digital Command Detection System
With Range Cleanup Capability

J. R. Lesh

Communications Systems Research Section

A multiple-rate command transmission and detection scheme that utilizes a
composite signal as a subcarrier is deseribed. The composite subcarrier is con-
structed in such a way that it can be used for ranging. Furthermore, the ranging
and command signals can be processed in a near-optimal fashion with the same
detector system. The performance of the detector system is analyzed and found
to be consistent with realistic mission requirements.

I. Introduction

Most space vehicles employ phase-locked receivers that
track the unmodulated {or residual) uplink carrier signal.
As a result, all information transmitted to the spacecraft
must be such that, when modulated onto the carrier
signal, the information contained in the modulation side-
bands falls outside the receiver tracking loop bandwidth,
Because of this, information signals containing a large
amount of low-frequency energy (such as command sig-
nals) must first be modulated onto an intermediate carrier
(or subcarrier} before finally being modulated onto the
carrier.

The introduction of the subcarrier, however, is not a

“cure-all,” since in order to coherently demodulate the
information signal one must now coherently track the

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-26

subcarrier in addition to the carrier and data, The stan-
dard approach to all of the above is to provide indepen-
dent tracking loops to “track out” all of the information
contained in each of the carriers, It seems ironic that after
going through all this trouble to eliminate the information
contained in these carriers many spacecraft systems em-
ploy a second channel (subcarier), the phase of which
is used to gather range information.

In this article a command detector system is described
that uses a composite signal as a subcarrier. This com-
posite subcarrier is designed in such a way that it can
also convey range information. As a result it is possible
to perform essentially optimum detection of the com-
mand and ranging signals with the same detector. A pre-
liminary analysis indicates that the performance of the
detection system is adequate for most spacecraft missions.
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Before discussing the systemn let us consider a few
constraints within which the system must operate. First,
we will make the command bit rate coherently related
to the subcarrier rate. The reason for this is ease of gen-
eration of command signals on the ground as well as the
reference signals in the spacecraft. Actually, we will con-
sider only systems wherein the subcarrier and bit rates
are related by a power of 2, although this constraint is
not absolutely necessary. Second, we will consider sys-
tems having multiple command rate capabilities with the
proviso that the lowest symbol rate is one symbol per
second and that a particular symbol rate will be used only
if the symbol energy-to-noise density ratio at that symbol
rate exceeds 10 dB (P, < 10-5). Finally, we will allow the
received signal at the spacecraft to undergo a doppler
frequency shift. However, we will restrict the doppler
magnitude (fractional shift § in Hz/Hz) to less than 10-5.
Although many spacecraft missions actually experience
absolute doppler shifts in excess of this amount the
majority of this shift is predicted and compensated for
at the ground transmitter. Thus, a bound of 10-* appears
to be reasonable for the doppler that the spacecraft
actually experiences.

ll. System Description

The system described here is motivated by the range
cleanup loop discussed by Hurd (Ref. 1). This cleanup
loop is actually a generalization of a phase-locked loop
wherein the loop voltage-controlled oscillator {(VCQ) is
replaced by a VCO/function generator combination. The
function generator provides a synchronous version of a
square wave signal modulated by the particular range
code component that is being received. In addition the
function generator also provides a second signal consist-
ing of the same square wave signal modulated by the next
lower range code component.

Also provided with the clean-up loop are two corre-
lators, One of these correlates the received signal with
the same composite function generator signal which is
being used in the loop to derive the loop error signal. As
long as this correlator output is sufficiently high we know
that we are tracking with the proper range code reference.
The second correlator compares the received signal with
the other function generator (next range code) signal. If
this correlator output becomes sufficiently high we know
that the received signal has undergone a change in the
range code component. Detection of this change causes
the function generator to shift references enabling the
loop to track the new composite signal. Likewise, the

92

correlation detector references are changed so that they
are looking for the present composite signal as well as the
next lower composite signal.

If one thinks about the operation of the cleanup loop
for a moment, it soon becomes apparent that the loop is
no more than a phase-locked loop with a detector for
sensing when the loop is in lock. Consequently, one would
think that by adding an in phase data integrator leg
(which already exists in the lock detector circuitry) and
a mechanism whereby the effect of data modulation could
be removed fiom the error chanmel, the cleanup loop
could be converted to a subcarrier demodulator and bit
(symbol) detector where the subcarrier is actually the
composite range signal, A mechanism whereby this can
be accomplished is shown in Fig. 1.

Before describing the operation of the system let us
consider the structure of the composite signal we will use
as a subcarrier. The subcarrier signal consists of a square
wave of frequency fs. phase modulated by one of its own
subharmonics. For example if f,, denotes a square wave
of frequency f.. then the ith possible composite subearrier
(also denoted ¢,, the ith ranging code) is represented by

f
|
c|=fsc®%

where @ indicates modulo 2 addition if the square wave
levels are {0,1} or multiplication if the levels are
{+1,—1}. In order to use these signals as subcarriers the
code components must be used sequentially. For example,
we initially send component ¢,. After a sufficient period
of time we send ¢,, and so on. (Note that ¢, is a square
wave signal of frequency f../2.)

With the aid of the flow chart of Fig. 2 we can now
explain the operation of the demodulator/detector. Ini-
tially all the switches in Fig. 1 are in the acquisition
(ACQ) position and the function generator is outputting
components ¢, and ¢.. As long as no signal is received by
the demodulator, neither the ¢, nor the ¢, correlators in
the lock detector will accumulate to sufficiently high
value. As soon as component ¢, is received at the demodu-
lator the signal (which is filtered and sampled at the
Nyquist rate) is applied to the transition sample sclector
of the phase-locked (cleanup) loop. The tracking loop
consists of an all-digital second-order phase-locked loop
such as the one discussed by Holmes and Tegnelia
(Ref. 2) with the VCO replaced by a cleanup loop func-
tion generator. A more detailed discussion of how the
loop operates is given in Ref. 2.
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After a sufficient length of time the tracking loop will
lock on to the received component ¢, and the ¢, cor-
relator in the lock detector will detect its presence. The
system will continue in this mode indefinitely unless
either the signal is lost or the ¢, correlator detects the
presence of c,. If ¢, is detected the function generator
changes the signals ¢, and ¢. to ¢; and ¢; xespectively and
the system will conticue indefinitely in this state until
signal is lost or ¢, is detected, etc. Note that by supplying
the signal Iabeled by ¢; to the spacecraft transmitter the
“cleaned up” range signal can be transmitted back to the
ground. '

Let us now associate with each ranging component ¢;
a particular command symbol rate. In particular let the
symbol rate correspond to the frequency of the signal
which when modulated onto ?::produces the composite
subcarrier. In other words when component ¢; is sent, the
corresponding symbol rate will be f,./2 symbols per sec-
ond. Furthermore, since the symbol and subcarrier timing
was specified as synchronous we see that detection of ¢;

corresponds to detection of the rate associated with ¢, as”

well as the sequential determination of symbol timing at
that rate. (Sequential symbol timing is determined by
examining the sign of the ¢,,, correlator at the time ¢, ..
is detected. This is the same process whereby range
ambiguity is removed in the sequential ranging system.)

Recall that the switches in Fig. 1 were all set to the
ACQ position. This is to allow efficient detection of the
sequence of code components. However, once we reach
the date rate at which we desire to send commands we
must change all the switches to the DEMOD position.
Since code components ¢, and ¢,, {5~ over an appropri-
ate integration time are orthogonal, a convenient way to
notify the detector that ¢, corresponds to the desired
command symbol rate is to follow the unmodulated trans-
mission of €, by a transmission of ¢, (complement). Thus,
the ¢, correlator would serve not only as a ¢; signal
presence indicator but also as an end of acquisition
detector. Once the end of acquisition sequence is de-
tected, and the switches placed in the DEMOD position,
the system is ready to demodulate and detect command
data as well as track the ¢, range code component. Note
also that this demodulator does not have the character-
istic phase ambiguity problem that most suppressed
carrier tracking loops have, smce we can define the trans-
mission of ¢; as actually the transmission of ¢; with an all
zeros command modulation signal.

Once the device is in the DEMOD mode the command
symbol stream is integrated (accumulated) over the ap-
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propriate symbol time T; and the symbol detected. The
symbol sign is then applied to the lock detector to remove
the effects of data modulation on the lock detector
accumulators. Likewise, the symbol sign is injected into
the loop to remove data modulation on the loop error
signal. Finally, we note that a signal from the lock
detector representing the ¢, correlator most significant
bit (MSB) is applied to the loop after the second loop
accumulator. This signal normally is not needed by the
loop. However, during the time that ¢; is being received
to indicate the end of the acquisition sequence, the loop
error signal will be complemented and hence cause the
tracking loop to correct in the wrong direction. Note also
that the ¢; correlator will produce a highly negative rather
than a positive correlation during this time. Consequently
if the total accumulation time of the two loop accumu-
lators matches the accumulation time of the lock detector,
the loop error signal can be inverted so that the loop
retains lock.

lll. System Design

The parameters associated with the demedulator/
detector are as follows (Ref. 2):

A, = integral control phase bump size

A, = proportional control phase bump size
n = A/A,

fsc = subcarrier (basic) frequency

1
Fse
T, = symhol time

Tsc =

L = phase bump exponent (ie., 4, = 27%)
K = subcarrier frequency exponent (i.e., fee = 2%)
M, = number of subcarrier cycles per phase bump

W = bandwidth (one sided) of the pre-sampling

filter =

se

o= T% = portion of each subcarrier cycle used for

linear signal transition (Ref. 2)

m = number of actual signal transitions occurring
in M subcarrier cycles =~ 2M

A = received signal amplitude (outside the linear
transition region)

o = one-sided noise spectral density
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Using these definitions we can specify the system con-
straints as

Ts > 1second (1)

AT,
o @
§ <105 (8)

We also impose the additional constraints that

r>2 4)

oy, << 0.1 {radians) {5
MT,, |1

=3 (6)

where 7 is the loop damping parameter, oy, is the rms loop
phase exror and r, is the loop secondary time constant.
The constraint given by Eq. (6) is necessary to ensure
that the loop will be stable in light of the fact that the

loop accumulator produces a transport delay in the loop

transfer function (Ref. 3, pp. 19-20). Using Eq. (6) and
the fact that

A
ra =M Tsc_l (7)
A
results in the requirement
n>3 (8)
We will choose n =4 for ease of implementation (al-
though it may be necessary to increase n to 6 in order to

retain stability at strong signal levels).

It was also shown in Ref. 2 that

. =*No + =/*n/Ny (9)
7L 956 nM T, A® AN/MT,. A®
and
_ 16n32MT A (10)

Ob\/—

Now, if the constraints Egs. (4) and (5) are to be satisfied

then we must require that
1 2543 : V7
£> max l:? log, (M—n) , L +log, (W):l
(11)
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and
52 OF
L> 10g2 _2517__?1_2_2_. (]_2)
25
Q28 .
64n
be simultaneously satisfied where
1 MT,. A
e=g s (M55) (%)

The equality portions of Eqs. (11} and (12) are shown in
Fig. 3 for n = 4. Also shown in Fig. 3 is the line L = §,
which is the minimum value of L necessary to keep the
phase bump quantizing error variance within reason.
This results in an acceptable solution region as shown
by the shaded region of Fig. 3.

It remains to determine the values of M and T',.. Note
that thus far all of the performance parameters depend
on the product MT,.. The two can be separated, however,
by selecting M such that the variance of the phase error
buildup due to doppler is less than 0.01 (rad)2 Toward
this end we have from Ref. 2:

PaAorMS < 21—\(/)5 (14)

from which we get
M <545 X 104 (15)

For-implementation reasons we would like M to be a
power of 2. Thus, we consider candidate solutions of the
form M =21, i=12,---,15. Noting that large M corre-
sponds to high subcarrier frequencies (which is desirable
for ranging applications) we conservatively choose
M = 21, Then, from Fig. 3, Eq. (13), and the design point
condition

Az

Al T’»mz — —
e = =10 (16)

we find that T, , =27 The significant loop design
parameters then become
M=2%, T, =9
(A7)
L =38, n=4
from which all of the other parameters can be caleulated.

Having chosen the loop parameters we now turn to the-
lock detector accumulators. Recall that Eq. (17) is suffi-
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cient to guarantee a symbol error probability of 10-5
whenever antipodal signals of mean value +-A are re-
ceived and integrated for T%,,, =1 sec. However, the
lock detectors must distinguish between signals having
mean values of —A4, 0, +A where the zero mean value
results from correlating with one of the orthogonal sig-
nals. This means that the lock detectors are working
at a 6 dB disadvantage relative to the symbol detector.
If we desire the same error statistic (i.e., 10-%) for miss
and false alarm probabilities then we can simply increase
the lock detector accumulation times by a factor of 4.
This means that ¢ priori (i.e., before symbol rate is
known) we must accumulate over 4 seconds in the lock
detectors. However, once the actual rate has been deter-
mined the lock detector a2ccumulation times can be
reduced to 4 T', seconds. ’

Recall that in the last section we stated that the lock
detector most significant bit signal could be used to cor-
rect the direction of the loop phase error when cx was
being received if the accumulation times of the loop
acenmulators and the lock detector matched. However,
we have just required that the lock detector accumulate
over four loop accumulation times. This presents no prob-
lem if we split-the in-phase lock detector accumulator
into two sections such that the first section accumulation
time matches that of the loop. Figure 4 is a.revised block
diagram showing how this can be accomplished. (Note:
the notation 3/X means that the input is accumulated
until the accumulation time, or the accumulation index
equals X.)

IV. Loop Performance

From the equations of Ref. 2 one can easily find that
the design point values for the present design are

Wy, = 0.44 HZ
r= 932 (18)
[Py - 5.67 deg

These expressions are computed based on a lincarized
model of the loop phase detector. It turns out that the
loop detector actually operates in a region where the
linear theory does not apply. Int order to improve our
performance estimates we will use equivalent lineariza-
tion about the particular average phase detector oper-
ating point. Toward this end let

Auld) = 55 (BIG14D) (19) -
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be the equivalent phass gain when the loop phase exror
is ¢. Since the loop is operating at a high loop signal-to-
noise ratio (SNR) we can model the loop phase error as
a gaussian process with mean zero and variance ¢f. In
this case we can average Eq. (19) over this distribution

to get
\/2_10' 1/2
—_— - 1
Ay=—~—"| ——— (20)
wa
where .
mA?
p= NaW (21)

is the sample SNR. By using Eq. (20) in place of A, of
Ref. 2 one obtains results that include the effects of
limiter suppression. Note, however, that these equations
require a recursive procedure for evaluation. Figures 5,
6 and 7 illustrate the behavior of 7, w, and 4. as p varies.
Note that the design point value of p is 4 dB. Also shown
for comparison in Figs, 5 through 7 are the corresponding
results using the linear theory.

It should be noted that the sequential acquisition pro-
cedure described earlier requires that the tracking loop
be free of cycle slipping. Thus, we would like the mean
time to slip T(2x) to be extremely large. Viterbi (Ref. 4)
has shown that at high values of loop SNR p;, the mean
time to slip, is well approximated by

T(2m) =~ —2::,—’ et (22)

Since pp =~ 1/¢f == 100 and w, = 1.0 we see that cycle
slipping while tracking a signal component is indeed an
extremely rare event. Consequently, we can assume that
cycle slipping can occur only during the time required to
detect a code component change, since during this time
the loop is operating with the wrong phase reference
signal. Hurd (Ref. 5) has shown that if a second-order
loop experiences a loss of signal at time ¢ = 0 the phase
error variance oi(f’) at time { =¥ is given by

oH(E) . L
2@ = T EFT o T ey ()
1614
—_———— 3
+ 3(1’2 T 1)_1 (‘lULtl) (23)
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Using the design point values for the loop parameters and
the lock detector time of 4 seconds for ¢’ yields

o}{4 seconds) = 0.141 rad* (24)

Finally. the application of Eq. (22) results in a mean time
to slip when experiencing a code change of 4.52 X 10°
seconds.

V. Lock Detector Performance

Recall that our model for the filtered subcarrier signal
has a linear vegion of length T../16 surrounding each
subcarrier transition and that the received signal is sam-
pled at 16 f.. Now, if the phase error is small then out
of any 16 consecutive samples we will have seven with
mean value +A, seven with mean value —A and two
samples which are zero mean. (This is strictly true when
the square wave is unmodulated and is a pessimistic
approximation whenever modulation is present.) If each
sample is hard limited to ==1 and multiplied by the in-
phase correlator reference signal the mean value of the
sampled input to the accumulator will be

ts = —g—erf(

where R, is the symbol energy to noise ratio and 2% rep-
resents the number of subcarrier cycles per symbol time
T, Note also that the vanance of the sampled values is
1 — pi =~ 1. The accumulator sums these samples for 4
seconds, accumulating a total of 2°° samples, and com-
pares the summation against a threshold value of T. If 3
represents the value of the accumulation then the proba-
bility that the in-phase signal will not be detected, given
that it is being received, is given by

()27 erf };— ~T
rfe -
e 210\@,‘

_ ()

R.
2_A—1) (25)

P,,,,_"Q;Pr{z< T

signal | 1
present )

Likewise, the probability that the in-phase signal will be
detected, given that itis not being received, is

signal ] 1 . T
absent{ 8 ¢ 20/3,

Figure 8 illustrates the behavior of the false alarm and
miss probabilities as the threshold varies. It should be

P;=Pr {Z >T
(27)

96

noted that the probability of a miss is more critical in a
sequential system, since the probability of not acquiring
is the probability of the union of the miss events whereas
the probability of false acquisition is the product of the
constituent false alarm probabilities. Therefore, the
threshold should be chosen in such a way as to favor the
miss probability at the expense of the false alarm proba-
bility. We shall assume that T = 2500 is chosen which
implies that P, = 10-° and P; == 10 at the design point.
Note that these are the component probabilities, not the
overall system probabilities, which are discussed later.

b

A. Acquisition Sequence

We note first that the first signal component ¢, must be
sent for a sufficiently long time for the tracking loop to
acquire the signal. Based on the experimental evidence
of Ref. 2 we see that after receiving the signal for a
period of time equal to 60 loop update times {60 seconds
in our case) the loop will have acquired with a probability
of 1 — 10-*. Now, note that the time of arrival of the
change from code ¢; to ¢,,, does not necessarily coincide
with the start of one of the lock detector accumulator
eycles. Thus, in general the code change will occur within
an accumulator window making the detection of ¢,.; at
the end of this window very unreliable. Therefore, it is
necessary that when a code change occurs the new code
must be transmitted for a minimum of two lock accumu-
lator intervals {8 seconds in our case). Actually, it may be
necessary to transmit each new component for three Iock
detector intervals so that the loop phase error can stabilize
during the third interval. We will, however, assume for
now that two intervals are sufficient.

Since each of the codes must be transmitted in sequence,
we have that the minimum acquisition time for the
demodulator/detector when operating at a symbol rate

- such that

Ts = 2KTsc (28)
is
T scq,,,(K) = 8K + 60 seconds (29)

At the lowest symbol rate this corresponds to a minimum
acquisition time of 172 seconds.
B. Acquisition Statistics

The two acquisition statistics of interest are the proba-
bility of not acquiring, given that the preamble was trans-
mitted, and the probability of falsely acquiring, given
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that the preamble was not sent. If we define Ay as the
event that the transmission of ¢ was missed (not detected)
then the probability Py.(K) of not acquiring at the rate
for which T, = 25T, is upper bounded by

Pua) < 3 Pr {As} + Pr (A7) (30)
k=1

where Pr {Ax} is the probability of missing when ¢x i
transmitted. Recalling that Pr {4,} = 10-%, Pr {A;} = 10
for j5£1, and Pya(K) < Pya(14} yields

Pya(K) <10 + 1.4 X10° = 2.4 X 10-° (31)

For false acquisition at rate K we have that

Pru) = [ IT (24) | Pse (32)

where Py, is the probability of falsely detecting the pres-
ence of component ¢;. If we assume that 64 symbols per
second is the highest symbol rate for the unit then

Pra(K) < Ppa(K = 8) = 1078 (33)

It appears that these statistics are compatible with most
mission design values.

VI. Conclusicns

Described herein is a method for transmitting com-
mand information on a subcarrier signal which can also
be used for ranging. Next, a detector system was described
that was capable of detecting the command modulation
without destroying the range information. The detector
was then analyzed and found to have false acquisition
and failure to acquire probabilities which are compatible
with realistic mission requirements. However, seldom
does one obtain something in one area without giving up
something in another, and this is no exception. In order
to use the system described herein one must be willing to
accept the increased acquisition time associated with
sequential detection. The minimum acquisition time ap-
pears to be approximately twice that achievable in more
conventional systems. Methods whereby the acquisition
time can be reduced as well as experimental verification
of these preliminary findings will be subjects of a future
article.
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Analysis of the Signal Combiner for
Multiple Antenna Arraying

R. A. Winkelstein
Communications Systems Research Section

The signal-to-noise ratio of video data received from the second Mariner 73-
Mercury encounter was improved by arraying two available 26-m antennas with
the 64-m antenna normally used for reception. Specially designed digital equip-
ment was used to combine the signals received by the three antennas. Analysis of
this equipment shows that the received signals which arrived with relative time
differences up to 50 ps were correctly aligned by the combining equipment to an
decuracy within 80 ns. Observed error rates during the encounter track verified
the system improvement to within 0.1 dB of the predicted 0.8 dB value.

. introduction

On September 21, 1974, the two 26-m antennas at
DSSs 12 and 13 were arrayed with the 64-m antenna at
DSS 14 to enhance the received video data from the
second Mariner 73 Mercury encounter. The signals re-
ceived at each of the three antennas were first translated
to.baseband frequency by coherent mixing with the car-
rier frequency. Then the baseband signals from the two
smaller antennas were sent to DSS 14 over the microwave
link. The baseband signal received at the DSS 14 an-
tenna was given a fixed delay by sending it over a round-
trip route on the microwave link. After arrival over.the
microwave link at DSS 14, the three baseband signals
were fed to specially designed digital equipment whose
function was to align the signals time-wise to each other
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and combine them for further processing by the DSS 14
receiver.

A description of the signal combining equipment has
been given by H. Wilck (Ref. 1). This report describes the
analysis techniques used to design the combining equip-
ment and to predict its performance during the Sept. 21
encounter.

. Signal Combination

Table 1 lists the relevant signal parameters predicted
for the encounter on September 21. These parameters
provided the main design criteria for the combining
equipment and were within the measurement tolerances
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of the actual values. Requirements on the signal combin-
ing equipment were twofold. First, the three baseband
signals had to be automatically and continuously aligned
timewise so that the data components of the signals
would add coherently when the signals were summed.
Secondly, the signals had to be summed using optimal
summing ratios to provide the maximum possible signal-
to-noise ratio in the combined output signal.

A block diagram of the signal combiner is shown in
Fig. 1. The three baseband signals first pass throngh
variable attenuators which are adjusted to provide equal
readings on the power meters. The signals from DSSs 12
and 13 are then filtered to prevent aliasing by analog-to-
digital conversion equipment in the phase tracking chan-
nels. These phase tracking channels align the signals to
match the signal from DSS 14, which is used as the
reference. The three signals are then summed to provide
the optimum signal-to-noise ratio at the output of the
summing amplifier. A filter in front of the power meter
monitoring the signal from DSS 14 is used to provide an
equal noise bandwidth for comparison to the other two
power meter readings.

"The baseband signals may be considered to consist of a
signal power, S;, plus a noise power, N;, i = 1,2,3, where
the value of i corresponds to each of the three antennas.

Therefore, the signal-to-noise ratio of the baseband signal
from the ith antenna is

S;
SNR: = 5 (1)

Assuming that the noises in the three baseband signals are
uncorrelated to each other so that noise power adds
lineazly as contrasted to the fact that signal data voltages
add linearly, the signal-to-noise ratio, SNR,, at the output
of the summing amplifier is

s, (VB asVBs + ey Bo)

N, T &N, + <N, @)

where «; is a voltage attenuator ratio at the ith input to
the summing amplifier, «; is set to unity. Eq. (2) is maxi-
mized when

_ N5,
az'""Nz_\/'S_l:

Under these conditions, Eq. (2) becomes

IWAVER
@y = NS, VS, {3)

SNR, = SNR, -+ SNR; 4+ SNR; = SNRy* A, 4)
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where

SNR. SNR,
Ar=1+gum+ SR (5)

The ratio of SNRs in Eq. (5) are equal to the ratio of R’s
in Table I, from which

SNR, SNR
__2 = cd = — = 6
SNR, — SNE. 10dB =01 (6)
Eq. {5) therefore becomes
A,=12=08dB N

Thus, adding the received signals from the two smaller
antennas to the signal received by the larger antenna pro-
vides an improved signal-to-noise ratio of 0.8 dB com-
pared to the use of the larger antenna alone.

To determine the sensitivity of A, in Eq. (5) to non-
optimum values of «,, Eq. (3) is modified to

NS, _ g NaVS: o)
o = 0, NZ\/-S—I’ 3 == Uy NS\/S:

where a, and o, vary from optimum as 8, and 4, vary
from unity. Eq. (4} then becomes

SNR, = SNR,* B, " (9)
where
SNR.  SNR,\?
5= (1 +o5gR, T SNR) a0
r= SNR. . SNE,

2

The loss in improvement due to nonoptimum «; is the
ratio of B, to A, and is plotted in dB in Fig. 2 for vari-
ations in 4, and hence in «, up to ==30%. From Fig. 2,
it is seen that the loss is less than 0.07 dB when «, and «,
are within 30% of optimum.

The actual values of «. and‘ag'indicated in Fig. 1 may
be determined by noting that the power inputs, P,, to the
summing amplifier are

Pi = Si + N{ (11)
From Table 1
. S:TE
Ri - Nai (12)
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where T, is the data bit time, the reciprocal of the data
rate, and N,, is the one-sided noise spectral density for
the ith input to the summing amplifier. Moreover,

N, =N..B (13)
where B is the low-pass filter one-sided noise bandwidth.
For a 1-MHz resistance-capacitance (RC) low-pass filter,

B is 1.57 MHz. Using Eqgs. (11), (12), and (13), Eq. (3)
becomes ’

_ [P.R.,(R, ¥+ T,B)
% = \P,R.(R, + T;B)’

For equal powers, Eq. (14) gives &, and «; equal to 0.3

{PiRa(B_o, + TxB)

* = A\|P,R (R, + TzB)
(14)

lil. Phase Tracking Channel

The heart of the signal combiner is the phase tracking
channel. Its function is to provide a continuously variable
amount of time delay in order to match the signal at the
summing amplifier to the reference baseband signal from
DSS 14. This variable delay compensates for the change
in signal arrival time at the different antennas as the
Earth rotates during the mission viewing period. The
time delay variations listed in Table 1 include the fixed
microwave link delay time from the 26-m antennas to
DSS 14, because the signal combining equipment is
located at DSS 14. Since the phase tracking channel can
provide only positive time delays, the baseband signal is
given a fixed delay of 110 ps by sending it through the
micrewave link on a round-trip route.

A block diagram of phase tracking channel A is shown
in Fig. 8. Equipment shown for channel A below the
broken line in Fig. 8 is duplicated for channel B. The
baseband signal from DSS 13 is converted to digital
form by an 8-bit analog-to-digital (A/D) converter sam-
pled at approximately a 2.5-MHz rate. These digital
values are placed in a first-in first-out (FIFO) memory
system which provides the proper amount of time delay.
The digital values are read out of the FIFO at a fixed
2.5-MHz rate, reconverted to analog form by an 8-hit
digital-to-analog (D/A) converter, and then added to the
other baseband signals in the summing amplifier,

Sign bits from the FIFO output are compared to sign
bits of the 1SS 14 baseband signal obtained from a 1-bit
A-D converter. This comparison is carried out and aver-
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aged by the quadrature correlator for periods of one sec-
ond, At the end of each second, the quadrature correlator
develops a digital number directly proportional to the
phase timing error between the two signals. This digital
number or count is scaled by a digital attenuator and
converted to an analog conirol voltage by the 16-bit (D/A)
converter. The scaling factor of the digital attenuator is
preset by a manual front panel control for an optimum
tradeoff between the loop transient and noise responses.

The control voltage out of the 18-bit D/A converter is
used to control the search oscillator of 2 frequency syn-
thesizer. This causes a slight change, Af, in the 2.5-MHz
synthesizer output frequency used to strobe the FIFO
input. As a result, the FIFO system delay is changed in
the direction to force the error count out of the quadra-
ture correlator to zero. At this time, the two signals are
in phase, and the output count developed by the in-phase
correlator is at a maximurm. The in-phase correlator count
is displayed on the front panel and is used to aid the
initial loop acquisition and to indicate correct system
operation. i

Analysis of the phase tracking channel control loop
may be carried out by aid of the Laplace block diagram
of Fig. 4. Here the input to the loop is taken to be the
time offset between the channel input baseband signal
and the DSS 14 baseband reference signal. The output is
the loop error signal and is equivalent to the timing error
between the two baseband signals as seen by the sum-
ming amplifier. A key requirement of the loop analysis is
to determine the limits of the various components of this
output error.

A. Control Loop Description

1. FIFO memory system. The FIFO memory system
consists principally of the FIFO memory and the fill
counter as is shown in Fig. 5. The memory can hold up
to 512 8-bit words which are input to the memory using
the input strobe, and output from the memory using the
output strobe. These strobes are independent of each
other and are generated asynchronously. However, as the
name “first-in first-out” suggests, the sequence of words
out from the memory is the same as the sequence of
words into the memory.

The resident time of a particular 8-bit word_in memory
is the delay time, and is proportional to the number of
words in the memory as indicated by the fill counter. If
the input strobe is slightly higher in frequency than the
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output strobe, the memory will graduaily fill until the
FIFO FULL signal becomes true. Conversely, if the input
strobe is slightly lower in frequency than the output
strobe, the memory will gradually empty until the FIFO
EMPTY signal becomes true. The fill counter obtains the
count number by counting the difference between the in-
put strobes and output strobes. This count number is also
displayed on the front panel to aid in acquisition and to
indicate correct equipment operation by comparison to
precalculated values. The reset signal sets both the
memory and counter to zero when the system is reset
or initially started.

In terms of the Laplace block diagram (Fig. 4) the
FIFO memory system produces an output time difference
between the two baseband signals as a function of the
input frequency Af indicated in Fig. 3. The FIFO mem-
ory operation is similar to that of an integrator in that the
rate of change of time delay is proportional to Af. Accord-
ingly, the Laplace transfer function of the system is given
as G;/s, where s is the Laplace complex frequency and
G; is the system gain constant. At a 2.5-MHz strobe rate,
each word in memory represents a 0.4 ps time delay.
Thus Gy is 0.4 ps/Hz/s.

2. In-phase correlator. Although the in-phase correlator
is not part of the phase tracking control loop, its descrip-
tion is prerequisite to a description of the quadrature
correlator. The correlation of two signals is simply the
average of their product. When the signals to be corre-
lated are represented by only their respective sign bits,
as is done in the phase tracking control loop, then this
product is most easily generated by an exclusive-or cir-
cuit, as is shown in Fig. 6. V, and V, are the baseband
signal voltages. The exclusive-or circuit activates a coun-
ter which is incremented when V, and V, are the same
and decremented when V, and V., are different.

At the end of each second, the accumulated count in
the in-phase correlator is stored in a front panel display
for operational verification. The counter is then reset to
zero in preparation for the next second’s count. Since the
signals are input at the digitized rate of 2.5 MHz, the
count for noise-free in-phase signals can reach a maxi-
mum of 2.5 million. Thus 7 binary coded decimal (BCD)
digits are required in the counter.

Normalized plots of the output count as a function of
the delay, =, of V, with respect to V, are shown in Fig. 7.
Normalization of these plots,.known as correlation curves,
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assigns a value of unity as the maximum count generated.
Fig. 7(a) is the correlation curve of signals which contain
only the square wave subcarrier frequency. -, is the
quarter period of the subcarrier frequency. From Table 1,
7, is found to be 1.41 ps. Cy(s) and C.(r) are equations of
the indicated portions of the correlation curve,

Fig. 7(b) is the correlation curve of signals containing no
subcarrier frequency, but rather only random data known
as pseudo-noise (PN) data. . is the data period, which
from Table 1 is found to be 8.5 us. The corrélation curve
of actual signals containing both subcarrier frequency
and PN data is shown in Fig. 7(c). This curve is the
product of the curves in Figs. 7(a) and 7(b). The brack-
eted expression in Fig. 7(c) indicates the correlation of
the time function signals V; and V.

3. Quadrature correlator. The quadrature correlator,
similar to the in-phase correlator, each second produces a
count which is a function of the relative signal delay. To
be useful as a control element in a tracking loop, the
quadrature correlator should produce a count of zero
when the input signals are exactly aligned. When the
signals are not aligned, the count should be proportional
to the time difference, 7. Such a correlation curve is ob-
tained by advancing and delaying the correlation curve
of Fig. 7(¢) by an amount y as shown respectively in
Figs. 7(d) and T(e). The desired correlation curve is half
the difference of the curves in Figs. 7(d) and 7(e) as
shown in Fig. 7(f). The equation of the control portion of
the curve in Fig. 7(f) is obtained in a step by step manner
from the previous curves of Fig. 7 and is found to be

Calr) = ..(i . 2”2) . (15)

Fig. 8 shows the quadrature correlator which provides
the correlation curve of Fig. 7(f). The delay y is obtained
from the four-bit shift registers. Since the shift registers
are clocked at the data rate of 2.5 MHz, each bit provides
a delay of 0.4 ps. Therefore y is 1.6 ps and Cy(7) is found
to be —0.56 r.

The quadrature correlator count represents an integral
of the input signal phase difference averaged over a time
period of one second. After each second, the quadrature
correlator count register is reset to zero as is the in-phase
correlator counter. Hence the operation of the quadrature
correlator is equivalent to that of an integrate-and-dump
circuit with gain constant G, shown in Fig. 4. G, the
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product of the magnitude of the slope of Eq. (15) and the
normalization factor K, is

G, = 0.56 K counts/us/s (16)

where K, the normalization constant for the curves in
Fig. 7, is the counts per second displayed by the in-phase
correlator when the signals are aligned.

It may be noted that G, of Eq. (16) is somewhat de-
pendent on the type of data being transmitted. Thus
Eq. (18) is strictly true only for PN data. For the extreme
case of all zeros data or all ones data, G, becomes (.71 K.
At the opposite extreme of alternating ones and zeros data,
G. is found to be 0.41 K. Therefore the G, of Eq. (16) is
within 27% of any data type actually transmitted.

The Laplace block of an integrate-and-dump circuit,
shown as the quadrature correlator in Fig. 4, is derived
in the appendix.

4, Quadrature correlator noise. Since the inputs to the
quadrature correlator each contain a sizable noise com-
ponent before sampling, it is to be expected that the
count developed by the quadrature correlator hds a
statistical varfance or noise component associated with it
This is the noise input to the loop at the output of the
correlator shown in Fig. 4. For proper operation of the
quadrature correlator within the control loop, this noise
must be small with respect to the K in Eq. (16).

K 1is estimated from the Table 1 data by reference to
the probability density curves of Fig. 9. These curves of
the baseband signal distribution before sampling are
assumed to be Gaussian with means E; corresponding to
the square root of S, in Eq. (1). Since 2.5 million samples
are taken each second, K may be considered to be

K=25°10°(Xy) (17
where {X,) denotes the statistical mean of X, an input

random variable to the in-phase correlator counter. -In
terms of the probability that V, is equal to V,, P(V, = V3)

X,= 1withP(V,=V,)
Therefore
(Xy) = P(V,=V,) — P(V,==V,)
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But

P(V, =V} = P(V} > 0} P(V; > 0)
+ P(V; < Q) P(V% < 0)

= P(V, > 0) P(V: > 0)
+ [1— P(Vi > O)][1 — P(V: > 0)]
(20)
where V4 and V, are the baseband signals before sampling.
The probability that V} is greater than zero is found by

integrating the probability density curve for V) from zero
to infinity. In terms of the error function, erf

PV, >0 = —12— ;erf (\/—E‘;"—;‘-) (e1)

where o, is the root mean square of the corresponding
noise power N, of Eq. (1) and the error function is
defined as

orf (z) = \/i [ e dt (22)
Using the notations of Eqgs. (12) and (18)
R; = EI:?TB > 0'% = N; = NozB (23)

Using Eq. (23), Eq. (21) becomes

() oo

Using Eqs. (20) and (24), Eq. (19) becomes

oo ) ) 00

which is evaluated using the values in Eq. (14) and tables
of the error function (Ref. 2). From Eqgs. (17) and (25), K
is found to be approximately 53,000 counts.

1

PV, >0) =

The guadrature correlator noise N, has variance o}
given by

o} = 2.5 +10°(X3) (26)
where X, is the random variable into the guadrature

correlator counter. Assuming input signals which: contain
only noise and no data or subcarrier frequency
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1 with probability of 1/4
X, = < —1 with probability of 1/4 (27)
0 with probability of 1/2

Squaring Eq. (27) gives

1 with probability of 1/4 {28)

1 with probability of 1/4
Xz=
0 with probability of 1/2

and the r;lean of X% is
XH=1/2 (29)

From Egs. (26) and (29), the standard deviation, o, of
the quadrature correlator noise, Ny, is found to be

oy = 1118 counts {30)

The ratio of oy, to K is less than 8% which is highly satis-
factory for tracking loop operation. ’
]

3. Digital attenuator, The digital attenuator is a lefi-
shift shift register whose number of left shifts is con-
trolled by a front panel thumbwheel switch setting. Each
left shift provides a gain attenuation of one half. The
circuitry is arranged with respect to the D-A converter
of Fig. 4 so that the digital attenuator gain, G,, is

Ga‘= 2!1‘-—10 (31)

where R is the thumbwheel switch reading, settable from
Oto 15. -

6. Digital-to-analog converter. The 16 bit D/A con-
verter may be represented by the well-known zero-order
hold circuit described in sampled-data control system
texts (Ref. 3). Accordingly, its transfer function, Hyis

Hd=Gdz—l

(32)

where Gq is a gain constant, s is the Laplace complex
frequency, Z is ¢*7, and T is the sampling period which in
this system is one second. Since an input of =215 counts
produces an output of 10 volts, G; is

10 wvolis

= gs— count (33)

(4

7. Synthesizer. The frequency_synthesizer provides a
coherent stable waveform whose frequency is set by front
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panel switch settings, which in this system-is 2.5 MHz.
Also contained within the synthesizer is a voltage con-
trolled oscillator called a search oscillator whose output
frequency may be algebraically added to the front panel
dialed frequency. A =10-v control voltage range pro-
duces a =Af, search oscillator frequency range where
Af, may be adjusted in decade steps. Thus the gain of the
synthesizer, G, is

Af, Hz

* G, = 10 volt

(34)
In the present system, Af, was set to 10 Hz.

B. Control Loop Analysis

To assure effective phase tracking control loop opera-
tion and to determine the lmits of phase timing error,
the control loop was analyzed for the following:

(1) Loop stability using the root locus method.

(2) Qutput phase error caused by the input signal
characteristics.

(3) Loop jitter caused by the quadrature correlator
" noise.

(4) Output phase error caused by the search oscillator
DC offset.

1. Root.locus analysis. Feedback control loop stability
is readily foundfrom a root locus analysis which plots
in the complex plain the roots of the denominator of the
closed-loop transfer function, G, as a function of "an
open-loop gain constant G. In the phase tracking control
loop

G= Gf Gc Gg Gd G,; Tz N (35)

1

Go =110,

(36)

where G, is the open-loop transfer‘fu_nction. From Fig. 4,
the open-loop transfer function is found to be

G1(Z—1p
Ga = """(' = ) !

T Tz g Zz - (87)

When analyzing systems containing both continuous
and sampled-data components, it is customary to convert
the entire system into a sampled-data equivalent system.
This is accomplished by taking the Z-transform (Ref. 3)
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of all relevant equations, Thus the Z-transform of Eq. (37)
is

_ G(Z+1)
Got = ZZ—1) (88)
and Eq. (36) becomes
Z(Z—-1)
(39)
Gcz = G G
zz— (1 — —2-) Z+ 3 P

The root locus plot is shown in Fig. 10. Since the plot
is symmefric about the real axis, only the top half is
shown. In the Z plain of sampled-data system analysis,
gains which move the poles outside the unit circle cause
unstable loop operation, From Fig. 10, it is seen that
stable loop operation is obtained for any gain less than 2.0.

In actual operation during the Mariner-Mercury en-
counter, K’s of 100,000 counts were observed. Af; was Set
to 10 Hz as previously stated, and R was set to 4. This
provided a loop gain of 0.11,

2. Input analysis, The input analysis determines the
steady-state loop error resulting from various types of
input functions. From Eq. (88) and Fig. 10, it is seen that
a single open-loop pole exists at the value of Z equal to
one. Sampled-data control system theory indicates that
this condition ‘ensures zero steady-state error for a step
input. However, a finite steady-state loop error does exist
for an input ramp function. This is of concern since the
last entry in Table 1 shows that such a ramp is expected.

To find the steady-state loop error resulting from an
input ramp function, reference is made to the input
analysis block diagram of Fig, 11, which is a rearrange-
ment of Fig. 4. B(s) is the input time offset Laplace func-
tion, and E(s) is the time error output Laplace function.
Intermediate Laplace functions within the loop are de-
noted by X and Y. An asterisk after a Laplace function
is used to denote the equivalent sampled-data or
Z-transformed function of the indicated Laplace function.

From Fig. 11, the loop equations are

E(s) = R(s) — Ysi (40)
_ G R{s) LG 1
= Yy (1)
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Y =X z ;21)2 (42)

Taking the Z-transform of Egs. (40) and (41} results in

E'=R'— Y‘% (43)
e Q(RY yCEZY
Solving for E* from Egs. (42), (43), and (44) gives
& (&)
E‘=R"—1":ZE v (45)
2 Z(Z-1)

The steady-state output loop error, E,,, is found by using
the final value theorem for sampled-data systems.

E., = lim ((Z'— 1)EY) (46)

Z> 1
R(s) for a ramp input is

R(s) = — (47)

where R, is the ramp rate constant. The Z-transforms for
R(s) and R(s)/s become

. RJIZ
=gl )
RO\  RT2Z(Z+ 1)
( s ) =2z -1y 49)
From Eqs. (45), (46), (48), and (49)
Esy = "%E' (50)

Using R, from Table 1, T equal to 1 s, and G equal to
0.11 gives

E,, =9%ns (51)
3. Noise analysis. The diagram of Fig. 4 may be re-
arranged to form the Laplace diagram for noise analysis

shown in Fig. 12. N} is the quadrature correlator noise,
and J(s) is the Laplace function of the time error jitter
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signal out of the loop. Since N and J are random pro-
cesses, it is desired to find the root mean square or stan-
dard deviation of J, os. Assuming a flat constant power
spectral density for N, sampled-data noise theory gives

o _l_[ |HAZ)|2ds, Z=e (52)

ol o
where ¢, is obtained from Eq. (30), H/(Z) is the transfer
function of Fig. 12, and i is the square root of minus one.

The equations for Fig. 12 are found similarly as was done
for Fig. 11, and H,(Z) is found to be

GlT
L Z-1
HA{Z) = N ;E-—Z—-!_-_]-.— (58)
P V)

where G, from Fig. 12 is G/G.T2 Using Egs. (16), (52),
and (53)

Ty

%~ DE6K

(54)

For oy equal to 1118 counts, K equal to 100,000 counts,
and G equal to 0.11

oy = 5ns (55)

Eq. (54) shows that the loop jitter becomes infinite
when G is made equal to 2. This agrees with the deter-
mination from the root locus analysis of loop instability
at values of G greater than, 2.

4. Search oscillator dc offset analysis. The phase track-
ing loop operates with the search oscillator frequency at
zero when the loop is locked to a constant time offset
input. If the transfer characteristic of the search oscillator
is such that zero frequency out oceurs for an input voltage
of E, volts rather than the desired value of zero volts,
then the loop at Jocked conditions will act to generate a
search oscillator control voltage of E, volts. This E,,
called the search oscillator DC offset voltage, represents
a finite loop error since zero error would result in a zero
quadrature correlator count and a subsequent zero volt-
age out of the D/A converter.

To minimize this search oscillator DC offset error, care-

ful adjustment of the search oscillator trimming compo-
nents was made, In addition, a precision adjustable DC
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compensating circuit was incorporated into the equip-
ment in order to null E, Requirements for this nulling
were determined from the DC offset analysis Laplace
diagram of Fig. 13.

In Fig, 13, a third rearrangement of Fig. 4, D(s) is the
Laplace function of the search oscillator DC offset voltage.

E,
&

D(s) = (56)

L{s) is the Laélace function of the loop error due to the
search oscillator DC offset voltage. Using analysis tech-
niques similar to the input analysis of Fig. 11, L* is found
to be

e G, G(E,T 1 (57)
Z—1 Z_1+_qz+1
9 Z

From the final value theorem of Eq. (46), the steady-state
output error, L,,, is

— GSGIEDT

L,=S% (58)

Using the value of 4 mV for E,, and the remaining con-
stants as previously indicated, L, is found to be

L, = 15ns (59)

Thus to constrain the loop error due to the search oscil-
lator DC offset to be within 15 ns, the DC offset must be
nulled to within 4 mV. Pre- and post-calibration pro-
cedures for the encounter mission indicated that this
nulling accuracy was indeed accomplished. The sum of
the three sources of loop ocutput error deseribed by
Egs. (51), (55), and (59) is equal to 45 ns.

Table 2 lists the signal combiner constants described
in the above analysis.

IV. Operational Verification

The actual improvement in signal-to-noise ratio real-
ized by the combining equipment can be estimated from
a plot of bit error rate of the processed data over the en-
counter track period. This plot is shown in Fig. 14. The
gradual increase of bit error rate at the beginning and
end of the track is due to the lower antenna elevations
and hence higher noise inputs at those times.

109



Toward the end of the track during the time indicated
in Fig. 14, the combining equipment was switched out,
and only the signal from DSS 14 was processed. During
this time, the bit error rate increased from 0.037 to 0.052.
This is equivalent to a loss of 0.7 dB in signal-to-noise
ratio. Thus the actual improvement due to antenna array-
ing was within 0.1 dB of the calecclated prediction,

V. Conclusion

Analysis of the equipment used to combine the base-
band signals from three antennas during the Mariner-
Mercury encounter on Sept. 21, 1974 shows that sig-

nals arriving at the antennas with a time disparity of
over 50 ps were aligned in time to an accuracy better
than 50 ns. Moreover, the signals were combined in such
a manner as to increase the signal-to-noise ratio of the
signal at one antenna by the sum of the signal-to-noise
ratios of the signals at the other two antennas. Also shown
is that satisfactory equipment operation is relatively
insensitive to the key equipment parameters of signal
mixing ratics and tracking loop gain.

A plot of the bit error rate during the encounter track
shows that the actual combiner improvement in signal-to-
noise ratio was 0.7 dB, a value within 0.1 dB of predicted
theoretical maximum.
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Table 1. Design parameters

Symbol Description Value

R, ST,/N, atDSS 14 1.6 dB

B,  STy/N,atDSS13 —8.4dB

R, STy/N, at DSS 12 ~ —844dB
Subcarrier frequency 177.1 kHz

1/Tp  Datarate 117.6 kbits/s
1D55 13 to DSS 14 time delay 28-92 us
D§S 12 to DSS 14 time delay 13-67 us
DSS 14 microwave round trip delay 110 ps

R, Maximum rate of changein ime delay 10 ps/h

of the signals from D33 12 and 13 with
respect to the signal from DSS 14.

Table 2. Signal combiner constants

Symbol Drescription Value
A, Maximum predicted signal-to- 0.8 dB
noise ratio improvement using
arraying
) a,,a, Summing amplifier constants 03

- for the baseband signals from
~*  DS$S18and DSS 12

B Low-pass filter noise bandwadth ~ 1.57 MHz

G FIFQ gain constant 0.4 zs/Hz/s

G, Quadrature correlator gain 0.56 K counts/ps/s
constant

K Observed in-phase correlator 100,000 counts
count

o, RMS quadrature correlator 1118 counts
noise

G, Digital attenuator gain constant 2R-10

R Digital attenuator thumbwheel 4
switch setting .

G, 18 hit D/A gain constant T 107215 V/count

G, Synthesizer gain constant Af /10 Hz/V

Af, Search oscillator decade setting 10 Hz

T Control loop sampled-data ls
period T

G Open-loop gain constant 0.11

E, Loop output error due to ramp 25 s

, input

oy BRMS loop jitter 5 ns

E, Search oscillator DC offset after 4 mV
nulling

L, Loop output error due to E, 15 s
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Appendix

Derivation of Integrate-and-Dump Sampled Data Function

A conceptual circuit for the integrate-and-dump func-
tion is shown in Fig. A-1. B(s), the Laplace function of
the continuous input, is fed to an integrator of gain G.
Periodically, at intervals of T seconds, an impulse func-
tion is fed to the integrator. This impulse function,
properly scaled by the attenuator, sets the integrator
output, C{s), exactly to zero, A small amount of pure
delay approaching zero in the limit, is required to de-
couple the zeroing of the output and the formation of the
impulse function.

Equations for the loop variables are

a(s) = Gﬁ-gi)— _x _f_ (A-1)
X(s) = Cls) e, 850 (A-2)

Since X(s) contains a pure delay term, its Z-transform is

1

where C{Z,m) is the modified Z-transform of C(s). Taking
the modified Z-transform of Eq. (A-1) and allowing 8 to
approach zero as a limit gives

_ (BN _ 4 G
s =G(B) - x g2y (a4
From Eqgs. (A-3) and (A-4), X* is found to be
. _Z—1/{R()\
X= ——Z_—(——s—> (A-5)
and Eq. (A-1) becomes
_ R(s) G Z—1/REs)\
CE) =G—r = — (3) (A-6)

C(s) is-sampled at the instant before the impulse function
sets it to zero. Thus the Z-transform of C(s) is

C'=C(Zm),., = c% (%s)) (A-T)

A block diagram representing Eq. (A-7) is used for the

.
X =50Zm) ., &0 (A-9) quadrature correlator in Fig. 4.
INTEGRATOR
+ <]
R(S)—={ + - 2 - C(5)
X* T\ X e—SST m l »
1MPULSE 5==0 G
MODULATOR
PURE DELAY  ATTENUATOR

Fig. A-1. Integrate-and-dump Laplace diagram
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DSN Research and Technology Support

E. B. Jackson

R. F. Sysiems Development Section

The activities of the Development Support Group. in operating and
maintaining the Venus Deep Space Station (DSS 13) and the Microwave Test
Facility are discussed and summarized and progress noted during the period
December 16, 1974 through February 15, 1875. Major. activities include
preparation for a planned *‘automated station’” demonstration and hardware/
software testing therefor, observations of rotation constancy of various pulsars,
continued collection of Faraday rotation data with which to effect correction of
spacecraft data for Earth’s ionosphere effects, solar energy.instrumentation data
collection activities, 400-kW X-band radar, Block IV receiver/ exciter testing at
DSS 14, and testing for electromagnetic compatibility with the proposed
Goldstone surveillance radar. Extensive DSN 100-kW Kklystron testing, routine
clock synchronization transmissions, and radio science support activitics are
.also reported.,

l. In Support of Section 331

During the two-month period ending February 15, 1975,
the Development Support Group, in operating the Venus
Deep Space Station (DSS 13) dnd the Microwave Test
Facility (MTF), made progress on various programs as
discussed below. To meet budgetary limitations, the
contractor staffing of the Development Support Group
was reduced from 16 to 10 and the operating hours of the
Venus Station from 80 to 40 hours per week, both actions
effective on February 3, 1975.
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A. Station Automation

In support of the station automation program (RTOP
68—Station Monitoring and Control Technology), which
will demonstrate an automated station by performing a
pulsar track under complete, remote, computer control.at
DSS 13, we provided 62-3/4 hours of testing. The software
for on-site operation is essentially complete, and the
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intercommunications among the computers is complete
and functioning. Pulsar observations, complete with data
collection, are being done under control of the master
computer {the SDS$-930 at the Venus Station} during these
tests.

B. Pulsar Observations

In support of Pulsar Rotation Constancy (OSS-188-41-
52-09), we provided 64-1/2 hours of pulsar observations,
during which the pulsars tabulated in Table 1 were
observed, and precise pulse-to-pulse timing, pulse shape,
and pulse power content were measured. These observa-
tions, which use the 26-m antenna and SDS-930 computer
for data collection, were made at 2388 MHz, using left-
circular polarization (LCP).

Il. In Support of Section 333
A. Faraday Rotation Data Collection

Observing Applications Technology Satellite Number 1
(ATS-1) at 137.25 MHz, two complete receiving systems
record the angle the received electric field vector makes
with the horizon. The data are recorded onto an.analog
chart recorder, a digital printer, and punched paper tape
for later computer processing at JPL. The data are mailed
to JPL at the end of each day’s observations, and, after
processing, are used to correct observed spacecraft
doppler and range data for the effects of passing through
the Earth’s ionosphere. These data are collected automati-
cally 24 hours/day, 7 days/week.

B. Sky Survey/NAR Reliabifity Testing

Using the 26-m antenna, the station receiver, and the
Noise Adding Radiometer (NAR), data are automatically
collected at night and during weekend hours when the
station is unmanned. The antenna is fixed in position at

180-deg azimuth, and observations are made at several

fixed elevation positions. During this period, observations
were made for a total of 613-1/4 hours, at elevation angles
of 80.6 through 81.9 deg, ata frequency of 2295 MHz,
right-circular polarization (RCP).

C. Radio Star Calibration

As part of the Antenna Gain Standardization Program,
observations are made at DSS 13 to determine received
flux density of a number of radio sources. These
observations, at 2278.5 MHz, RCP, were made of radio
sources Cygnus A, Virgo A, and 3C123, using the 26-m
antenna, the station receiver, and the NAR. The NAR has
conirol of the antenna offsets and provides a semi-
automated data collection cycle, as well as recording the
data.
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D. Solar Energy Instrumentation

In support of RTOP 69—Tracking Station Operations
Technology, the Solar Energy Instrumentation Data
Acquisition System (SEIDAS), which was relocated from
DSS 14 to DSS 13, has had additional sensors added.
SEIDAS currently has two pyrheliometers and three
pyranometers, as well as sensors which measure air
temperature, dew point, pressure, and wind speed. The
data are recorded onto magnetic tape for later processing
by the 1108 computer at JPL.

1tl. In Support of Section 335
A. Microwave Power Transmission

In preparation for testing of the final array of
“rectennas,” additional cable pairs were extended from
the collimation tower to the operations building (G-51).
{These pairs formerly terminated at building G-63.)
Additionally, at the collimation tower, a three-phase, 100-
ampere ground fault interrupter (GFI) was installed to
increase personnel protection.

In preparation for the modifications necessary to the
structure of the collimation tower, several prospective
contractors visited the facility. At the end of the reporting
period, the contract was awarded to Plas-Tal Corporation
of Sante Fe Springs, California; they visited the site to
make final measurements preparatory to fabricating the
necessary steel,

B. X-Band Radar

With continued maintenance and operations support
from wus, the X-band radar was used to successfully obtain
returns from the rings around the planet Saturn, as well as
the minor planet Eros, when it came close to Earth in
January 1975. The ring observations were made at a
power output of 150 kW per klystron (two klystrons
installed), but for the Eros observations the power output
was successfully raised to 200 kW per klystron.

A variable load was fabricated to test the traveling-wave
tube (TWT) power supplies; one of the Logimetrics
power supplies failed during test. The other Logimetrics
power supply is installed and powering the Varian TWT.
The helix drivers have also been installed, and the system
is functioning well although some temporary equipment
still remains.

C. DSS 14 Block IV Receiver/Exciter

In support of the implementation of the Block IV
receiver/exciter at DSS 14 for use during the Viking
mission, we aided in the installation and testing of the
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receiver and exciter control panels, interface testing, and
various troubleshooting. Also, using a test facility setup at
DSS 13, we modified, repaired as necessary, and tested
various modules for the system using newly generated test
procedures with which to measure performance. Although
some monitoring and other interface functions are still
undergoing test, the Block IV receiver/exciter at DSS 14
is functioning well.

D. Goldstone Surveillance Radar

With the higher intensities of non-ionizing radiation
now being emitted by the Goldstone antennas, a way to
avoid accidental irradiation of aircraft which may fly into
the dangerous part of the antenna beam. is desirable. As
part of the planning for the possible installation of a short-
range surveillance radar, we made measurements of the
possible interference between such a radar and the normal
DSN operations of spacecraft reception.

Using an FPS-18 type radar as a baseline, measurements
were made at DSS 14 vsing a simulated radar operating at
2835 MHz. Appropriate pulsed signals having a peak level
of ~10 dBm were coupled into the maser, and their effect
upon the demodulation of telemetry was examined. With
the station demodulating telemetry with a signal-to-noise
ratio (SNR) of 3.8 dB, no difference in the computer’s
estimation of SNR could be detected between the radar
on/radar off configuration. However, this telemetry test
was only of short duration and a longer test at higher
powers is planned, Examination of the RF performance of
the receiver and monitoring system was also performed
during the 10-hour test period. -

E. DSN Klystron Testing (100 kW)

In support of the implementation of the 100-kW
transmitters into DSS 43/63, extensive testing of the
X-3060 klystrons to be employed has been conducted at
DSS 13. These klystrons have been modified by Varian
Associates, the manufacturer, and incorporate a new
cathode design.

Although some difficulty has been experienced with
klystron dimensional variations that affect both body
current and installation into the socket tank, complete
parameter testing and a 12-hour “stability” run at 100-k'W
output power have been completed on klystron serial
numbers A6-17-R2, H5-30-R2, K5-24-R1, and L5-34-R1.
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IV. In Support of Section 391
Differential VLBI

In support of the Differential VLBI Experiment (OTDA
310-10-60-56), DSS 13, in conjunction with DSS 63,
provided 8-1/4 hours of station support. During an actual
5-1/4 hours of observation, 28 radio sources were
observed with a new source being selected every 12
minutes. Observations were made at 22080 MHz, using the
26-m antenna adjusted to receive RCP. The data were
recorded on a special recorder installed for this experi-
ment,

V. In Support of Section 422
A. Clock Synchronization Transmissions

As scheduled by the DSN, transmissions were made as
tabulated in Table 2 for a total duration of 12-1/2 hours.
These transmissions are made at 7149.9 MHz, using the
9-m antenna equipped with a 100-kW transmitter.

B. Viking Mission Configuration Tests, DSS 14

In support of the configuration testing at DSS 14, which
is necessary in preparation for the Viking missions, we
have provided on-site support to assure correct operation
of the Block 1V receiver/exciter, or to aid in troubleshoot-
ing in the event the system does not perform as expected.
HExcept for some monitoring difficulties, we have sup-
ported the telemetry and command configuration testing
to a successful conclusion insofar as the installed
equipment will allow. A total of 88 hours of support was
provided to this testing effort.

VI. In Suppori of Section 825

Planetary Radio Astronomy-

In support of the Planetary Radio Astronomy Experi-
ment (OSS 196-41-73-01), we observe the planet Jupiter
and various radio calibration sources. Received flux
density, at 2265 MHz, LCP/RCP, is measured using the
26-m antenna, the station receiver, and the NAR.
Observations were made as tabulated in Table 3 and are
made semi-automatically with the 26-m antenna offsets
under the control of the NAR.
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Table 1. Pulsars observed at DSS 13 (December 16, 1974
through February 15, 1975)

003107 0823-+26 1706-16 2021 +51

0329454 0833--45 174928 204518

0355+ 54 1133+16 1818-04 2111+486
-+ 0525+21 1237+25 191104 ‘2218447

0628-28 160400 1929+10

0736—40 1642—03 1933+ 16

Tahle 2. Clock synchronization transmissions {December 16,
1974 through February 15, 1975)-

Station Number of transmissions
DSS 42 3
DSS 43 3
DSS 81 3
DSS 62 1
DSS 63 2

Table 3. Radio calibration sources observed at DSS 13
(December 16, 1974 through February 15, 1975)

8C17 3C138 3853
3C48 : 3C147 PKS 0237-23
3c123. 8C348 1G5146

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-26



Diagnostic and Control Panel for the
Coherent Reference Generator

C. F. Foster

R. F. Systems Development Section

This report describes the diagnostic and control system developed for the
Coherent Reference Generator (CRG). All elements of this assembly are designed
to .have configuration control, failure analysis, and fault location performed
either manually or by a remote computer. The mechanical control portion
provides the selection of a frequency standard as well as either computer or
manual mode of operation. To facilitate rapid system repair, all CRG input and
output, signal levels, and power supply levels are monitored for performance
within their specified limits, with the failed elements triggering the CRG alarm,
and displaying the location of failure on the front panel.

I. Introduction

The Diagnostic and Control Panel for the Coherent
Reference Generator (CRG) is designed in accordance
with the requirements set forth in DSIF Standard Design
Requirements 00001. This panel features fully automated
performance monitoring, including indicators that allow
the operator to determine the operational status of each
module, as well as the presence of all input signal levels.
Frequency standard selection is made by a single front
panel switch, as is manual/computer selection, and fault
indicator test. The elimination of complex displays,
multiple switches, and controls assures the necessary
performance requirements to minimize operator expense.
To provide for future growth, this panel incorporates
computer interface and control logic so that system
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configuration, failure analysis, and fault location can be
performed by a remote computer. The computer capabil-
ity is designed such that all the necessary logic is on plug-
in cards. This allows sites presently without computer
control to eliminate the cost of the computer interface/
control logic until such time that a computer dees become
available; then, to achieve full computer capability, all
that will be required is to purchase the necessary cards
and plug them into prewired sockets.

. Implementation

A simplified block diagram of the Diagnostic and
Control Panel (Fig. 1) shows the major logic functions. All
inputs and outputs are internally monitored at the module
level, and signal presence confirmation signals are
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presented to the Diagnostic Panel as active transistor—
transistor logic (TTL) “low” levels. All module status as
well as power supply and switch conditions are fed in
parallel to the CRG’s good/bad alarm. If anything is out of
tolerance, even if a module is not plugged in, the operator
is alerted by an audio alarm and the remote computer sees
a fail signal,

For description, this panel easily breaks down into two
major functions: manual control and computer control. In
the manual control mode, the frequency standard selection
is accomplished with a mechanical fail safe switch so that
if ac power is momentarily interrupted, the operator will
not have to re-select the frequency standard. This switch
also establishes the code for the station 1-MHz clock
driver to assure that the proper secondary standard is
selected in the event the primary fails. The individual
module status lights shown in the lower-left comer of Fig.
2 indicate the location of a failed module using a grid
system whereby each separate panel in the cabinet is
numbered starting from the top as Al, A2, etc, and
modules within a panel are numbered left to right as Al,
A2, and A3 (i.e., the third module from the left in the sixth
panel would be located by a light at position ABA3 in the
front panel module grid). This method of module
identification greatly reduces the cost of expansion and
change, as control panel engraving will not have to be
changed when modules are added, The input signal
display, upper-left corner of Fig. 2, indicates if either the
1-MHz or the 5-MHz signal is not present, and if the 0.1-
MHz or 10-MHz is not present. The station clock standard
indicates the presence of the 1-MHz primary and
secondary standards. This indicator provides a monitor on
the backup frequency standard, which is automatically
placed into service in event of a primary standard failure.
Other front panel indicators display power supply and
backup battery status. The condition of each coaxial
switch in the frequency standard selector is displayed, as
they are designed to be replaced by the operator in the
event of failure. A test switch is designed into the front
panel for the operator to check proper operation of the
indicator lights. Four pushbutton switches select the

primary frequency standard, with adjacent lights verifying
that the correct sequence of switch operations has taken
place. A front panel switch with a mechanical lock selects
either manual or computer mode of operations.

In the computer mode all front panel indicators
operate. The computer interface is designed to be fully
compatible with DSN Standard Interface Specification
ES508534, and incorporates the hybrid handshaker circuit
{Bef. 1). A single status output alerts the computer in the
event of a Coherent Reference Generator failure, thus
allowing the computer to perform functions other than
continually monitoring all the individual modules. When
the computer is alerted that there is an anomaly in the
CRG, the DSN standard interface protocol is put into
effect to interrogate the module status word generator,
thereby locating and displaying the fault for operator
action. Computer configuration control is initiated through
the standard interface circuit only if the computer/manual
switch is in computer mode.

The control circuit is designed using shift registers as
digital filters to eliminate the possibility of noise on the
interface lines from changing the frequency standard
selection. The control sequence requires the computer to
place the code corresponding to the frequency standard to
be selected on data transfer lines (2) through (5) along with
a separate control bit on data line (1) of the interface.
After the handshaker has cycled through the proper
protocol, an XEQ command generated by the handshaker
is applied to the decoder, and the command is transferred
to the frequency standard selector. The deceder has a
volatile memory that is protected against power line
outage by a backup battery system, thereby providing fail
safe operation in both computer and manual modes.

I1l. Conclusion

The Diagnostic and Control Panel has been developed
and fully tested in the laboratory. It has been installed and
is operating at DSS 14, meeting all design goals. Present
plans call for adding this capability to the remaining
Coherent Reference Generators installed in the 64-m net.

-

Reference

1. Foster, C. F., Complete Logical Operation and Test Procedure of Handshaker
Circuit, Spec. TP510942A, in preparation (JPL internal document).
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Automation of Data Gathering and Analysis
. for the Fourth-Harmonic Analyzer

Y. L. Grigsby

R. F. Systems Development Section

The Fourth-Harmonic Analyzer is used to measure the magnitude of the fourth
harmonic of the S-band transmitter in waveguide for any mode or combination
of modes to develop operational technigques in measuring harmonics. The
gathering and analyzing of data have been automated to reduce the number of
man-hours needed to perform this task by hand.

l. Introduction

An analyzer called the Fourth-Harmonic Analyzer has
been developed (Fig. 1} to measure the magnitude of the
fourth harmonic of the S-band transmitter in waveguide
for any mode or combination of medes and to develop
operational techniques to establish measurement accuracy
in measuring harmonics. (Refer to Ref. 1 for technical
information on the analyzer.) Previously it took two
people two hours to gather the data. An additional two
days were needed -to analyze the data. With the use of a
PDP-11/20 computer along with its real-time program-
ming and operating system, RT-11, and a general
microwave digital power meter, the time required for
gathering and analyzing data is drastically reduced.
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ll. Summary

A PDP-11/20 with RT-11 program was used to analyze
data of the Fourth-Harmonic Analyzer. A program was
written to (1} read the voltage standing ‘wave ratio
(VSWR) values from a file stored on Digital Equipment
Corporation (DEC) tape, (2) read the power-level data
typed in at the teletype (TTY), (3) save the power-level
data on paper tape, (4) analyze the data, (5) compute the
total power, and (6) provide the option of listing only the
total power or the total power, all data, and calculated
values. The preliminary results were within £1.8 dB of the
measured harmonic input. The time required to gather

. and. analyze data was reduced from two days to three

hours.
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The automation of .data gathering and analyzing is the
first step in establishing measurement techniques and
instrument precision. With automation many tests can be
run to achieve maximum accuracy in a laboratory
environment prior to inserting the analyzer into the high-
power microwave system and making the actual power
measurements. The time required for gathering and
analyzing data is drastically reduced.

I1l. Previous Analyzing Techniques

The power level at each port was read by a power
meter and recorded on a work sheet. In the laboratory
only the lest procedure requires placing cbjects, such as
metal, in the waveguide to obtain various combinations of
modes. The data gathering process took two people two
hours. One person alone took an additional two days to
analyze the information and calculate the total power.
The calculation involved 960 pieces of data.

The analyzer has a total of 240 ports. The ports are
divided into nine groups labeled A through I Each group
contains 30 ports with the exception that there are no
ports for C16 through C30 and G16 through G30. For
programming purpoeses the ports become a 9 X 30 matrix.

Using the measured VSWR of each port, the measured
power levels were corrected for all ports. The corrected
values were then summed and multiplied by the insertion
loss to obtain the total power. For each port, a total of
four data values were used (two given data values and two
computed values), giving a grand total of 960 values.

IV. Automation Techniques

To automate the procedure of gathering and analyzing
data, the following equipment was used:

(1) PDP-11/20 computer with RT-11 operating system.
(2) Teletype or cathode-ray tube (CRT) terminal.
(3) Fourth-Harmonic Analyzér.

(4) General microwave digital power meter with test
probe.

Figure 2 shows how the equipment is set up.

A program was written to analyze the data and
compute the total power. The program also has the option
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of listing only the total power or the total power, all data,
and calculated values. The flowcharts (Figs. 3-8) describe
in more detail how the program works. The measurements
are typed in at the TTY or CRT from the recorded data.
Each data value typed in is saved by the high-speed
paper-tape punch. The VSWR values are stored and read
from a file maintained on DECtape. This is possible
because one advantage of RT-11 Basic is the ability to
read and write data files while running a basic program.
All measurements are analyzed in the computer and the
process of analyzing data which. took two days was
reduced to three hours.

If a listing of the analysis (all data and calculated values)
is required at a later date, the data on paper tape are fed
through the high-speed paper-tape reader. A second
program was written for the sole purpose of reading the
data (measured power levels) off of paper tape, reading
the VSWR values off of a file on DECtape, analyzing all
data, and reproducing a complete listing of the analysis.
The paper tape saved time because it eliminated the need
of typing in the data at the TTY again.

V. PDP-11/20 and RT-11

One outstanding feature of RT-11 is its ability to link an
assembly language routine with a basic program. This
feature makes it possible to insert the test probe into a
port of the analyzer, read the power level, and transmit
the data to the assembly language routine in the
computer. The basic program then calls on the assembly
language routine for the data. The linkage of an assembly
language routine to a basic program works on the same
principle as fortran and its subroutine. This linkage will
completely eliminate the need of typing in data at the
TTY in the future.

V1. Future Plans

In the near future the gathering and analyzing of the
data for the Fourth-Harmonic Analyzer will be fully
automated. Data will no longer have tc be recorded on a
data sheet and typed in at the TTY. There will be a direct
connection between the digital power meter and the
computer. As the power levels are displayed and read by
the meter, they will automatically be stored in the
computer by way of the “data line” (see Fig. 2). The
entire task will require only one person instead of the two
people required to perform the present automation
techniques.
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Goldstone Solar Energy Instrumentation
Project: Description, Instrumentation, and
Preliminary Results

M. S. Reid, R. A. Gardner, and O. B. Parham
Communications Elements Research Section

A solar energy instrumentation project has been initiated at Goldstone in
order to support the investigation of Goldstone as a possible site for a
demonstration project by acquiring fundamental information about solar
radiation characteristics at that_location and by helping to build an adeguate
technological base for the engingering of solar-based energy systems suitable for
Goldstone. The initial instrumentation and results for the first three months of
operation are discussed and presented in tabular and graphical form.

l. Introduction

The Goldstone Space Communications Complex has
several unique characteristics which make it appropriate
for consideration as a solar energy demonstration project
that could attain a high degree of energy self-sufficiency
and possibly make a significant contribution to the
achievement of a national goal of energy independence.
This work supports the investigation of Goldstone as a
possible site for a demonstration project by acquiring
fundamental information about solar radiation characteris-
tics and by helping to build an adequate technological
base for the engineering of solar-based energy systems
suitable for Coldstone.

The work unit is fiivided into two parts, which are of
nearly equal importance and magnitude and have nearly
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concurrent schedules. Both parts require the acquisition of
data over extended periods. Part A acquires solar radiation
and meteorological data to improve the accuracy of
probabilistic models essential to engineering design. Part B
acquires performance data on measurement equipment
placed at Goldstone for feedback to the technological base
to improve the basic physical models used for system
analysis and evaluation,

Solar- collectors potentially suitable for a solar-electric-
hydrogen fuel generation subsystem at Goldstone will be
analyzed to determine what site-peculiar information is
needed to specify, design, and evaluate them. The
information falls into three classes: (1} insolation, both
specular and diffuse; (2) meteorological, such as wind
speed and direction, temperature, relative humidity, etc.;
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and (3) environmental, such as dust and sand deposition
and erosion. The information does not include characteris-
tics that can be determined by measurement at places
other than Goldstone, such as absorptivity and emissivity,
or other properties of materials.

‘Raw data from measurements are not directly usable for
the engineering of solar collectors or for the analysis of
complete solar-hydrogen fuel subsystems; the probabilistic
models must be fitted to the raw data. A probabilistic
insolation model will be devised for the total insolation
and for the specular component as a function of collector
concentration, and a probabilistic meteorological model
will be devised for wind speed and direction, temperature,
relative humidity, ete. In all cases, the models will include
probability density functions for the year and for each
month. The insolation and meteorological models will be
fitted to the data to improve their accuracy and to
establish the degree of correlation among the random
variables in the models. This correlation, however, will not
be included in the early models.

As a result of examining potentially suitable solar
collectors and probabilistic models, a set of measurements
will be defined. Commercial instruments have been, and
will continue to be, specified and procured to make as
many of the measurements as possible. Where commercial
instruments are not available, such as devices for
measuring the specular component of insolation as a
function of collector concentration, the necessary instru-
ments will be designed and built.

Some of the measurements are already being made
under other Office of Tracking and Data Acquisition
(OTDA)-funded activities (Microwave Weather Project,
Operational Meteorological Data System, Conscan Pro-
ject). Whenever possible, common measurements will be
made by instruments already incorporated into the other
data-gathering equipments. .

A complete program of measurements at other NASA
tracking stations is not required at this time. However, an
operational meteorological data system is being imple-
mented at DSSs 14, 43, and 63, which will incorporate a
single insolation instrument, a hemispherical pyranometer.
The data from each of the systems will be delivered to this
project for reduction and analysis. The reduced data from
D§Ss 43 and 63 will serve as the basis for preliminary
insolation and meteorclogical models for those stations
when needed. By correlating the data from the three
stations, it will be possible to extend the Goldstone models
to obtain preliminary models for the other complexes as
needed. The extension technigue will be useful in devising
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preliminary models for other NASA tracking stations and
complexes.

Part B of the project is concerned with developing the
technological base needed to analyze and evaluate an
entire solar-hydrogen fuel subsystem for Goldstone,
including its component parts. Particular attention will be
paid to identifying the key parameters that would be
needed in each case to specify devices and-subsystems.

When sample collectors or other components are
procured from industry (not by this project) or are
supplied to JPL for evaluation, instrumentation will be
developed or procured to measure actual performance.
The performance data will be used to compare actual
versus theoretical performance, and the information will
be fed back to improve the technological base.

When a complete solar-hydrogen subsystem is installed
at Goldstone (there may be more than one), instrumenta-
tion for the long-term evaluation of its performance will
be developed or procured, installed, and transferred to the
operations organization for maintenance and operation.
Data acquisition will be monitored to assure the validity of
the data. The actual performance data will be compared
with the theoretical performance computed using data
collected at the same time by the instruments provided
under Part A,

The use of actual field test data will permit the
economic feasibility of proposed modifications to the
solar-hydrogen subsystem to be determined. The data will
also permit an assessment of the economic factors relating
to the possible installation of solar-hydrogen subsystems at
other NASA tracking stations or complexes. The assess-
ment will be facilitated through the use of preliminary
insolation and meteorological models developed for the
Spanish and Australian tracking complexes based on data
from Part A.

II. Initial Instrumentation

A pyrheliometer was installed on the roof of the main
control building at DSS 14 on June 19, 1974 A
pyrheliometer is a commercial instrument which measures
the total incident radiation, both specular and diffuse, over
a hemisphere. Its orientation is horizontal to measure the
total radiation from the sky.

This instrument is an Eppley-type pyranometer, which
has a radial wire-wound differential thermopile as a
detector. The hot junction receivers are blackened and the
cold junction receivers are whitened. When exposed to
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solar radiation, the black and white surfaces develop a
marked temperature difference, and the resulting voltage
is proportional to the intensity of solar radiation. The
instrument has a built-in temperature compensation
circuit for a standard matching condition through the
range —20 to +40°C. The thermopile unit is formed of 48
artificial junctions by copper-plated Constantan wire and
mounted under a precision-ground optical quartz glass
hemisphere. The wavelength response is maximized from
0.32 to 2.5 microns. Instrument linearity is £1% over 0 to
2 langleys/min (0 to 1.3956 kW/m?2) and the temperature
dependence is +1.5% consistency over -20 to +40°C.
Response time (1/¢} is 3 to 4 seconds.

The clear day data from this instrument will be useful
for determining or verifying a theoretical clear day
insolation model for Goldstone. Data for cloudy days. wilt
be useful for determining or verifying a probabilistic
model of Goldstone insolation. This report presents the
data from this instrument for the period June 19 through
September 30, 1974.

Other instruments that were operating at Goldstone
(DSS 14) during this period were meteorological instru-
ments. These included temperature, barometric pressure,
dew point, wind speed and direction, and rainfall. The
data that are presented in this report are temperature,
barometric pressure, and absolute humidity in terms of
grams of equivalent water per cubic meter of air.

An automatic dafa acquisition assembly has been
procured and is presently being commissioned. It consists
of a central recording station which has the capability of
interfacing with up to 10 remote stations. The remote
stations will interface with transducers in a given
instrument, or set of associated instruments, and condition
the signals for transmission to the cemtral station. The
various signals will be time-multiplexed for transmission
under the control of the central station. The central
station will control the multiplexing of the remote stations
so that the signals from all of them are interlaced. The
station will condition the signals and record them on a
magnetic tape that is computer-readable. The recording
will be time-tagged.

llf. The Restults

The pyranometer output is a voltage which is calibrated
in terms of langleys per minute (kW/m2) of solar flux. The
data system recorded one data point per minute. When
these data are plotted on a daily basis, the result is a curve
of langleys per minute (kW/m?) versus time. Figures 1
through 5 show samples of these daily graphs which cover
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the range of weather conditions experienced at Goldstone
since the start of this project. Figure 1 is a clear day.
Figure 2 shows some noon haze in an otherwise clear day.
Figare 3 is the graph of a day with clouds in the
afternoon. Figure 4 shows a day with fast moving clouds,
and Fig. 5 is the graph of a heavily clouded day. It must
be noted that the peaks in Figs. 4 and 5 are higher than
would be expected from a clear day. This is due to
reflection off large white clouds not in the:direct sun-line.

Computer integration of the area under these curves
yields the total energy received for the day. The units are
kW/m?, sometimes quoted as langleys, where 1 langley =
1.1630 x 102 kWh/m?2.

Table 1 is a listing of the pyranometer data by day
number and date for the period June 19 through
September 30, 1974. The table lists peak energy for the
day in kW/m? and total received energy for the day in
kWh/m?2. These two columns list measured data only, and
only those days have been included when data were
recorded continuously throughout the sunrise-to-sunset
period. The next column lists total energy for the day in
kW/m? as determined by a theoretical clear day model.
This model is the JPL theoretical clear day model for
Goldstone based on the ASHRAE formula {Ref. 1). The

next column in the table lists the dimensionless ratio of

~measured total daily radiation to total daily radiation by

the clear day model.

One of the first objectives of this project is to determine
a clear day model of solar insolation at Goldstone from
which a probabilistic model of cloudy day insolation can
be built. On those days with light or moderate clouds the
graph of langleys per minute (kW/m?} versus time was
curve-fitted to remove the effects of the clouds and thus
simulate a clear day. This was possible on a number of
days when the langleys per minute (kW/m?) curve could
be filled in with reasonable certainty. The curve with
cloud effects removed was integrated to yield a corrected
clear day total energy. The last column in the table lists
these data.

Figure 6 is a plot of the daily measured peak energy as
a function of time for the period June 19 through
September 30, 1974. Figure 7 is a plot of daily total
energy together with a curve of the JPL clear day model
for Goldstone. Figure 8 shows daily total energy for all
clear days, both real and corrected, for the period June 19
to September 30 above. The standard deviation of these
data from the clear day model is 0.316 kWh/m?2 or about
4%. Some data points, however, are above the model and
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this is under investigation. Figure 9 is a graph of the ratio
of measured data to clear day model. The data are total
daily energies and the horizontal line indicates measured
data equal to the clear day model.

Figures 10 through 13 show certain meteorological
parameters measured at DSS 14 for the same period as the
solar figures. Ambient temperature and daily maximums,
minimums, and means are plotied in Figs. 10 and 11; Fig,
12 is barometric pressure. Figure 13 shows absolute
humidity in terms of grams of equivalent water per cubic

meter of air calculated from measured dew point and
ambient temperature,

IV. Conclusion

Preliminary data have been obtained and reduced. The
results demonstrate the clear requirement for more data
and more consistent data acquisition. Other measuring
instruments will be added when they are built or procured
and more efficient data analysis techniques will be
investigated and implemented.

Reference

1. ASHRAE Handbook of Fundamentals, American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), Inc., New York, 1972.
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Table 1. Solar insolation data, specular and diffuse, for Goldstone for the period June 19 through September 30, 1974

Clear and
Measured total Clear day . -

Day number Date Paak, kW /m?2 energy, kWh/m? model, kWh/m? Ratio data/model e;:f;tl‘:{lv?ﬂz
171 Jun 20 0.973 8.300 9.176 0.905 8.392
172 Jun 21 1.004 8.503 9.178 0.927 8.605
173 Jun 22 1.000 8.454 9171 0.922 8.586
174 Jun 23 0.999 8.464 9.169 0.923 8.654
175 Jun 24 0.991 8.182 9.166 0.893 8.278
176 Tun 25 0.969 8.282 9.162 0.868 8.302
177 Jun 26 1.008 8.551 9.157 0.924 8.888
178 Jun 27 1.027 8.824 9.151 0.964 8.906
179 Tun 28 1.026 8.738 9.145 0,955 8.822
180 Jun 29 0.995 8.471 9,138 0.027 8.540
181 Jun 30 0.988 8.373 2.131 0.917 8.378
196 Jul 15 1.157 6.849 8.532 0.711
197 Jul 16 0.985 8.172 8.913 0.917 8.172
199 Jul 18 1.017 8.260 8.873 0931 8.495
200 Jul 19 1.098 4,140 8.853 0.468
201 Jul 20 1.080 7.669 8.831 0.868
202 Jul 21 0.968 7.994 8.809 0.907 8.163
208 Jul 22 1.046 7187 8.790 0.812

- 204 Jul 23 1.173 6.501 8.770 0.741
212 Augl 0.932 6.823 8.587 0.795 7.994
213 Aug2 1.034 4,966 8.561 0.580
225 Aug 13 0.991 7.895 8.197 0.963 8.013
226 Aug 14 0.972 7.861 8.162 0.963 7.929
227 Aug 15 1.007 8.140 8.127 1.002 8.181
228 Aug 16 1.018 8.200 8.051 1.013 8.262
229 Ang 17 1.020 8.183 8.055 1.016 8.219
230 Aug 18 1.069 7.848 8.018 0.979
231 Aug 19 0.997 7.942 7.981 0.995 -8.059
232 Aug 20 1.008 7.707 7.924 0.973 8.083
233 Aug 21 1.005 7.981 7.904 1.010 7.981
234 Aug 22 1.000 7.914 7.870 1.006 7.814
235 Aug 23 1015 7.991 7.836 1.020 7.991
236 Aug 24 0.992 7.808 7.802 1.001 7.808
239 Aug 27 1.014 7.976 7.604 1.037 7.993
240 Aug 28 0.975 7.363 « 7.657 0.952 7.520
241 Aug 29 0.948 7.357 7.819 0.956 7.502
242 Aug 30 1.028 7.623 7.581 1.006
247 Sept 4 0.923 6.510 7.577 0.882
248 Sept 5 0.927 6.921 7.338 0.943 7.141
249 Sept 6 0.873 6.618 7.294 0.907 6.639
250 Sept7 0.873 8.513 7.251 0.808 6.545
9251 Sept 8 0.849 6.441 7.209 0.893 6,494
952 Sept 9 0.858 6.510 7.165 0.909 6.517
2583 Sept 10 0.859 6.553 7.122 0.920 6.565
254 Sept 11 0.855 6.444 7077 0.911 6.444
256 Sept 13 0.851 6.433 6.988 0.921 6.448
257 Sept 14 0.861 8.502 6.942 0.937 6.520
258 Sept 15 0.858 6.509 6.896 0.944 6.541
259 Sept 18 0.858 6.447 6.850 0.941 6.468
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Table 1 (contd)

Clear and
Measured total Clear day .
Day number Date Peak, kW/m? energy, kWh/m?  model, kWh/m? Ratio data/model eﬁzf;t;dwtl?;?r]m

260 Sept 17 0.855 §.421 6.803 0.944 6.438
261 Sept 18 0.853 5.752 6.756 0.851

264 Sept 21 0.822 8.094 6.613 0.922 6.117
285 Sept 22 0.832 8.066 6.565 0.924 8.066
271 Sept 28 0.860 6173 B.276 0.984 6.204
272 Sept 29 0.849 6.029 6.227 0.968

273 Sept 30 (.863 5.878 6.178 0.951 6.360
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Fig. 1. Plot of pyranometer output versus time for
day number 278, October §, 1974
2.0 T T - 1 T
—1.25
164~
—1.00
1.2
=10.75
0.8
—0.50
0.4~ —o.25
0_ | il 1 ! 0
240.0  240.2 240.4 240.6 240.8  241.0

TIME, decimal days

Fig. 2. Plot of pyranometer output versus time for
day number 240, August 28, 1974
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Fig. 6. Daily Peak Solar {nsolation for Goldstone for-the Period June 19 through Septemher 30, 1974
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Fig. 7. Daily total energy as a function of time for the period June 19 through September 30, 1574

10

CLEAR DAY AND CORRECTED TOTAL ENERGY, I<W[1/\«.r2

] 1 1 ! [ |
7o 177|184 191 198 205 217] 219 226 233 240 | 247 254 261 268
. JUN 19 JuL AUG 1 SEP 1 SEP 30

DAY NUMBER, 1974

Fig. 8. Clear day total energy, actual and corrected, for the period June 19 through September 30, 1974
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RATIC OF MEASURED DATA TO CLEAR DAY MODEL
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Fig. 9. Ratios of measured data to clear day model, for the period June 19 through September 30, 1974
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Fig. 10. Ambient temperature at Goldstone, DSS 14, for the period June 19 through September 20, 1974
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BAROMETRIC PRESSURE, mbars
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Fig. 12. Goldstone barometric pressure for the period June 19 through September 30, 1974
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Fig. 13. Absolute humidity at Goldstone, DSS 14, for the period June 19 through September 30, 1974
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Software for Multicomputer
Communications

J. W. Layland

Communications Systems Research Section

This article contains a brief discussion of the alternatives which exist for
software support of intercomputer communications in a multiple minicomputer
network, and o detailed description of a software package which implements a
relatively flexible option on the Xeroxr 910/620/930 and Sigma computers, The
material should be applicable to the intercomputer communication needs of the
tracking stations as the number of subsystem control mmnicomputers within

these stations-increases in the near future.

l. Introduction

The tracking stations of the Deep Space Network
currently use a few computers for handling telemetry and
command data streams, for control of the large antenna,
and for monitoring various performance measures of the
station. It is expected that computerized control and
monitoring of station functions will greatly increase in the
near future in order to generally improve maintainability,
and to increase the fraction of time that the station is
available for spacecraft tracking. Given current trends, this
increased computerization will likely be accomplished
through a. number of small computers, each of which is
interfaced to some specific subset of the tracking station
equipment. Each of these subsystem computers would be
interfaced in some fashion with the other computers in
order to enhance the coordinated operation of the station,
and to enable the pooling of certain resources, such as
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computer unit-record peripherals. Multiple minicomputer
networks have been used successfully in industry in a
variety of process control and monitoring applications. A
similar multiple minicomputer network is under develop-
ment as the DSN Network Control System (NCS),
wherein each of the minicomputers performs a dedicated
monitor/control function for the network operation as a
whole. In the NCS, the separation between functional
entities effects a well-defined physical interface between
software development teams for each of the functions.
This separation has been viewed as a means to increasing
software reliability and easing some of the problems
inherent in developing large multi-function systems. The
communication paths which exist between the minicom-
puters must support the interface between the various
functions of the system, hence the organization of these
paths, and the associated features, represents a significant
item in the overall system design.
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A previous article (Rel. 1) described one approach to
the capabilities and features of an intercomputer commu-
nication structure usable in these applications, and a
second article (Ref. 2) is a detailed description of our
“twin-coax” intercomputer communications hardware and
interfaces. Within this framework, a large amount of
flexibility still exists for communication modes to be
supported by the software, and the overall system
organization. Section II of this article contains a brief
discussion of the alternatives which exist in software
support of intercomputer communications; succeeding
sections contain a detailed description of the software
which implements one of the more complex and flexible
options on our Xerox 910/930 and Sigma computers.

Il. Features and Capabilities

The communications paths which are established
between computers in a multicomputer structure have
one primary reason for their existence: to provide
distributed access to resources and/or data which are
maintained as a private or localized resource for reasons of
economy, reliability, or policy. In a tracking station,
examples of such resources could include the current-exact
antenna position, the most recent estimate of the
telemetry downlink signal-to-noise ratio, the floating-point
arithmetic capability needed to evaluate predict polyno-
mials, data-storage devices, and computer input/output
devices. One of the more important considerations in
defining capabilities is that the overall system must be
robust and tolerant of both data errors in messages and
failures inside any one of the subsystems. A straightfor-
ward system organization, and one which can be the most
resistant to propagation of errors is a simple hierarchy:
Each subsystem minicomputer “owns” a small segment of
the overall system, and performs all control, monitoring,
and data handling functions associated with that segment
of the system. Groups of the subsystem minicomputers are
in turn owned by a supervision-type minicomputer, and so
on. Capabilities which are needed by a subsystem are
mostly contained within the subsystem minicomputer, and
those capabilities not contained are provided by a higher
level of the hierarchy. Physical communication paths exist
only along vertical lines of the hierarchy. The simplicity of
such an organization limits the propagation of failures
through the system, makes it relatively easy to intelli-
gently allocate resources, and restricts the growth of
complexity in the software developed to support the
intercomputer communications paths.

This simplicity also restricts flexibility for changes and

for recovery from certain types of computer failures. The
greatest flexibility would be obtazined by providing a
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universal communication bus which allowed any computer
to communicate with any other computer and/or any
item of system hardware. Such flexibility enables “instant”
failure recovery but also enables extensive error propaga-
tion through the system. It also appears that it would be
quite difficult to build. Our overall approach (Ref. 1)
utilizes a functional equivalent of the universal bus
between computers, but retains “ownership” of subsystem
hardware by the subsystem control computer. Logical
communication paths would be established on this bus for
current operations, and revised as needed for mission
changes. Intercomputer communications software could
be organized into a simple hierarchy using this bus, or the
software could be made transparent to the bus organiza-
tion, retaining its flexibility and complexity for the
“applications-level” software. In the software package to
be described later, the logical communication paths are
not “built in” the software, but are established dynami-
cally during program execution.

During initialization and system start-up, these commu-
nication paths would carry programs and operating data
bases from a pooled storage facility to each of the
subsystem control computers, and, in response to a failure
in any part, additional diagnostic programs could be
transferred from the same facility to the one affected unit
or units. Activation and deactivation of various program
parts in each subsystem would also occur in response to
messages transmitted on these communication paths.

During normal operation, data describing the current
status of parts of the system would be transferred from the
subsystems which measured or computed those data to
other subsystems which need them. Assuming a hierarchi-
cally organized system, such communication would only
occur along the lines of authority within the system.

During software and system development, yet a third
mode of operation occurs, where a subsystem control
computer has some, but not all, of the resources needed
for software development. The software loaded into the
subsystem computer from the central repository is in this
case the assembler/compiler for that machine’s language.
When this program is activated, the computer communi-
cations paths provide it access to three or more distinct
and independent devices which exist as peripherals to one
or more of the other computers, or which are emulated
through software or data storage devices on other
computers. This is closely analogous to a “remote batch™
operation, except that here the computing element is local
to the subsystem engineer’s interest, and the unit-record
peripherals are remote.
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An intercomputer communications driver package has
been developed which appears in principle to be capable
of performing in any of these operational modes.
Complete error control logic is included for data errors
and errors in addréssing of messages. Some features are
provided, such as data type identification, and multiple
logical paths between any computers, for which as yet
only a hypothesized neced exists—in the belief that such
features were easier to include in the initial package, and
then remove if not needed, than they would be to add at a
later date. :

IHl. Link-Network Software Package

The communications software package consists of a
collection of interrelated subroutines which provide the
direct interface between a subsystem’s main, or “applica-
tions-level” program, and the intercomputer communica-
tions hardware which physically connects the computers.
In addition, this package provides error detection and
control logic, message formatting, buffer management, and
a variety of lesser services for the calling program. The
computer link-network is organized conceptually as in Fig.
1, although the physical organjzation may differ. Each
minicomputer has a unique identifying number which is
used to address messages to it from any other minicom-
puter through the switch “X.” Up to seven distinct bi-
directional logical channels may exist between any pair of
computers, as delermined during program execution.

Table 1 lists the subroutine entry calling sequences for
the two currently existing implementations of the link-
network communications package. The principal entry
points are those for establishing read-requests, or requests
to receive data; for writing data along a path to a specified
destination computer on any of the logical channels; and
for checking the completion of prior requests. Entry
points in the lower half of Table 1 provide for general
management of the communications paths. A description
of these subroutine calling sequences and their effect
appears in Section V, together with a description of the
tables which must appear in the calling program. The
descriptions which follow in Sections IV to VI are in
sufficient detail to serve as a manual for the user of the
link-network package, and may be skipped by the casual
reader.

IV. Message Protocol

The adopted message format is shown in Fig. 2. It is a
close derivative of the formats of the IBM Multileaving
protocol, with the addition of the two address bytes. The
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Multileaving terminology is used to identify the other
overhead bytes, where applicable.

Both address bytes are of the form» X’CO” + n, where
n is the computer identity number, in the range from 1 to
63. They serve to uniquely identify a communication path
from computer “SRC” to computer “DST.” The reverse
path is denoted by a reversal of the address codes, and is
always activated simultaneous with the forward path. The
Block Control Byte (BCB) is of the form X'CO + m,
where m is a 4-bit block sequence counter. Blocks are
numbered sequentially on any SRC/DST path-pair, and
are transmitted alternately in a half-duplex fashion. Along
any path-pair, the lower computer identity number
designates the “master,” which receives only even-
numbered blocks, and sends only odd-numbered blocks. An
alternate BCB form of X'FO is used to initialize the
communication path, and a BCB of XFF is used to
terminate. Either end of a path-pair may initiate
communication, but both must send and receive the
initialize BCB before data communication can begin.

The Record Control Byte (RCB} and Functional Control
Sequence (FCS) bytes serve to divide each path-pair into
seven logically independent duplex channels. The RCB
also identifies the type of message block. Each bit of the
FCS signifies, when set to 1, that data may be transmitted
on the corresponding logical channel. It is reset to 0 when
the requested data have been received, and set to 1 when
data are again requested. For example, an FCS value of
X‘40" signifies a data request on channel 1, and an FCS of
X3I” signifies data requests on channels 2, 3, and 7. The
FCS value of X80’ is used in terminating. The format of
the RCB is shown in Fig. 3. The least-significant three bits
of the byte identify the logical channel to which this
message belongs. A type code of B'10° indicates that the
message block contains data, and that the String Control
Byte (SCB) contains the total byte count for the block,
including overhead bytes. For data blocks, By = 1
indicates binary (non-text) mode data, B, = 1 indicates
string-compressed data, and B; = 1 indicates machine-
dependent data format. B; = B; = 0 indicates American
Standard Code for Information Interchange (ASCII) text.
String-compressed data are not supported by existing
software, but could be implemented within user programs.
A type code of B01’ or B‘00" indicates that the message
block is a signal or channel operation which requires user-
program action. The total message package is the six
overhead bytes. Bits By, By, and B; and the SCB specify
the signal value. No specific response to the signals is

»

lIn the following, X'yy’ means hexadecimal constant yy, and B'yy
means binary constant yy.
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implemented within the communications software, but
conventions should be established for specific signals to
implement device/file positioning operations. A feasible
set appears as Table 2. A type code of B11’ indicates a
null or idle message block, which may appear during
initiation, termination, or to maintain synchronism when
no data are available to be transmitted on channels with
active requests.

Data transferred through the link are maintained errox-
free and in-sequence as far as possible. Any message
blocks that are received in error, are truncated, are out of
sequence, or have been misrouted are discarded by the
receiving error control logic. Message blocks which have
been transmitted in error, or for which no reply block is
received within a pre-determined time period, are
retransmitted.

V. User/Software Interface

This section describes the interface between a user or
applications-level program for the link-network communi-
cations package, and that package. The description is
based upon the 910/930 implementation of the link
software. Variations in details for the Sigma 5 implemen-
tation wilt be described at the end of this section. .

The user program contains several tables which define
the structure and status of the multicomputer network.
The first of these is the Link Table (LNKTAB), which is
illustrated in Fig. 4. It contains one word for each
computer, which is defined to the link-network package.
The most significant byte of each word contains a text
character, which is the software name for the associated
computer. The less significant bytes contain a pointer to
the Link Control Block (LCB) for the associated computer,
or they may contain zero if no LCB exists. The software
name characters have been assigned sequentially starting
with ‘A’ to facilitate table operations. The current
assignments appear in Fig. 4. The LNKTAB must be set
up by the user programs. The user program must also
provide an address word labeled “MYNAME"” which
contains that computer’s link: name in the form X'CO’ +
n in the second most significant byte.

The Link Control Block contains the data used by the
link-network package to control the transfer of data along
the associated path-pair and maintain synchronism
between the attached user programs. The format of the
LCB is shown in Fig. 5. The 29 words for each LCB are
provided within the user program. The first word, the
L.CB chain word, is pointed to by the appropriate
LNKTAB entry, and by the chain of the next lower LCB,
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and points in turn o the next higher LCB, or contains -1.
The LCB chain word is set up by the user program; the
remainder of the LCB is set up by a call to IOCLEAR. All
LCBs connected to LINKTAB plus lower-level routines
are initialized by calling JOCLEAR with the A-register =
0. Only the specified LCB is initialized if the A-register
contains a pointer word from LNKTAB when IOCLEAR
is called.

The second word of the LCB defines the current state of
operation along the path-pair, and will be described in
some detail in Section VI State includes the block
sequence counter, read/write mode flags, initialization
flags, the error-retry counter, etc. CURBLK is a pointer to
the current or most recent past transmitted block, and is
-1 if said block is undcfined. TIMER is the clock-count
cell used to recognize lost data and is negative when
ticking. The fifth through ninth words contain flags which
define the state of each of the seven logical channels; they
are in the same format as the FCS byte of the transmitted
data block, The RDFLG and HSRDFLG, in fact, contain
the next FCS to be sent, and the most recent FCS
received in their most significant byte. The write-stack
{WRTST$) contains a queue of data blocks which have
been enabled for transmission by read-requests from the
incoming FCS. The channel-write-buffer pointers
{CHNWB) contain addresses of the current or most recent
data blocks associated with each logical channel. If
transmission is not enabled {the write is blocked or is
complete), the data block address will only appear in the
CHNWB. The remainder of the LCB represents a
shortened dummy data block which is used for initializa-
tion, termination, and idling messages on the associated
path.

Data to be transmitted by the link-network package are
contained in buffers with content-specifying header.
Identical buffers are used to receive data. The general
format of these buffers is shown in Table 3. The QCHAIN
word is used to link the buffer into FIFO queues, as
needed in handling. OWNER contains the software name,
computer path plus channel, to which the data buffer
belongs. BUFSZE is the available data space within the
buffer block, in words. Oversize incoming data blocks will
be truncated to this value. WCW contains the number of
words from the data portion of the buffer block which
should be transmitted, and is meaningful only when data in
the buffer block are being prepared for transmission.

AWCW and STATW are meaningful only after data
have been transferred in or out of the buffer block.
AWCW contains the number of words actually transfer-
red, and should be equal to WCW for transmission, and
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less than or cqual to BUFSZE for receiving. STATW
contains the link hardware cumulative status at the end of
I70 transfers. The remainder of the buffer block contains
the data words, including overhead bytes, actually
transferred on the links. A subroutine IOBUFSET is
provided to carve up an arbitrarily sized storage area into
preformatied buffer blocks with space for 132 data bytes.
The beginning and ending addresses of the buffer storage
area are specified to IOBUFSET in the A- and B-registers,
respectively. Three of these buffers are immediately
transferred to a low-level subroutine for incoming data.
The remainder are queued in a buffer pool. Buffer blocks
are placed into this pool by calls to BUFPUT, and
removed from it by calls to BUFGET with the A-register
containing the buffer block address. Return from BUFPUT
is to the calling-address+1. Return from BUFGET is
call+ 2 if successful, and call + 1 if no buffer is available. It
is a user-program responsibility to avoid losing buffers and
emptying the buffer pool.

Data transfer between user programs and the link-
network package is handled by five subroutines, with
auxiliary services handled by three others. Arguments are
transferred to these subroutines in the A- and B-registers,
with the A-register identifying the intended computer/
channel pair by its software link name, and the B-register
pointing to a buffer block, if needed. The software link
names are composed of the channel number in the least-
significant byte, and the text character identifying the
destination computer in the next least-significant byte.
Return from the subroutines is to the call-location+2 if
the requested operation is accepted, and to call+ I-if the
request was invalid or rejected. With minor exception to
be noted, buffer blocks are returned to the user program
via pointers in the A-register. End-action for any
previously completed transfers-is performed on entry to
these routines.

IOSTART requests the start of operation of the
identified logical channel on the specified path. If it is the
first channel on the specified path to be started, a path
initialization is also performed. IOSTOP terminates
operation on the identified logical channel. If this is the
last active channel on the specified path, that path is
terminated. IOSWAIT is a convenience routine which
rejects all calls until the opposite end of the path-pair has
been initialized.

IOGET establishes a read-request for the identified
logical channel, which is subsequently communicated via
the FCS to the opposite end of the path-pair. JOPUT
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attaches the buffer block in the B-register to the identified
logical channel and prepares to transmit the data
contained in that block along the appropriate path. The
identified channel is immediately set Busy. The transmis-
sion is blocked until a corresponding read-request has been
received from the opposite end of the path-pair.
I0SIGNL transfers the signal bytes in the B-register into
an available buffer from the pool, and then proceeds
similarly to IOPUT. Any transfer request on an already
busy channel is rejected.

IOCHEKR is calied to test the status and availability of
the incoming half of the identified logical channel. A
returned value of A = -8 occurs if the channel has not
been started. The value A = 0 occurs if there is no
completed incoming data transfer. If a data block has been
received for the identified channel, it is returned via an
A-register pointer. If a signal has been received, the
A-register returns the identified channel’s software-link
name with the addition of the bit-flag X'08” in the most-
significant byte. The signal value is returned in the
B-register.

TIOCHEKW is called to test the status and availability of
the outgoing half of the identified logical channel. A
returned value of A = -8 occurs if the channel is not
busy, and no read-request has been received from the
opposite end of the path-pair. The value A = 0 occurs if
the channel is not busy, but an active read-request has
been received. The value A = -1 occurs if the channel is
busy and the transmission is not complete. If the channel
is busy and the transmission is complete, the channel is set
to not busy, and the current buffer-block pointer (or signal
value) is returned in the A-register together with a
completion flag of X°08” in the most-significant byte.

A summary of subroutine calls for the 910/930 appears
in Table 1, together with a rudimentary description of its
action. The primary reason for the unpleasant complexity
which has appeared here is the need to maintain
synchronism over the independent logical channels
between user programs at the opposite ends of the path-
pair.

The principal difference between the link-network
software package described above for the 910/930 and the
corresponding package for the Sigma 5 is that the latter is
embedded within a semi-permanent operating system,
whereas the former is a part of the transient user
program. In the Sigma 5, each defined path-pair is
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considered as a re-usable resource which may be
transiently owned by a user program.

The link software is accessed via the system-call
instructions CAL3,12 N from either a background
program or a terminal-user program. The LNKTAB and
the defined L.CBs are a part of the resident monitor, as are
a minimal set of buffer blocks through which the actual
170 is done. Data are exchanged between the monitor
buffers and corresponding user-space buffers via the IO
calls. Table 1 also lists the link package calls for the Sigma
5. Two new routines have been added to manage the
“ownership” of the link paths, and several routines which
were accessible in the 9107930 have been subverted to
these routines, or to monitor initialization. ATTACH
establishes ownership of a specified path, if it is not
already owned by another active job, and RELEASE frees
the specified path from ownership by the current job. All
owned paths are released at the end of any job step.
Arguments are transferred via Register 8, corresponding to
the 910 A-register, and Register 9, corresponding to the
910 B-register. Requests for operation on a path which has
been terminated cause the job to be aborted. All calls,
arguments, and actions are basically the same as in the
910/930 version, The principal change to be noted is that
Register 9 must contain a buffer-block address within the
users’ area when IOCHEKR is called, to provide a place
for the received data to be transferred from the monitor’s
buffer block.

VI. Software Internal Structure

The link-network software package has been designed
to provide an elastic interface between the user-level
programs which communicate through it, and the time-
and-event-driven realities of the physical link communica-
tion signals. Three distinct levels of operation exist within
this software. Each level consists of a collection of
complete non-interrupted processes. The interface be-
tween the asynchronous processes at adjacent levels is
effected via a limited set of quenes and flags. Each single
process was implemented using a “Structured Program-
ming” approach (Ref. 3) to increase the understandability
during design, and during possible later modifications. The
interface between asynchronous processes was specified
using finite state machine representations for the cause
and effect relationships which had to be defined (Ref. 4).
Structured programming was avoided for multiple asyn-
chronous processes because the structuring introduces
more irrelevant complexity than it removes. Requests for
services by a lower level are best regarded as primitive
within the upper level. The actual performance of those
services proceeds in parallel with operations on the upper
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level, and only the events of request and completion are
relevant to the progress of the upper level.

A change-of-state of the bilevel interfaces actually
occurs when the lowerlevel process has acted upon a
service request from the higher level. The top-most
software level was described in terms of its calling or wser
interface in Section V. These calls serve to transfer the
care of a data buffer between the calling user process and
the queues which interface to the single intermediate-
level process. One such process exists for each path-pair,
and its total state is contained within the Link Control
Block. The format of the state word is shown in Fig. 6.
The contents of this word are altered when a block has
been sent or received over the path-pair. The block
number contains the block-sequence number associated
with the current transmit block. The LCB is in “write
mode” if a block is actively being transmitted; it is in
“read mode” if a block is to be transmitted to it; or it may
be in “no-mode™ if there is no data to send, an idle
message has just been sent, and an idle message has just
been received from the opposite end. The bad-block
number and associated flag are used to facilitate recovery,
if possible, if a totally out-of-sequence block is received.
The transmission-retry counter allows seven repeated
attempts to transmit over a given path before it is
declared inoperative. The path may also be declared
inoperative through a terminate operation, or on receipt
of a terminate message. The full-initialize bit must be set
before data transfer can occur, and can only be set after
initialize messages have been both received and sent on
the path. It is reset when the path is declared inoperative.

The intermediate-level process functions as an end-
action or “CLEANUP” operation for any messages which
have been transferred over the communication paths. It
interacts with the user-level interface routines via the data
placed in the LCB. It requests services from the next
lower-level process via calls to interface subroutines
1LO9READ and LOWRITE, and obtains completely transfer-
red blocks from the queunes by calls to LIGET. The
A-register (Register 8 for Sigma 5) for these calls contains
a pointer to a data buffer block of the format described in
Section V. If the link hardware is not active after the
buffer in the read/write calls has been properly queued, it
is activated by the software. Transfer of the data is then
under control of signals from the link hardware. Whenever
link hardware activity terminates with completion of data
transmission for a given block, the hardware is reactivated
for any block then contained in the quenes of the lowest-
level software process. It should be noted that the
hardware can override the direction of an activation kick
from the software whenever the opposite end of the path
is simultaneously activating.
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Vil. Status and Plans

The software described herein is currently operable on
three computers: the Sigma 5, Xerox 910 and 930. This
small network is centered by the Sigma, which has an
expandable four-way multiplexer allowing it to selectively
communicate with up to four other computers. Only two
machines are currently defined to the Sigma operating
system, and only the 910 and 930 are currently connected.
The 910 computer is interfaced via the GCF TTY lines to
Goldstone, and it and the Sigma will be used with the
software described here to monitor and control an
automated pulsar track at the Venus Tracking Station.
These two computers were previously used with a simpler
intercomputer communications structure in the monitor-
ing of Spacecraft Ranging Operations with Mariner 1971
(Bef. 5).

Several additions to this link-network structure are
planned for the near future. In the software area three
things will be done: the designed support for ASCII as a
common-denominator text-data type will be implemented
within the Sigma system and made available as part of the
910/930 package. The CLEANUP process within the
Sigma 5 will be integrated with the job scheduler of the
Sigma operating system so that Sigma jobs can be initiated
from the opposite end of the link. Store-and-Forward logic

will be added to the Sigma CLEANUP process to allow
communication between the other machines without
requiring an active job within the Sigma. It is also
expected that the link-network software package will be
translated to execute on other computer types, principally
the DEC PDP-11, and the MODCOMP-IL. Hardware
interfaces to the twin-coax intercomputer communication
links and the LOREAD/WRITE level of software already
exists for the PDP-11 (Ref. 2). Hardware twin-coax link
interfaces for the MODCOMP-II will be implemented
using the JPL-DSN 14-line interface (Ref. 6).

The entire software package occupies 1300 words on
the 9107930, and slightly more on the Sigma 5 because of
the complexity of the monitor interface. The required
tables and buffer blocks are not included in this figure.
Slightly over 1000 of the instructions are associated with
the link-network structure and are”independent of the
physical intercomputer communications hardware. The
remaining instructions represent the lowest-level hard-
ware-driven process, and as such is tied to the use of the
twin-coax links. The link-network software package is
unpleasantly large, much larger than expected when
initially defined in function, and as a result, a desideratum
under consideration is the shrinking of this software
package by limiting communication to one logical channel
and one computer path for some application in the 910.
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Table 1. Summary of subroutine calls

Argoments
> A-register (R8) B-register (R9)

IOGET ] PATH/CHANNEL, — Y Establishes read-request
I0PUT 10 PATH/CHANNEL BUFFER POINTER Y Queues buffer for writing
I0SIGNL 11 PATH/CHANNEL SIGNAL Y Queues signal for writing
IOCHEKR 8 PATH/CHANNEL BUFFER POINTER® Y A = =8, not available

A = 0, available

A > 0, buffer complete: B = signal value
IOCHEEW 12 PATH/CHANNEL — Y A = —8, not available

A = —1, busy

, A =0, available

A > 0, A = buffer pointer
JOSTART 4 PATH/CHANNEL — Y Open specified channel
108T0P 5 PATH/CHANNEL - Y Close specified channel
IOBUFSET N/A START END OF SPACE N Initialize buffer space
IOCLEAR N/A 0 - N Full imtialization of all LCBs and system

LCB-POINTER Y Clear specified LCB

BUFGET N/A — - A = system buffer pointer
BUFPUT N/A BUFFER POINTER - N Retuins buffer to pool
ATTACH?» 0 PATH/CHN = 1 - - Claims job ownership of path
RELEASEL 1 PATH/CHN =1 — - Releases job ownership of path
2910/930 only. )
bSigma 5 only.
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Table 2. Feasible signal conventions

Operatiom T B, B, B, Channel SCB
OPEN 00 0 o0 O # 1.D. Byte
CLOSE*® 01 0 0 1 3# 0000 0001
END FILE® 01 0 0 1 # 0000 0010
REWIND® 01 0 0 1 # 06000 0100
undefined® 01 0 o 1 # xax x000
POSITION 01 0 1 0 Eid LD. Byte
SKipP 01 1 F R ¥ Number
unassigned 00 X X X ¥ Any

* Starred operations may merge
F Indicates File operation if 1, record if 0
R Indicates Heverse direction if 1, forward if 0

Table 3. Buffer block format

Label Contents
QCHAIN Black Chaining Link
OWNER Channel/Path 1D
BUFSZE Size of buffer, words {44)
WCW Number of words to send
AWCW Numbeér of words sent/received
STATW Hardware status at termination
DWD1 Data

o

L

to

send/receive
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LABEL VALUE ASSOCIATION
l MINICOMPUTER 1
LNKTAB +4 NUMBER OF DEFINED LINKS
'A'  ADDRESS OF LCBA SIGMA 5
IBI 0 930
'C'  ADDRESS OF LCBC 910
e 0 UNASSIGNED
LNKTBT -4 MNEGATIVE INDEX
Fig. 4, Link Table structure for four machines
LABEL CONTENTS WORD MUMBER
LCBA CHAIN POINTER 1
STATE 2
CURRENT BLOCK 3
TIMER 4
CHANNEL-ON-FLAGS 5
READ FLAGS 6
HIS READ FLAGS 7
i BUSY WRITE FLAGS 8
BLOCKED WRITE FLAGS ?
Fig. 1. Link nefwork structure WRITING STACK HEAD 10
WRITING STACK TAIL 11
$ =2 12
CHANNEL 13
{ BLOCKS}
1-7 19
MESSAGE
DST SRC BCB FCS RCB SCB BODY $ £ 20
BLOCK CHAIN 21
f AT 22
SHOR
BODY MAY BE NULL ORT
) BUFFER
DST = DESTINATION ADDRESS BLOCK 29
SRC = SQURCE ADDRESS
BCB = BLOCK CONTROL BYTE (BLOCK SEQUENCE NUMBER) Fig. 5. LCB format
FCS = FUNCTION CONTROL SEQUENCE (READ FLAGS)
RCB = RECORD CONTROL BYTE (MESSAGE CONTENT IDENTIFIER)
SCB = STRING CONTROL BYTE {MESSAGE BYTE COUNT, OR *SIGMNAL")
Fig. 2. Message format . . . .
F1 Ol M D RETRY B [ ERRORED [R W BLOCK
UNU|DA O COUNTER|Al BLOCK|E R NLUIMBER
L T |LS [0 ofw D NO.|A 1l0 0
L ET N ! DT
E FLG E
R .
TYPE B By B, CHAN # INIT
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Fig. 3. RCB format

Fig. 6. LCB state word format
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Confidence Bounds on Failure Probability Estimates

0. Adeyemi
Commumications Systems Research Section

One common way of estimating the failure probability p of a system is to
simulate the system until a fixed number, say v, failures are observed and then
set p = r/N, where N is the number of trials required. In this paper this technique
is analyzed, and, in _particular, the relationship between r and the reliability of

the estimator p is studied.

[. Introduction

It is often necessary to analyze the behavior of 2 com-
plex system by simulation rather than by direct analysis.
That is, we make a probabilistic model for the system
inputs and drive the system with pseudo-random inputs
generated according to the model. We then estimate
varjous performance parameters from the result of the
simulation.

Now suppose the results of the system’s behavior on a
particular set of inputs can be classified as either “suc-
cess” or “failure.” Success could be, for example, “program
execution time is less than one second,” “antenna con-
verged to target in 10 seconds,” or “decoder correctly rec-
ognized command,” etc. In such a case we might use
binomial sampling, i.e., perform a fixed number n simu-
lations of the system, and estimate the probability p of
failure by » = k/n, where k is the number of observed
failures in n trials. But without some ¢ priori knowledge
of p, the number of trials n required to obtain good esti-
mate of p will not be known. Thus a better way is to
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perform trials until 2 desired number of failures, say r,
have been observed, and then set p = /N, where N is
the number of trials required. It is this technique for esti-
mating p that we shall analyze in this paper.

The sequence of successes and failures may be thought
of as Bernoulli sequence in which a ‘0’ represents a
success and a ‘1" represents a failure. The number of
successes, say X, before the r failures occur is 2 random
variable distributed according to the negative binomial,
1.e., ‘ ‘

P(X = 1) =(T+’;_ l)p’(l—;-'p)”; £=012, -

@

A number of methods is provided for constructing
1 — y interval estimates for p. A two-sided 1 — y confi-
dence interval with limits p and p for p is defined as an
interval (p,p) such that

Pp<p<p)=1—y - @)
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The length of the interval is L=p—p. If p=0, p is
called the upper 1 —y confidence limit. The interval
{p.p) is said to be the shortest (1 — y) interval if its length
Ly is minimum.among all the intervals satisfying Eq. (2).
Finally a two-sided 1 —y confidence interval (p,p) is
called symmetric if
Plp<p)=Plp>p)=v/2

If the number of successes before the r faillures is X =n
and Z is the total number of trials required to obtain the
r failures, then our first method gives as 1 — y confidence
limits p and p defined by

Lirn+1)=4y/2
and (3)
Lirm)=1—vy/2

where I.{A,B) is the Incomplete Beta Function with
parameters A and B; 0 <x <1 Our computationally
easier second method gives

b
P=5%7, P=3z 4)

where
I

Pt <a) =y/2=1—P(x3 < D),

x3r being a chi-square variate with 2r degrees of free-
dom. Limits in Eq. (4) are good for all p small enough
that —In(1 — p) =~ p. In Section III we show that the
shortest 1 — y interval is L, = (b — 4)/2Z where a,b are
such-that h,{a) = h.,(b), a5 Db, h.,(t) is the yi-density
function. A table of ¢ and b is provided for r =12, ---,
120 and y = 0.01(0.01)0.05. This table is believed to be
new.

It is important to know how good p is as an estimate of
p. Suppose it is desired that p =+/Z not be more than
10% greater than p, i.e., p < 1.1xp, where Z as in Eq. (4)
is the number of trials required to obtain r failures, In
Section IV it is shown in general that if p/p < ae>11is
desired such that P(p < p) =1 — v, then the number of
failures requ:red is bounded by

az

f>q(a )2¢1 T: q=1_P (53)

where ¢,_y is the lower 1 — y point of the unit normal
distribution. The minimum value of » that is good for all
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p is thus

2

Tr= -_(a i 1)2 ‘ﬁ-'}' (Sb)

The exact values of r for given ap and y is

L%; (f_il)p =y ®)

T

but it is not of much use because p is unknown, hence the
importance of the estimate in Eq. (5b).

We shall illustrate many of our techniques with the
example p = 0.005. This value of p is the classical maxi-
mum acceptable for the bit error probability in a deep-
space television picture. For example to achieve a p which
isonly 10% greater than p and such that P(p <p) =1 —4,
v = 5%, by Eq. (5b) we need r > 327 whereas by Eq. (6)
r 2 313 would do. This shows that r estimates in Eq. {5b)
are very good. For comparison a graph of r values given
by Eq. (6) for y =01, «a=1.1 (ie, 10% error) and
0.001 < p < 0.05 is plotted.

II. Methods of Construction of
Confidence Limits

Method A

A wsual method for constructing confidence intervals
based on Eq. (1) directly is to use the maximum likeli-
hood estimate of p, p =r/r + x (Refs. 1 and 2). If the
experiment results in X = n successes before r failures are
obtained, then the 1 — y symmetric confidence limits p
and p for p are, respectively, the solutions to the equations

Runsp) =3 ( tr 1) pr(L = p) = /2

and

S(FET) p = =1 Fin = L) =2
)

It is known (see Ref, 3 for example) that the negative

binomial distribution is related to the Incomplete Beta
Function by

F(n,rp) = Lrn -+ 1); 0<r< e
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where
o 1 ? Ml _ Vel
Ip(ﬂl,v) = _—B{m,,,) . g~ (]_ u) “1 gy

1 B
B(my) = f w1 (1 — uy-rdu (8)
0
Thus p and p are such that

L + 1) = y/2
and

_ Lrm)=1-v/2 9)

We can read off the values p and p from the table of
Incomplete Beta Functions in (Ref. 4) if r and n are fairly
small, say. For larger values of r and n it is convenient to
use the tables of the F-distribution and the relation

, 0
rEy > F) =13 3) (10
where
P =T v, F,

and F,! is an F-varjate with v,0, degrees of freedom.
Applying Eq. (10) to Eq. (9) we see that

T

P (a F D) Fiov (4/9)

and

_ Fua(v/2)
P wtrFL (/9

where

P(F, > Fy, (7/2)) =+/2)

For example, for p = 0.005, r = 10, the expected value
of nis 1990. F2»+1 (0.025) = 2.09, F (0.025) = 1.71 and
the expected 95% symmetric confidence limits for p are

p = 0.0024

p = 0.0085.
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Method B

Apart from its computational simplicity, the following
construction is better suited for the range of p of interest
here.

Let X;, =1, ---, r be the number of trials after the
(j — 1)*t failure to the occurrence of the j* failure. Then
X, has the geometric distributions with parameter p, i.e,

PX;<m)=1—(Q—ps n;=132

'3

The geometric distribution may be approximated by
exponential distribution

PX;<x)=1—e

such that A =fn (1 — p). With this approximation, the
sequence X,,X,, -+, X,, -+, X, becomes a sequence of ex-
ponentially distributed random variables with a common
parameter A. It is known that

Z= ZT:XJ
1

is then distributed according to the Gamma distribution
such that

W = 27\Z

has the yi, distribution with 2r degrees of freedom with
density function given by

1
T ()

ho{x) = x> 0 (1)

xr-1 e“m;

Thus a 1 — y confidence interval for A is given by

A=a/2Z, A=b/2Z

such that
Pla<2Z <b)y=1—+. (12)

« and b may be obtained from the yZ, table in Ref. 4. For
small p we may take p = A = =M (1 — ). The effect of
this approximation on the confidence intervals for p is
very negligible indeed.

Suppose we sample tll 7 =10 failures occur and
Z = 2000, then we may conclude that with probability
0.95

p < 0.00785
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or that with probability 0.99
P < 0.00939

Because tables of x>-distribution exist for high degrees
of freedom this method is useful when p is small so thatr
is large.

By Eq. (12) it is clear that if, corresponding to a given
7, it is required to have Z, = X + r trials to achieve level
1 — v, we may stop sampling before the r failures are

observed and conclude that Eq. (12) holds if the number
of trials Z is already greater than Z,.

[1l. Shortest Confidence Intervals

If for a fixed y, confidence intervals of lengths L, and
L, are constructed for p such that L, < L, we would
normally prefer L, to L.. In this section a method of con-
structing shortest confidence intervals will be given (see
Ref. 5).

From Eq. (12), the length of the interval for A is
i
L=z (b—a). (13)
We want to-minimize L subject to
b
/ Parlf) d6 = 1 — 5 (14)

where h,.(t) is given by Eq. (11). Partially differentiating
Figs. (13} and (14} we have

oL_1(db
sa  2Z\da

and
which gives

?L/0a is minimum when

har(a) = h, (b) (15)
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That is, the @ and b which gives minimum confidence
length L, are the pair satisfying Eq. (15) for a5~b.

Table 1 gives the values of @ and b satisfying Eq. (15)
for y =0.01(.01).05 and r=1,---,120. We think this
table is new.

Let us find the expected length of the interval in the
case r =10, p = 0.005. In this case expected Z = 2000
and a,b, from the table, giving 95% confidence on p, are

a = 8.5841, b = 82.607303
Thus

p=a/2Z = 0002146, p = b/2Z = 0.0081518

and the length L, = 0.0060058.

The symmetric case given by Eq. (12) makes

a =9.59083, b = 34,1696
from y3, table. Thus
p = 0.0023977, p = 0.0085494

and the length L = 0.0061447. In this case the shortest
interval results in a modest 2% gain over the symmetric
95% confidence interval,

The table we have constructed is useful not only in the
case of Bernoulli parameter p but generally in construct-
ing shortest confidence intervals for A whenever the
statistic to be employed has the y3-distribution. In all
these cases the a and b giving the minimum interval and
satisfying Eq. (12) can be read off from the table.
When, however, the Bernoulli p is so large that p =~ X =
—In(1 — p) we need to be able to get the shortest inter-
vals directly for p. In such a case we may use the fact
that by Eq. (12):

Pl—e 2 <p<<l—et2Z)=1—y (16)

The length of the confidence interval L = g-#/27 — g-/22
and just as in the case for A, we want to minimize I
subject to Eq. (14). It turns out that L is minimized if

e-a,rzz

e—b/zz
NORE0 7
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If the number of trials to give r failures, Z, is large
enough, which is the case either when r is larger or p is
small, then Eq. (17) reduces to Eq. (15) for A.

IV. Minimum r Required for Prescribed
Estimate Accuracy

In a number of applications it is enough to show that

the true value of p is almost surely less than the critical -

value for the system (i.e., with probability 1 — y). Since
our estimate of p is based only on the value of 7, the
number of system failures observed and Z the number of
system operations required to observe r, then it becomes
important to be able to.estimate the minimum pumber of
failures that would give an estimate p = r/z which is only
slightly greater (5%, say) than p with very high proba-
bility. Put equivalently, the problem is to find the mini-
mum value of r that would give an estimate p within
1008% of p with probability 1 —~y, 8 >0, .and small,
In our terminology, this reduces to finding the least r
such that

PGM>%)=1-% a=1+8 (18

In other words we want the probability that the true
value of the parameter be less than pa~* to be small (= y).

Since Eq. (18) can be written as

T
P(Z>;;) =1—-v

then, we can use the distribution of Z in Eq. (1) to calcu-
late r for a given £ and y and each 0 < p < 1. Thus
Eq. (18} becomes

l.p_g:.'(ff: i‘),prqz-r =y (19)

r

where |r/pal is the largest integer smaller than r/pe.
Wae iterate the left-hand side of Eq. (19) until a value
of r satisfying the equation is obtained. We note that any
larger value of r would give a sum less than y.

This method is not convenient, however. Even if the
computation of r in Eq. (19) were easy, the volume of
table of r values to be required to cover all » such that
0<p <1, s and v of interest, would.be so large as to
discourage such effort. Moreover, the value of p to use is
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not known beforehand. Hence we need to have a method
of evaluating r that is independent of the particular value
of p. It turns out that a good bound on the minimum
value of 7 can be obtained by considering the comple-
mentary requirement to Eq. {18) that

P(p<%a)=l~% a=14+p (20)

That is to say that the probability that the true value of
the parameter is ever greater than pa be very small (= y).

We may now use the fact that the maximum likelihood
estimate of p, p = r/Z is, for large r, approximately nor-
mally distributed with mean p and variance

1

gy = — > (21)
rE (a—pz In f(x,p))
where
flx,p) = P(X; =x)
=pl—pF-y  x=128,-

X;, i=12,-+-, 7 being the number of trials after the
(j — 1)=* failure to the occurrence of the jt* failure, Writ-
ing L = Inf(x,p) we have

32 1
El——=)=-— 29
(%Q Pq (22)
and
p*q

2 o
Op — —
P r

Thus (r/Z}« is, for large 7, approximately normally dis-
tributed with mean «p and variance «%p?q/r and hence

T T
“Z7 P )Nepig
has the unit normal distribution.

Now Eg. (20) is equivalent to
7 r / T
P[’p(l—a) m<(m2—ap) W}:l—y
(23) .
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Hence

PA= )y gy = b (@9

where ¢1-« is the lower (L — «) percentile of the unit
normal distribution. From Eq. (24) we see that

o

a”

reqpoqpdie  a=l+8 (%)

That is the value of r good for all p is

ot

T =m'(f>1_q (26)

If we denote by r, the + obtained by the direct method
in Eq. (19) and by 7., (estimate) and 7,4,mp (asymptotic),
respectively, those of Eqgs. (25) and (26), to achieve an
estimate error of less than 10% (8 =0.1) with 90%
confidence (y = 0.1} on p = 0.005 we need to wait for at
least rp == 190 successes. The corresponding ... = 199,
Tasymp = 200. Values of r for p =0.005 and some values
of 8 and vy are:

Tp Test Tasymp

=01 =01 190 199 200
YT p=105 710 724 798
v=0053=01 313 326 327

A graph of rp for v=01, =01 and 0.00L <p <
0.05 is plotted below.

V. Conclusion

A sequential sampling technique has been applied to
the problem of estimating the failure probability of those
systems whose operation history can be modeled by the
Bernoulli sequence with small failuwre probability p.
Methods of obtaining 1 — y confidence bounds on p are
presented, and several tables for constructing the limits
of these bounds are indicated. The desirability of obtain-
ing short 1 — y confidence intervals prompts us to investi-
gate the conditions for the shortest such intervals in this
case. A new table for use in constructing these intervals
for usual values of y and a wide range of r is provided.
The question of the minimum number of system failures
required to achieve a prescribed accuracy of the p esti-
mate is answered.
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Table 1. Values of a and b for the shortest confidence intervals

Table of @ and & such that k, (e} = h, (b) where

ar-1

harl2) = by

e ¥/ x> 0

and

b
[ ho, (£)dt = 1.
a

@ is the first entry and b is the second for each 4 and n = 2r. For examuple, if v = (.05 and n = 2r = 20, then
2= 85841, b = 52 607393

When r =1, h,(x) reduces to the exponential distribution with parameter A = 15,

td
n =22 ’ 0.05 .04 0.03 0.02 ° (.01
4 0.0848 0.068 0.0514 00345 00175
95289394 10.062034 10.734574 11.684643 13281327
6 0.607 0.539 0.464 0.376 0 264
12 802453 13.388847 14.128164 15164491 16.900628
8 1.495 1.3083 1.1738 1.01 0.7856
15.896601 16.525274 17.325344 18.436192 20.205083
10 9.4139 2.2528 2.0643 1.8296 1.4978
18 860515 19.531733 90.383955 21.565627 23533077
12 3.5161 3.3147 3.0767 27771 95,3444
21729099 22 439061 23,330668 24 583077 . 26.653195
14 47004 4462 4178 3.818 3.201
24524892 25270476 - 26.216824 27520418 99.684001
16 5.9477 56743 5348 49315 4318
27263128 * 2904377 29030065 30.390159 32.641633
18 7.2452 69305 6573 6.103 5.4041
99954814 30.766807 31.793831 33.20839 35.540208
20 8.5841 8.2477 7.8434 7.323 6.5444
32 607393 33.440596 34.513723 35.975951 38.389569
22 5.9575 6,592 9.1515 85834 77289
35297546 36.098361 37.198528 38707429 41.196762
24 11.3613 10.9675 10.493 9.8786 8.9515
37.81774 38717077 39.850243 41.405594 43.967203
26 12.7908 12,3704 11,8627 11204 10,2073
40.383458 ° 41.308935 42475229 44,074835 46 705532
28 14.243 13.797 13.2574 1255864 11.492
42.927308 43.878022 45076108 46.717492 49416424
30 15.7155 15.2446 14.6744 13.9324 12 8033
45 451379 46.426908 47.655306 49.337469 52.10051
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Table 1 {contd)

162

5
n = 2r 005 0.04 0.03 0.02 0.01
32 17.2061 16.7113 161115 15.3298 14,1379
47.957866 48.957043 50214788 51.936489 54.762048
34 18.7132 18.1951 17,5665 16.7464 15.4935
50.448126 51 470521 52.756972 54,516847 57.403297
386 20.2352 19.6945 18.0381 18.1808 16.8685
52 923807 53.968712 55 282712 57.079891 60.02534
38 21.7708 21.2082 20.5248 19.6308 18.261
55.386172 56.452832 57.79397 59.627288 62.630384
40 23.3189 22,735 22 025 21.0959 19.6696
57.836276 58.924084 60.29148 62.159881 65 219739
49, 24,8786 242739 23.538 22,5745 £1.0934
60.274932 61.363428 62.776738 64.679327 67.793854
44 26,449 | 25.824 25.063 24.0657 22.5314
62.703059 63 831748 65.250007 67.186391 70.353626
46 28.020 27.384 26.599 23.568 23.981
65.122002 66.270743 67.712431 69.683141 72.903478
48 29.619 28.955 28.145 27.082 25.447
67.530537 68.69785 70.165218 72167619 - 75.432389
50 31.217 30.535 29701 28.606 26.917
69.731697 71116189, 72.607796 74.642475 77.965244
52 32.824 32122 31.265 30.14 28.405
72323363 73.528802 75.043303 77.107124 80.472543
54 34.438 33,718 32.839 31.683 29.9
74708599 75.931784 77.467702 79.562951 82976087
56 36.06 35.322 34.42 33.235 31.401
77.085409 78.326562 79.885077 82.009512 85.477027
58 37.688 36.932 36.01 34.795 32,914
79.456858 80.716237 82.294287 84 448257 87.963049
60 39.323 3855 37.605 36.362 34.435
81.821041 §3.097149 84.699231 86.880625 90.44157
62 40,964 40.174 39.208 37.936. 35.965
84.179387 85.472433 87.095386 89.30827 92 910289
64 42,611 41.804 40.818 39.518 37.505
86.5317 87.841859 89.484241 91.723148 95.36705
66 44 264 43.44 42.433 41.108 39.047
88.877814 90.205233 91.868955 94.131061 97826457
68 45.922 45,082 44.055 42,701 40.598
91.219172 92.56239 94 245984 96.53847 100.27512
70 47.585 46.729 45682 44 301 42,158
93.555623 94.914796 96.618434 98.838184 1027129
72 49,253 48.381 47.314 45.907 43.721
95.887035 97.262298 98.986182 101.33176 105.15047
4 50.925 50,038 48.954 47.519 45,291
98.214848 99.604764 101.34417 103.71903 107.58031
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Table 1 (contd)

Y
n=2r 0.05 0.04 0.03 0.02 0.01
76 52.602 SLT 50 595 49.139 46.871
100.53739 101.94208 103.70367 106 09652 109.99698
78 54.284 53 366 592.249 50.759 48.451
102.85459 104.27571 106.05641 108.47747 112.41801
80 55.969 55.036 53.894 52.386 50.041
105.16942 1086 60554 108.40391 111.85002 114.8256
82 57.659 56 711 5555 54.017 51.631
107.47873 108.92993 110.74766 113.21905 117.23707
84 59.352 58.391 57.211 55.564 53.231
109.,78549 111.24882 113.08599 115.58116 119.6349
88 61.049 60.072 58 878 57.294 54831
11208811 113.56826 115.42039 117.94115 122.03622
88 62 749 61.758 60.546 58.939 56.441
114.38802 115.88202 11774921 120.29566 124.42379
90 64 453 53.448 62.217° 60.589 58.051
116.68366 118.1918 120.07862 122 64463 126.81451
92 66.161 65.142 63.893 62.241 59.671
118 975 120.49693 122,40231 12499279 129.1914
94 87.871 66.939 65.573 63.901 61.291
121 26493 122 80096 12472176 127.33049 131.57118
96 £9.585 68 538 67.255 65.5681 62.911
123 55048 12510063 127.04 129.67038 133 95363
98 71.301 70.241 68 942 67.222 64.541
125.83446 127.39739 129.35236 132.01074 136.3221
100 73.021 71.948 70.632 68.802 66.171
128.11398 129.68971 131.66186 134 33895 138.69305
102 74743 73.658 72.326 70.562 67.811
130.3918¢9 131.97902 133.96693 136.66907 141 05
104 76.468 75.369 74.022 T2.237 69.451
132.66669 134.26824 136.27055 138.99323 143 40928
106 78.196 77.084 75.721 73915 71.091
134.93835 136.5529 138.57116 141.3145 14577072
108 79.928 78.801 77.421 75.585 - 72,74
137.20827 138.8359 140.87169 143 63436 148.11972
110 81.659 80.521 78,125 77.275 74.389
139475 141.11573 143.16762 145.95581 150.47074
112 §3.395 82 244 80.832 78.964 76.039
141.7385 143.39237 145.46042 148.26503 152.82208
114 85.132 83.969 82.542 80.653 77.698
144.00159 145.66725 147.75005 150.57575 155.16094
116 86.872 85.697 84.254 82.343 79.357
146.26141 147.93888 150.03796 152.88638 157.5106
118 88.615 87.427 85.968 84.039 81.017
148.51792 150.20867 152.3241 155.18931 159.8424
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Table 1 (contd)

i
n=2r 0.05 0.04 0.03 002 0.01
120 90.359 89.159 87.688 85,736 82.677
150.77393 152.47661 154.60261 157.49208 162.18483
122 92.107 90.895 §9.408 87.436 84.347
153.0252 154.7398 156.88222 159.79162 164.51316
124 93.856 92.632 91.128 89.136 86.017
1552759 157.00251 159.16289 162.09238 166.84305
126 95.606 94,371 02.854 50.842 87.687
157.52606 155.26329 161.43588 164.3854 169.17441
128 97.359 96.111 94 58 92,549 89 367
159.77281 161.52353 163.70986 166.67809 171 49172
130 99.114 . 97.855 96.308 94.258 91.047
162.01754 183.77895 165.98191 1568 96893 173.81046
132 100.87 99.6 98.038. 95.968 92,727
164.26162 186.03379 168.252 171.25837 176.13056
134 102.629 101.347 99.772 97.683 94.407
166.50226 168 28661 170.51726 173.54349 178.45194
138 104.358 103.096 101,506 99.399 96.096
168.74223 170.5374 17278339 175.82717 180.76083
138 108,151 104,846 103.243 101.116 97.776
170.98011 172,78754 175.04608 178.11035 183.08464
140 107.915 106.599 104.982 102.836 99.466
173.21589 175.0342 177.30674 180.39011 185.3944
142 109.681 168.353 108.722 104.556 101.166
175.44957 177.28018 179 56678 182.67077 187.6902
144 111.448 110.109 108.462 106.282 102.856
177.6825 179.524086 181.82757 154.94363 190.00224
148 113.216 111.867 110.208 108.008 104.556
179.91465 181.76583 184.08063 18721736 192 30029
148 114.986 113.626 111.954 109.738 106.256
182.14466 134.00686 186.33443 189.49048 194.59942
150 116,759 115.386 113.702 111.465 107.956
184.37118 186.24713 188.58612 191.76011 196.89957
152 118.532 117.15 115.451 113.195 109.656
188.50821 188.4825 190.83709 194 03052 199.2007
154 120.307 118.914 117.901 114.928 111.356
188.82308 190.71846 193 08733 196.3017 201.50277
158 122.082 120.679 118.952 116.66 113.066
191.04847 192.95363 195.3368 198.56646 203.79091
158 123.861 122.447 120.707 118.4 114776
193.26896 195.18524 197.58134 200.82484 206.07999
160 125,641 124,216 122.462 120.135 116 486 _
195.48881 197.41604 199.82648 203.09105 208.36997
162 127421 125.986 124,222 121.875 118.201
197.70874 196.64601 202.0853 205 3584 210.65344
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Table 1.{contd)

r
n=23r 0.05 0.04 0.03 002 0.01
164 129.203 127.756 125,977 123.615 119.911
199 92665 201 87648 204.31161 207.6113 212 94511
166 130.987 129.531 127.738 125.36 121,626
202 14234 204.10068 206.5502 209.86536 215.23025
168 132,771 131.305 129.499 127.105 123.346
. 204 35847 206.32672 208.78033 212 12006 217.50888
170 134 556 133.08 133.264 128.85 125.066
208.5737 208.55188 211.02351 214 37539 219.7883
172 136.345 134.858 133.029 130.8 126.786
208,78402 210.77346 213.25822 216.6243 222.06848
174 138.133 136.637 134.794 13235 128.506
210.99609 212 99416 215.43343 218.87382 224.34939
176 139.923 138.416 136.56 134.1 130.231
213.2059 21521529 2L7.72777 231.12393 226.62378
178 141.713 140,196 13833 135.85 131.956
215.41611 217.43551 219.95715 223.37459 228 89887
180 143.506 141.979 140.1 137.605 133.681
217.62273 219.65214 222187 22561883 231.17484
182 145.209 143.762 141.87 139 358 135.411
219.82972 221.86918 224.41731 227.8664 233.44388
184 147.092 145,545 143.643 141,114 137.141
222.03708 224,08661 226.644 230.11032 235.71378
186 148.888 147 331 145.416 142 874 138.871
224,24084 226.,30044 228.87113 232,34923 237.98432
188 150.684 149.12 147192 144.63 140 601
226.44495 228 51067 231.09464 234.59417 240.25547
190 152,483 150.906 148,568 148.39 142.341
22.8.64547 230.72525 233.31858 236 83407 242,51205
192 154.282 152.695 150.744 148.1% 144.071
230 84633 232.93622 235.54293 239.07445 244.7853
194 156.081 154.487 152.524 . 149613 145.811
233 04751 235.14358 237.7623 241.7623 247.04399
196 157.883 156.276 154.304 151,676 147.551
235.24508 237.35526 239.98206 243 54935 249.30326
198 159.685 158.069 156.084 153.442, 149,291
237.44208 239.562 24220222 245.78187 251.5631
200 161.487 159.862 157.864 155 208 151.031
239.64118 241.76907 244422775 248.01584 253.82349
202 163.29 161.659 159648 158.978 152771
241.83837 243.97121 246.6383 250.24477 256.08441
204 165,094 163.452 . 161432 158 744 154 511
24403455 246.17893 248 8542 252 47939 258 34584
206 166.901 165.249 163219 160.514 156.261
246.22713 248.38172 251.06649 254.70936 260.5937
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Table 1 {contd)

it
n=9r 0.05 0.04 0.03 0.02 0.01
208 168.708 167.049 165.003 162.284 158.011
248,42 250.58088 253.28311 256.93955 262.84209
210 170 515 168 846 168.79 164.054 159.751
250.61313 252.78428 255.49607 259.17012 265.10501
212 172.325 170.646 - 16858 165.831 161.501
252.80266 254 98405 257.70539 261.39159 267.35438
214 174,132 172.446 170 367 167 601 163.251
254.99633 257.18411 25991902 263.62293 269.60423
216 175.945 174.246 172,157 169.381 165.001
257.18252 254.38446 262.12899 265.84112 271.85454
218 177.755 176.049 173.947 171.155 166.751
259,37283 261.58117 264.33928 268.06778 274.10551
220 179.568 177.852 175,741 172.632 168.511
261.55953 263.77817 266.54459 270 25076 276.3426
222 181.381 179.655 177.535° 174712 170.261
263.74648 265.97543 288.75021 272.51005 278 59428
224 183.194 181.462 179.329 176.492 172.021
: 265.93367 268.16776 270.95613 274,72969 280.83245
226 185.008 183.269 181123 178.272 173.771
268 11981 270 36036 273.16234 276.94968 283.08493
228 186.825 185.073 182.92 180.052 175,531
270.30234 272 55711 275 3649 279.17000 285.32397
230 188.642 186.883 184,717 181.832 177.291
272.4851 274.74633 277.56774 281.389064 287.56343
232 180.459 188.69 186.514 183.612 179.05%
274.66809 276.93968 279.77086 283.61159 289.8033
234 192 276 190.5 §88.311 185.402 180.811
27685129 276.1294 281.97425 2858195 29204355
236 194.093 192 31 180.111 187.182 182 571
279.0347 281.31936 284.17398 2:88.04107 204.28419
238 185912 194.12 191911 188.972 184,341
281.21451 283.50956 286.37397 290.24962 296.51147
240 197.733 195.933 183,711 190.759 186.101
283.39452 285.69612 238.57422 292.46246 298.75286

We are grateful to 1. Eisenberger for assistance in computing this table.
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An NCS Standard Interface for the
XDS 900 Series Computers

W. Lushbaugh
Communications Systems Research Section

The Network Control System standard interface has been adopted as a standard
computer interface for all future minicomputer-based subsystem development for
the Deep Space Network, This article describes a standard interface adepter for
existing XDS 900 series computers thai will enable the design of equipment com-
patible with the presently available machines and easily transferable to new mini-

computers as they become available.

, L. Introduction

The Network Control System (NCS) standard interface
has been adopted as a standard computer-interface -for
all future minicomputer-based subsystemn development
for the DSN. In order to design and test equipment for
currently existing 900-series machines and be able to
transfer that eguipment conveniently to new minicom-
puters as they become available, a standard interface
adapter (SIA) is needed which can be attached to the
800 series machines. The following article provides a
design overview of such an SIA.

1. Re;:iew of 900 Series [/0 Structure

The 900 series XDS computers are 24-bit machines
with input/output {I/0) performed in the register mode,
i.e., transfers to and from an external piece of equipment

ie8

are-on a-24-bit basis. An energize output machine (EOM)
instruction and parallel input (PIN) and parallel output
(POT) instructions perform I/O on a word-by-word
central processing unit {CPU) controlled basis. Executing
an EOM-POT (or PIN) sequence delivers (or receives)
data from the device addressed by the EOM. An EOM-
POT (or PIN) sequence cannot be interrupted by an
external interrupt.

Two interrupts are typically used in an I/0 sequence.
One is a data interrupt to signify that the input/output
buffer is full/empty, while the other interrupt is used
to signal special conditions such as end of message or
errors.

Reference 1 gives a detailed description of the XDS

900-series computer interfacing for ‘those who find the
above description too brief.
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Ill. Review of the Standard Interface Format

The NCS standard interface output consists of fourteen
signals and a power sense line. The fourteen signals con-
sist of eight data signals, two function code signals and
four control or handshaking signals. Three of the four
combinations of function codes are available for tagging
data transmission while the fourth, the 1-1 condition, is
reserved for commands out of the computer or status in
from the device connected to that computer. Two of the
control signals are used as stimulus signals; one from
computer (STC} and one from the device (STD). Both
of these signals are unidirectional and go true for the
complete duration of a message. The remaining two
signals are bidirectional control signals called response
(RSP) and ready (RDY), which control the handshaking
of data across the interface. Response and ready each
make one complete cycle (false to true to false) for each
byte transferred across the interface.

IV. Programming Characteristics of the
Interface

To the programmer, the standard interface appears to
be a device, with two associated EOMs. One EOM is
used to channel the input or output of the data to the
interface while the other is used to communicate status
information to and from the program,

A typical data-out sequence is as follows. A status
EOM-POT sequence is executed by the program to alert
the interface that the data cutput mode is starting. The
hardware will generate a data interrupt at this point to
notify the software that the output buffer is empty. The
software responds to this interrupt by executing an
EOM(DATA)-POT sequence which fills the output
buffer and clears the interrupt. This sequence of data
interrupts and data POTs will be continued until the
desired number of words has been transferred from the
computer. There will be one last data interrupt telling the
program that the buffer is empty, at which time a status
EOM-POT sequence is executed, which terminates the
data output mode and automatically clears the data inter-
rupt. This normal data-out mode only uses one of the
two interrupts, i.e., the data interrupt. If at any time
during this mode, the device connected to the other end
of the SIA interrupts the data out mode by either a status
insert or by turning the data transmission around by
initiating the data input mode, the program would be
notified by a service interrupt.
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The data-in mode is started by the device. The hard-
ware in the SIA holds the data-in buffer ready when not
in use so that three bytes will be transferred to the com-
puter before the first data interrupt occurs. This data
interrupt is the same physical interrupt as used in the
data out mode, but no confusion can result if the inter-
face is programmed properly. For example, the status
of the device can be read at any time to clarify which
type of data interrupt is occurring.

V. Status Régister

The status register is the means by which software and
hardware communicate, The software delivers commands
to the SIA via the output status register and reads back
various status information from the input status register.
Despite this split input/output function, the status
register is a single 24-bit register.

A list of input and output bit assignments is given in
Table 1. Following is a detailed description of each
signal,

C..-C,; Command Byte/Status Byte. These § bits are
used to communicate to the device connected to the SIA.
When a command is to be sent from the computer to the
device (see bit 15) the contents of these 8-bit locations
are stored in the SIA and transmitted to the device at the
proper time in the handshaking sequence.

When the device delivers an 8-bit status byte to the
computer, these 8 bits are stored in the SIA and delivered
to the computer following an EOM (STATUS)-PIN se-
quence. These bits are only changed when a new status
byte is delivered and so are meaningless unless C; is set
(see C,).

C.s Command Flip Flop. Setting this bit via an EOM
POT STATUS sequence, causes the hardware to inter-
rupt (at the proper time) whatever 1/O process is hap-
pening and send a command to the device. If this bit is
not set, the contents of C,; through C,; do not get copied
into the STA.

C.4-Cis. These two bits are the two function codes to
be used in the data output mode or the received function
codes in the data input mode. These two bits must be set
to the desired value at the beginning of each data trans-
mission AND MUST NOT BE CHANGED until the
nextmessage.
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When the hardware in the SIA detects the data input
mode, it switches these two inputs from the output func-
tion code flipflops to the input function code flip-flops,
s0 that these two bits have different meanings depending
upon what the hardware is doing.

C,. Data Request. Setting this bit causes the hardware
to attempt the data output mode to the device. This re-
guest will be honored as long as the device does not
override it. Resetting this flip-flop terminates the data
output mode.

Ci1, Cio — By, B,. B,, B, are interpreted in the hard-
ware as a binary number (B, = LSB) giving the number
of bytes per word to be transferred in the data ountput
mode, or the number of bytes received before a data
. interrupt is generated, in the data input mode. It is pos-
sible to change these bits during a message, but this
should only be done during a data interrupt.

C, Reset STA. Setting a 1 in this position triggers a 100-ns
pulse that resets the SIA.

C; Reset Device. Setting a 1 in this position sets a flip-
flop which sends a RESET COMMAND to the DEVICE,
To release the device reset, a zero must be set in this
position.

C: Status Byte Here. A one read in at this position
means that a status byte was received from this device.
This bit causes a status interrupt and may be reset by
putting 2 one in this position or by RESET. When this
bit is set, data output mode is temporarily cut off.

C. ASTD. This bit is set to I when STD (stimulus from
the device) makes a 1 to 0 transition. This bit causes

a status interrupt and can be reset by putting a 1 in this
position or by RESET.

C; STD. This is a raw copy of the signal stimulus from
device (STD). ’

C, Device Power. This bit = 1 when device power is
off. This will cause a status interrupt to be generated as
long as this signal is set, but this can be masked out of
the interrupt by a 1 in this position, Setting a 1 in this
position does not affect the value read in during a status
PIN.

C; Device Override. This bit is set to. 1, causing a status

interrupt when a data byte is received while the data
request (see ;) is set.
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C,-Cy, Ry-Ryy, Respectively. These two bits give the
number of received bytes in UNARY. Both are reset to
“0” on an EOM-PIN of data {or start or reset). A data
interrupt is developed when R, = R;, = 1 and a third
byte has arrived.

C, Data Interrupt. This bit is a copy of the data inter-
rupt.

VI. Design Philosophy

Since it was felt that most noise pulses encountered in
practice are high-energy short-duration voltage spikes,
and furthermore that most system noise is synchronous
with a system clock, it was decided to investigate the
possibility of building an asynchronous (clockless) STA.
There was 2a further line of thought leading to this investi-
gation, i.e., that theré is no inherent demand at either end
of the interface to have a clock. Certainly the 900-series
computer end of the link could use computer timing
signals where necessary and the interface would supply
other necessary timing signals, e.g., data here, data taken,
ete. There also is no need to supply a clock at the device
end, for if the device does have a clock, it will not neces-
sarily be the 5-MHz reference required in the DSN
specification.

VII. Design Results

The design objectives were completely met in that, a
completely clockless interface was built and demon-
strated. The heart of the system is the low-pass filtered
line receiver shown in Fig. 1. The line receiver is National
Semiconductor’s DM8820A, a dual line receiver in a 14-
pin package, Figure 1 shows one of the control signals
terminated in the standard 220/330 f terminator and
feeding an RC network consisting of the 1 kQ resistor and
the 220 pF capacitor. This RC network forms part of the
Iow-pass filter, as the device itself with the feedback as
shown also has an inherent filtering capability of about
10 MHz. The 4.3 k§} resistor to ground from pin 3 of the
DMB8820A causes the device to compare the signal on
pin 1 to approximately 1.7 V when the output is high,
while the 1 k2 and the diode to the output drops the
comparison voltage to about 1.1 V when the output is
low. The combined effects of these external components
is to add hysteresis, and increase the noise rejection to
greater than half the voltage swing in both the high and
low signal states.
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Laboratory tests of the combined filter and line re-
ceiver gave the following results: (a) A square wave input
varying between 0.3 and 3.0 V of 3 MHz or higher did
not get through the line receiver, (b) A single positive-
going pulse of less than. 200 ns never got through the line
receiver, and some circuits rejected pulses as wide as
250 ns; (c) A single negative going pulse (i.e., signal
normally 3 V pulsing to 0.3 V) of less than 200 ns would
never trigger the output of the line receiver, and some
circuits rejected pulses of 250 ns. The variation in pulse
widths rejected can be attributed to variations in external
components as well as variations in the line receivers
themselves.

Figure 2 shows RSP {on the upper trace) and RDY
(on the lower trace) of an actual handshaking sequence
between the SIA for a 900-series computer as it was con-
nected to an external test box which had the full comple-
ment of handshaking logic, The signals are as they appear
inside of a short (negligible delay) cable. The horizontal
calibration is 500 ns/cm, while the vertical scale is
1 V/em, with ground at the bottom reticle and center
reticle for the lower and upper traces, respectively. The
upper trace showing RSP from the test box (a device),
starts the sequence asserted, as the SIA on the 910 com-
puter does not have any data ready. When the 24 bits of
data are loaded into the SIA, RDDY is asseried by the SIA,
as seen on the lower trace of Fig. 2. Approximately 300 ns
later, the device recognizes the assertion of RDY and
generates a 100-ns data strobe pulse (not shown) after
which RSP goes high. Approximately 250 ns later the SIA
recognizes the raising of RSP, and it completes the eycle
by raising RDY. A new cycle is then initiated by the de-
vice about 350 .ns later, when it observes the raising of
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RDY when it again lowers RSP. The total length of the
handshaking sequence is.about 1.3 ps. Three handshaking
cycles are shown in Fig. 2, the sequence ending there,
since the buffer in the SIA is now empty. All three pulses
on both traces appear synchronously in Fig. 2, since the
relative timing of each is derived from fixed delays rather
than a system clock. This synchronous feature consider-
ably aided in the speedy debugging of the initial design
and will certainly be helpful in repairing a malfunction-
ing SIA or device in the future.

VIIl. Conclusions

An SIA for XDS 900-series computers has been built
without using a system clock. Rather than validating the
signal by interrogating it with two clock pulses, the
signal is assumed valid only when it is present long
enough (200 to 250 ns) to pass through a low-pass filter.
The resulting SIA has a peak data transmission rate of
approximately 770 kilobytes/s (minus software 1/0 time).
The unit has been successfully tested using a completely
functional clockless test unit. The unit has also been
successfully tested over 100 m (300 ft) of cable and con-
nected to the precision signal power measurement unit
(PSPM). The PSPM is a device with an SIA adaptor, de-
veloped by the Digital Projects Group, which uses the
double clocking method of filtering the received signals.

A device is now under development which will convert
the twin-coax intercomputer communications link (Ref. 2)
to a device with an SIA adaptor. This will enable any
computer with an SIA adaptor to communicate via coaxial
cable to another computer up to 600 m away.
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Table 1. XDS 900-Series 14 line interface status register

900-Series
Bit Number
23 Least sig. bt D1
22 D2
21 8
20 Command byte on pot D4 Line of 14 line
19 Status byte on pin D3 interface
18 Dé
17 D7
16 Most sig.bit D8
15 CMD F.F. Set one EDM Pot status. Reset by start and when CMD sent
14 F,) Function codes to be used in data out mode, or
18 F, { Received function codes S
12 DAT RQST. Indicates data output mode { not needed for CMD out)
1l B, 1 B,, B, are interpreted in the hardware as a binary number (B, = LSB) giving the number of bytes per word to
10 B, S be transferred in output mode, or the number of bytes received before a data interrupt is generated, in input mode
g Reset Setting a one in this position triggers a one-shot pulse to reset the 900 series end of the comm, link
B Reset device. Setting a 1 in this position sets a flip-flop which sends a reset CMD to the device. To release the reset a
0 has to be plotted in this position
7e Status byte here. Cuts off data out transfer until cleared
6¢ ASTD. Set to 1 when STD makes a 1 to 0 transition
5 STD. Raw copy of STD line
4° Device power = 1 when device power is off, masked out of status interrupt by entering a 1 in this position
3° Device override. Set to one when a data byte is received when the hardware is in data out mode
2 R, } Number of data bytes received in unary. Both are reset to 0 on EOM-PIN data or start. A data in interrupt is
1 R,,{ developed when R, = R,, = 1 and a third byte has arrived
0 Data interrupt

°Status bits 3, 4, 6, and 7 are either masked or reset by potting a 1 in the corresponding position of the status register. Any one
of these bits set generates a status interrupt.
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Operational X-Band Maser System

H. R. Buchanan, R. W. Hartop, J. G. Leflang, J. R.
Loreman, and D. L. Trowbridge
R. F. Systems Develepment Section

Laboratory tests on the first operational X-band maser system for Viking have
been completed in the laboratory. Over 50-MHz bandwidth has been achieved
with 45-dB gain and a noise temperature of 8 kelvins. Implementation at the 64-
meter stations is scheduled for the first half of calendar year 1975,

|. Introduction

The ground support requirements for the Viking project
include low noise reception in the 8400- to 8435-MHz
frequency band. The design parameters of the traveling-
wave maser amplifier structure were discussed in detail
and preliminary test maser results were presented in an
earlier report (Ref. 1). The design of the overall maser
system has now been completed. The fabrication and test
phase is nearing completion with implementation at the
64-meter stations scheduled during the first half of
calendar year 1975. This report describes the hardware
and test results.

ll. Design Considerations

At the outset of the operational X-band maser program,
the desired amplifier performance was established:

(a) Frequency range: 8400 to 8435 MHz
{b) Instantaneous 1-dB bandwidth: 35 MHz minimum
{¢) Gain: 45 dB
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(d) Noise temperature: 8 kelvins

Other decisions made in the early phase of the program
were to use a superconducting magnet for improved gain
and phase stability and to base the operational design of
the traveling-wave maser structure and the magnets on
R&D developments reported easlier (Refs. 2 and 3). The
same closed-cycle cryogenic system as that used with the
operational Block Iil §-band maser system was selected. In
planning the design philosophy of the instrumentation, it
was decided to utilize Block IV receiver modules in the
maser monitor equipment wherever practical. This eased
the design requirements, simplified station spares and
maintenance, and resulted in fabrication economy. The
X-band maser instrumentation was planned to be inte-
grated with the Block I S-band maser equipment so as to
utilize existing calibration equipment where feasible.

The use of existing packaging designs was stressed to
minimize design and documentation costs. Provisions were
made for the future addition of a second X-band maser
where this could be done without adding significant cost.
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l1l. X-Band Maser System Equipment

A block diagram of the X-band maser equipment is
shown in Figs. 1 and 2. Figure 1 details the portion of the
equipment installed within the X-Band Receive Only
{(XRO) feed cone assembly. Figure 2 details the equipment
mounted in module 3 of the tricone, in the alidade
compressor room, and in the station control room.

The major units housed in the XRO cone assembly are
the Traveling-Wave Maser/Closed-Cycle Refrigerator
(TWM/CCR) assembly and the X-band monitor receiver.
The TWM/CCR assembly shown in Fig. 3 includes-the
helium refrigerator, which houses the traveling-wave
maser structure with its field spreading coils and the
superconducting magnet. The input and output
waveguides with cooled low-pass filters for preventing
pump leakage are also housed in the refrigerator along
with the magnet charging heater and a Mistor! bridge
circuit for measuring the magnetic field. The interior of
the refrigerator is shown in Fig. 4. The TWM/CCR
assembly also includes the maser calibration and pump
boxes. The maser calibration box permits test signals to be
routed into either the maser input or the maser output.
The pump box includes two klystrons which are simulta-
neously combined arnd injected into the traveling-wave
maser structure. The pump box also includes a modulator
(Ref. 1) which frequency modulates the two klystrons at a
100-kHz rate.

The X-band monitor receiver elements are shown in
Fig. 1. All of the elements shown are identical to Block IV
receiver components. A sample of the maser output is
coupled into an X-band mixer with the local oscillator
(LO) signal supplied through a times 17 frequency
muitiplier. The intermediate frequency (IF) output is 325
MHz.

As indicated in Fig. 2, the maser output signal is
transmitted to the receiver select assembly in module 3 of

1 Mistor is a trade mark name for a solid-state, thin-film magnetic flux-
sensitive resistor,
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the tricone where the signal is distributed into four
available output channels for the Block IV receiver.

The output of the X-band monitor receiver is transmit-
ted to the IF selector box. Provisions are also made in this
box to receive 325-MHz signals from the Block IV
receiver. The operator selects one of these signals, which
is then transmitted to the 325-MHz IF amplifier and mixer
assembly, where it is mixed with a crystal-controlled 270-
MHz local oscillator. A dual output is generated: one
output at 325 MHz and one at 50 MHz. The 325-MHz
output is transmitted to the control cabinet and into a
commercial spectrum analyzer on which the passband of
the maser is displayed. The 50-MHz signal is routed into
S-band control cabinet No. 2, in which it can be selected
for the existing Y-factor equipment for calibration
purposes. The monitor receiver cabinet in the tricone also
includes a times 10 frequency multiplier fed by a 47.6-
MHz crystal-controlled oscillator mounted in the control
room in the X-band maser control cabinet (cabinet 3). The
times 10 frequency multiplier, the 325-MHz IF amplifier
and mixer, and the times 6 frequency multiplier are all
standard Block IV receiver modules. In addition, cabinet 3
houses the various power supplies, controls, and quartz
thermometer readout for operation of the X-band maser.
Figure 5 shows the equipment mounted in cabinet 3.

The compressor for operating the helium refrigerator of
the X-band maser is housed in the alidade compressor
room.

IV. Results

The first X-band maser system has now been assembled
and has been tested in the laboratory. A typical response
curve of the maser is shown in Fig. 6. It is noted that a 45-
dB gain is achieved with an instantaneous bandwidth of
more than 50 MHz. The noise temperature of the maser
has been measured at 8 kelvins. A detailed report on the
traveling-wave maser structure development is planned in
the near future. The laboratory tests of the first
operational system indicate that the design goals have
been met with some margin to spare. It is anticipated that
all three systems will be completed and installed in the 64-
meter stations during the first half of calendar year 1975.
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Fig. 1. X-band maser equipment: cone mounted
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Fig. 3. TWM/CCR assembly Fig. 4. Interior of refrigerator
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Implementation of DSS 43 and DSS 63
High-Power Transmitters

J. R. Paluka
R. F. Systems Development Section

Progress of installation and test of the DSS 43 and DSS 63 high-power
transmitters is traced through procurement, installation, and test of the
equipment at DSS 13 to overseas shipment and installation status at DSS 63 as
of January 25, 1975. The schedule for this activity is to have the DSS 63
subsystem installed, tested, and transferred to operations for the Viking project
by mid-July 1975, and the DSS 43 subsystem operational by mid-October 1975.

I. Introduction

In 1970 a high-power transmitter was installed, tested,
and transferred to operations at DSS 14. Plans were then
initiated to provide high-power transmitters at each 64-m
station. In January 1974 the implementation schedule was
accelerated by two years. This required a very intensive
effort to complete the design and the procurement, and to
provide training and test at Goldstone. Present plans are
to install high-power transmitters at DSS 43 and DSS 63
during 1974 and 1975. The schedule for this activity is to
have the DSS 63 subsystem installed, tested, and
transferred to operations for the Viking project by mid-
July 1975, and the DSS 43 subsystem transferred to
operations by mid-October 1975.

Procurement of major components for these transmit-
ters was started in late 1972. Delivery of most equipment
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was made in 1973 and 1974. Some of these components
were shipped directly to the overseas stations from
vendors; and others, as noted below, were shipped to DSS
13 for testing before overseas shipment.

The high-power transmitter is comprised of four main
equipment groups: the control group, the power amplifier
group, the coolant group, and the high-voltage (HV)
power supply group. Figure 1 is a simplified subsystem
block diagram of the control group, the power amplifier
group, and the parts of HV power supply group that were
tested at DSS 13. The tests for each subsystem were
conducted at the assembly level, at the group level, and at
the subsystem level. Major components of the DSS 13
tiansmitter were substituted to provide an almost
complete transmitter subsystem. The main reason for not
testing the motor-generator of the power supply group
and the coolant group at DSS 13 was economy. Factory
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testing was performed on these units before being shipped
directly overseas.

Il. Testing at DSS 13

Testing of the DSS 63 transmitter was started at DSS 13
in mid-February 1974. Initially the control group was
tested using a test fixture to simulate other parts of the
transmitter. Figure 2 is the local control console, the main
part of the control group. By late March 1974 the group-
level testing of the controls was completed and interface
testing with the DSS 13 heat exchanger was started. In
early April the transformer/rectifier, choke, and crowbar
were added to the construction of the subsystem using this
test configuration and the DSS 13 motor-generator and
coolant group. Both the DSS 63 and the DSS 43 power
groups were successfully load-tested into a dc load to a full
megawatt for approximately twenty-four hours. This test
assured sufficient wattage from the power supply group
for either a 100-kW or a 400-kW klystron. In early June
1974 the power amplifier group containing a 100-kW
klystron (Varian X-3060) was added to complete the test
configuration shown in Fig. 1. During June and the first
half of July, subsystem-level tests were performed on the
transmitter subsystem. On July 15 dismantling and
shipping of the subsystem to DSS 63, near Madrid, Spain,
was started. During the testing four personnel from DSS
63 were at JPL and DSS 13 a few weeks for training.

Assembly of the DSS 43 high-power transmitter was
started in the manner described above in early August
1974. Again, the same portions of the DSS 13 high-power
transmitter were used to substitute for those portions of
the subsystem which were shipped directly to DSS 43
from vendors. Four personnel from DSS 43 arrived at DSS
13 in July and remained until December and January to
contribute to the testing and to receive intensive on-the-
job training. In early December the subsystem was
dismantled and shipped to DSS 43.

l1l. Installation and Testing at DSS 63

Construction of facilities for the high-power transmitter
subsystem was started in August 1974. The new facilities
at DSS 63 consist mainly of a building to contain the
transformer/rectifier, the filter choke, and the control
junction box, and a complex of concrete pads for the
motor-generator set (1750 HP (1305 kW) and 1300 kVA),
the motor control center, the auxiliary heat exchanger, the
distilled water replenishing unit, underground water tanks,
and miscellaneous circuit breaker housings. Figure 3 is a
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view of this pad area as it appeared in late January 1975.
Of the units described above, the motor-generator set, the
motor control center, the auxiliary heat exchanger, one
circuit breaker box for the synchronous motor, and the
2000-gallon tank for the water replenishment system are

in place. Figure 4 is a view of the transformer/rectifier
building construction as it appeared in late January. A
portion of the pad area described above is visible in the
background. The center of this entire area is approxi-
mately 70 meters north of the DSS 63 antenna.

In addition to the installation of units pictured in Figs. 3
and 4, the majority of the transmitter equipment located
in the antenna pedestal and the operations building has
been installed, and interconnecting control cables have
been connected. These units include the local control
console (Fig. 2), the remote control console, the crowbar
cabinet, the motor-generator controller, the field and
focus magnet power supply racks, the high-voltage
junction box and high-voltage splice box and all power and
control cabling from the pedestal and operations building
to the tricone where the power amplifier group will
ultimately be located. Prior to the arrival of JPL and
Goldstone contractor personnel at DSS 63 in November
and December 1974, DSS 63 station personnel had
installed and partially tested the heat exchanger of the
coolant group, which is located on the antenna alidade.

Interface tests were successfully conducted for the first
time between the control group and the alidade heat
exchanger in late December 1974. In mid-January 1975
the power amplifier cabinet was raised to the antenna
tricone (Figs. 5 and 6), and the cabinet was temporarily
installed in the tricone for a period of ten days. During
this period water flow tests were successfully conducted
between the power amplifier cabinet and the alidade heat
exchanger for the first time. The purpose of these flow
tests was to verify that the heat exchanger can provide
sufficient coolant water to the klystron and water load at
all elevation angles of the antenna. These tests ensured
that a sufficient flow of cooling water is available to the
power amplifier cabinet for either a 100-kW or a 400-kW
klystron.

The other purpose of temporarily installing the power
amplifier cabinet was to assure that the mechanical
interface of the cabinet waveguide output port would
properly align with the DSS 63 microwave subsystem
when the cabinet was bolted in its pre-assigned location.
This test was also successfully completed and the cabinet
was removed from the tricone and reinstalled in the
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antenna pedestal to allow continuation of assembly level
and group testing when installation of the power supply
group is completed. Scheduled beneficial occupancy dates
(BOD) were November 1, 1974 for the pad area (Fig. 3)
and January 15, 1975 for the transformer/rectifier
building. Scheduled completion date (transfer to opera-
tions) for the DSS 63 high-power transmitter presently is
July 15, 1975.
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IV. Installation at DSS 43

Most of the transmitter subsystem has been shipped to
DSS 43. To date the main heat exchanger has been
installed on the antenna alidade, and selection of a
facilities contractor has begun. October 15, 1975 is the
scheduled date for transfer of the DSS 43 high-power
transmitter to operations.
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Fig. 4. Facilities status: transformer/rectifier area
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Fig. 6. Power amplifier on back porch being positioned for
unloading into tricone
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X-Band Tracking Operations During
the Viking Orbital Phase

A. L. Berman
Network Operations Section

X-band tracking of the Viking spacecraft in orbit around Mars will be compli-
cated due to the combination of high periapsis doppler rates and low downlink
carrier margin. This report presents methods to implement X-band tracking of the
Viking spacecrafi by ramping either the ground transmitter frequency or the
ground receiver frequency. The operational impact of the two methods is assessed.

I. Introduction

Tracking at the 64-m deep space stations with the
Block IV X-band receiver in a 10-Hz tracking loop flter
setting will be quite diflicult at Viking Orbiter periapsis
because of high doppler rates. As an alternative, use of the
80-Hz tracking loop filter during Block IV X-band track-
ing is not promising because there is only marginal carrier
power above threshold (~8.7 dB) in this mode. Addi-
tionally, it had been thought (Ref. 1) that in order to
maintain a reasonably small phase error while tracking
with the Block IV X-band receiver in a 10-Hz tracking
loop filter setting, as many as 20 digital controlled oscil-
lator (DCO) ramps (frequency rates) per periapsis pass
might be required. It is therefore the intent of this report
to analyze in greater detail the operational capabilities
and constraints while- tracking a Viking Orbiter with the
Block IV X-band receiver(s) in a 10-Hz tracking loop
filter setting.
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1. Orbits Utilized in the Analysis

Reference 2 analyzed in great detail four separate
orbits, These consisted of permutations of periapsis alti-
tudes of 1200 and 500 km and of lines of apsides either
normal to or parallel to the Mars-Earth vector. These can
be abbreviated as 500 km/N, 500 km/P, 1200 km/N and
1200 km/P. The highest periapsis doppler rates are en-
countered with the 500 km orbits, so it was considered
adequate to limit this analysis to the 300 km/P- and
500 km/N-type orbits. The periapsis doppler rates
(¥X-band, two-way)} for these-two orbit types can be seen
in Figs. 1 and 2, respectively.

{1l Conswleratlon of Static and Dynamlc
Phase Error

In the initial consideration of the adequacy of a given
receiver to track a given signal, one is concerned with
both the static phase error (SPE) due to frequency dis-
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placement and dynamic phase error (A4) due to frequency
rate. As it turns out, the pacing criterion for the worst
Viking orbital case (the 500-km/P-type orbit), in terms
of mnecessary ramping of the X-band receiver, is the
dynamic phase error, and hence this study will be mostly
focused on this particular parameter. Also, any receiver
ramping schemes which will alleviate the dynamie phase
error problem, coupled with judicious choices of starting
receiver frequencies, will almost automatically keep the
total frequency displacement small, and hence negate
most static phase error buildup. Quite simply, if one is
ramping the receiver to keep the received frequency rate
within certain bounds as in Fig. 3, the cumulative fre-
quency displacement

1 n d
7_‘, . {R,, - (D2)} dt ~ 0

{(where R, is the receiver ramp rate and d/dt (D2) is the re-
ceived doppler rate) is relatively small when compared to
that frequency displacement which would result from no
ramping of the receiver.

IV. Analysis of Receiver DCO Ramps to
Maintain Dynamic Phase Error
Below 13 deg

Rather arbifrarily selecting a (conservative) objective
of maintaining the phase error (A6) at 13 deg or less, one
has the following pertinent information from the DSN/
Flight Project Interface Design Fandbook (Ref. 3) and
from Ref. 1:

Block IV X-band receiver carrier margin at 10 Hz
tracking loop filter =~ 13,51 dB

Downlink frequency rate required to produce A8 =
13 deg at a carrier margin of 13.5 dB =~ =15 Hz/s.

The periapsis 2-way X-band doppler frequency rates
versus time for the 500-km/P-type and 500-km/N-type
orbits are shown in Figs. 1 and 2, respectively. QOver-
laying the doppler frequency rates in Figs. 1 and 2 are
the required receiver ramps to keep the dynamic phase
error approximately equal to or less than 13 deg, and
hence from the information above, to keep the (relative)
frequency rate at the receiver (= downlink frequency
rate minus receiver ramp rate) approximately equal to or
less than =15 Hz/s. As can be seen in Fig. 1, the 500-km
P-type orbit is the more extreme case, requiring 11 re-
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ceiver DCO ramps during the periapsis period. The
500-km/N-type orbit (see Fig. 2) is only slightly less diffi-
cult, requiring 8 receiver DCO ramps during the periapsis
period,

V. Error Analysis

In the previous section the mumber of receiver DCO
ramps required to produce a A8 of 13 deg or less was
analyzed; however, this (implicitly) assumed that the pre-
dictions used to generate the required ramp parameters
would be perfectly matched to the actual data. At this
point it would be reasonable to briefly examine the effect
of using (slightly) inaccurate predictions.

Let one assume that a reasonable goal would be the
generation of a ramp scheme designed to keep A4 at
13 deg or less, but that one would tolerate occasional Aé's
of up to 17 deg because of inaccuracies in the predictions.
Given this ground rule, one needs to determine what
magnitade of prediction error would cause 2 combined
Ad of 17 deg, and, if one could expect prediction errors
for the Viking orbital phase,to be bounded by this (to-be-
determined) prediction error. For a Ad = 17 deg, one has
from Ref. 3, the following received doppler frequency
rate; == =20 Hz/s. Differencing this value with the ramp
scheme goal of +15 Hz/s for the (relative) received fre-
quency rate, one wishes to determine what size prediction
error would thus cause a two-way X-band doppler fre-
quency rate error of ~ =5 Hz/s.

For both the 500-km N-type and 500-km P-type orbits,
the maximum rate of change of frequency rate is

{% {frequency rate)} =2 (10 Hz/s)/min

such that a {requency rate error would translate into an
equivalent (prediction} time error of

5 Hz/s
ar= (10 Hz/s)/min ™ 30s
If recent past experience with respect to prediction
accuracy at planetary encounters, etc., proves to be a
reliable guide, one can indeed expect that, in general,
trajectory errors during the Viking Orbital Phase will be
less than 30 s (Af), and hence expected errors in the pre-

diction data from which ramp rates will be generated
should add less than 4 deg of A4,
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VI. Operational Considerations

Let one consider the simplest case of just one receiver
—a Block IV X-band receiver in the two-way mode with
a 10-Hz tracking loop filter setting, If one considers a
500-km P-type orbit, and using the criterion previously
established in Section IV, 11 separate ramps will have to
be programmed into the receiver DCO per periapsis pass.
At the DSS the operation will be complicated because
the DCO holds only 4 ramps at any given time, and, as
the initial ramps are executed, subsequent ramps will
have to be manually entered into the DCO in near real
time. Additionally complicating the receiver operator’s
job is the fact that the ramps are exhausted in as little as
three minutes, thus allowing little time for the operator
to enter and verify new ramps.

Generation of the ramp instructions in the Network
Operations Control Area (NOCA) should also prove to be
difficult, and in particular, time-consuming. Receiver fre-
quency predictions are not generated in the prediction
system, and the only method by which they can be gener-
ated (now) is manual, with the aid of Hewlett-Packard
Programmable Electronic Caleunlators. Also, the Block IV
DCO receiver frequency level is quite unfamiliar to most
of the Network Operations Control Team (NOCT).
Finally, assuming the ramp instructions are generated by
the NOCT, they will have to be transmitted manually
(via teletype) to the DSS, with a greatly increased risk
of transmission errors, ete.

The above considers only the difficulties in ramping
one receiver. If the Block IV S-band recejver is also in a
10-Hz tracking loop filter configuration, it too will require
ramping, under some circumstances. Consider a 500-km
P-iype orbit. The maximum frequency rate at X-band
(two-way) is = 160 Hz/s. Thus at S-band it would be
== (8/11) {160 Hz/s} = 44 Hz/s. From Ref. 2, the Block
IV S-band receiver carrier margin equals 21.8 dB, so that
(from Ref. 8), a phase error equal to 13 deg results from a
receiver frequency rate of ~ =30 Hz/s. Thus, to avoid
excessive phase error, the Block IV S-band receiver will
also require some ramping.

Finally, if three-way X-band doppler is ever desired
from another 64-m DSS during a periapsis pass, the ex-
tremely laborious and time-consuming tasks described

above will be doubled.

To summarize the above, receiver ramping during
Viking Orbiter periapsis passes can be accomplished;
however, it will:
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(1) Place additional burdens on the DSS receiver
operator

(2) Consume large amounts of manpower from the
NOCT, because of the semimanual mode of re-
ceiver level ramp generation

(8) Entail considerably more risk of error because of
the manual mode (teletype) of transmission

Vil. Use of Uplink Ramping

The idea of utilizing the DCO capability to ramp the
uplink and thus reduce the total downlink frequency rate
is obvious and certainly merits being investigated. For
instance, considering the 500-km P-type orbit, the total
periapsis 2-way doppler rate excursion is = 170 Hz/s
(—10 to +160}. If one chooses and appropriately locates
five uplink ramps at the following equivalent X-band fre-
quency rates of +10, +40, +70, +40, and 410 Hz/s,
then one will have fhodified the uplink such that the
spacecraft will see a maximum frequency rate (at equiva-
lent X-band level) of =15 Hz/s. More importantly one
would reduce the total 2-way X-band downlink frequency
rate excursion to = 110 Hz/s (—20 to +90).

Instead of 11 DCO ramps in the receiver, one would
now require only 7. However, 5 ramps are now required
in the exciter, making a total of 12 ramps altogether.
Considering the added complications of ramping the ex-
citer and the receiver, it does not seem that ramping the
uplink in the above described fashion will buy anything
substantial.

A more interesting (although perhaps seemingly bi-
zarrel) approach might be to consider over-ramping the
uplink by a factor of 2. This poses no particular difficulty
for the S-band spacecraft receiver, and, in any case, pro-
duces the same frequency rate at the spacecraft as if the
uplink was not ramped at all. But more importantly, it
should theoretically drive the downlink doppler frequency
rate to some small limit such that the X-band receiver
would not have to be ramped at all. As a matter of fact,
this is exactly what happens. Quite simply, let one define
at some time: -

F.. = two-way X-band downlink freguency

TSF = track synthesizer frequency (transmitted up-
link frequency at DCO level, =~ 44 MHz)

ryp = uplink range rate
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ren = downlink range rate

¢ = speed of light

Then one has

d
F. rate = 5 [Foxl
d 880 {(Tup F Ton) ]}
{48 o1 TSF |:l -
880

— —48

= {a ]

Now if one assumes a ramped TSF, say TSF;, and a
corresponding F,,, say (F. )z, one would have

(Fn)g rate = % [(F_’,J:)R]

_ d 880 — (le -+ Tdn)
=% { 201 TSF”[I c :I}

880 (Fup - Tan)
=485 {[1 - __c"'—:l a; (T5Fs)

— TSF, % [(Tup ﬂ; m)]}

To drive the downlink doppler {requency rate to zero,
one requires

2 [(Fle] =
or
(s T[]
= (TSFz) = [1 e ra) ]
c
since 1 > > RELY) J(: o)
(TSFR) TSF, { - [(—’—”%{I}
and since TSF =~ TSF
g’t (TSFp) 22 TSF { T I:—--—("“" 1’ "““)}}
192

Finally, from the previous definition of F,, rate, one has

d 291 d
7 (T8Fz) = — goreeny g [Feel

221 ;
= — m)" {F,,rate}

2

Following the above logic, uplink ramps corresponding
to those in Fig. 1 (approximately twice the uplink fre-
quency rate and, of course, moved backward (earlier)
from the times in Fig. 1 by one round-trip light time
(RTLT)) were input into the 500-km P-type orbit pre-
dictions. The results in the downlink doppler frequency
rate are just as expected—the X-band downlink frequency
rate is constrained to ==15 Hz/s. These results can be
seen’in Fig. 4. For this case no ramping of the receiver
would be required. At first glance, it would not seem that
anything of particular value has been achieved, since one
now has 11 exciter ramps instead of 11 receiver ramps.
However, on closer inspection, a number of operational
benefits would appear to accrue, ie.,

(1) The uplink frequency level is far more familiar to
the NOCT.

(2) The necessary uplink ramp parameters can be
obtained from prediction output quantities (XA
and DD2) with far less effort than producing
receiver level predictions and receiver level ramp
parameters.

(3} Uplink ramping recquires no individual receiver fre-
quencies, whereas receiver predictions require fairly
current individual receiver parameters (the 21-MHz
free-running oscillator) measured at the DSS.

(4) Uplink ramps would routinely be transmitted within
normal predictions (via high-speed data (HSD)) and
would thus be virtually guaranteed free’ of trans-
mission errors, in contrast to sending large amounts
of receiver ramp data manually (via teletype).

(5} When one considers the possibility of Block IV
S-band tracking with a 10-Hz tracking loop filter, or,
far more important, the addition of X-band 3-way
tracking at a separate 64 m DSS, no additional re-
celver ramping is required, in marked contrast to
the receiver ramping case, where the number of
total required ramps increases by 100% or more—
one ramped uplink covers all receivers!

In consideration of the above, the possibility of using

overcompensated uplink ramping might merit further
investigation.
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Fig. 2. Viking Orbiter 500-km/N-type orbit 2-way doppler rate versus GMT
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TDA Data Management Planning: Readability of Flow Charts

E. C. Posner
TDA Planning Office

This article proposes a “global’ readability standard for flow charts in DSN
software implementations. The standard limits the kinds of closures and returns
that can occur from decision nodes. It is proved that the standard is equivalent to
permitting only those flow charts that are constructible from hierarchical expan-
sion of the three structures BLOCK, IFTHENELSE, and LOOPREPEAT. The
LOOPREPEAT structure is the simultaneous generalization of DOWHILE and
DOUNTIL. Considerations of code as opposed to flow chart readability, however,
may rule out the use of LOOPREPEAT in favor of allowing only its'special cases

DOWHILE and DOUNTIL.

I. Introduction

We propose a standard for flow charts to be used in
DSN implementations. We first define a flow chart as
a finite directed graph with five kinds of nodes:

(1) START nodes with no links entering the node and
one link Jeaving,

(2) END nodes with one link entering and none
leaving.
(8) FUNCTION nodes with one link entering and one

leaving.

(4) DECISION nodes with one link entering and two
leaving.

(5) COLLECTOR nodes with two links entering and -

one leaving,.
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We further require that there be exactly one START
node and one END node. We also demand that the flow
chart be connected in the sense that, given any node,
there is a directed path from START to END going
through the node. The condition on DECISION nodes
that they have only two outputs is a mathematical con-
venience for proof purposes, and the use of multiple out-
put decisions (cases) would be allowed in any DSN
standard. A similar comment applies to COLLECTOR
nodes.

More precisely, a (finite) directed graph is a collection
of points called nodes, and directed edges, called links.
Nodes are connected to nodes by links, where the direc-
tion is indicated by an arrowhead at the forward end of
the link, the other end being called the rear. Each link
must start and end at a (possibly the same) node. It starts
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at its rear end and ends at its forward end. A path from
one node n, to another n, is a sequence of nodes n, = m,,
Ma, ——, My =1, and links A, %, ——, %, such that
link #; starts at m, and ends at m,,, 1 <f <p— 1.

A flow chart then is a directed graph, where the graph
nodes are the function boxes, decision boxes, and collec-
tor nodes, We will, however, draw all nodes as dots, since
the definition of “fow chart graph” makes it clear whether
a given graph node corresponds to a function, decision,
or collection.

Given flow charts G, and G,, together with a function
node F of G,, we define the hierarchical expansion of G,
by replacing F by G., H(Gy, F; G.) as a new flow chart
G;. Specifically, let link & end at F and £, start at F.
Remove node F from the set of nodes of G, and add the
set of nodes of G, other than START and END. Let 2,
end at the first node of G, reached from its START, and
let 4, start at the last node before the END of G.. Then
the START and END of G. have been removed, but all
other nodes remain and are the same kind of node. The
fact that G, is a flow chart can be readily verified.

Let G be a flow chart and F a function node of G.
We can get a new flow chart & with one less node and
one less link as follows: Remove F from the set of nodes
of G. Let £, end at F, and -{, start there. Remove these
two links from the set of links and add a new link #
which starts at the node from which £, started, and ends
where £, ended (see Fig. 1). This operation permits us to
remove a “no-op” function at a FUNCTION node,

Let A be a finite sct of flow charts, called structures.
Define A, = A, and A,, the one-step completion of A, as
the class of all flow charts which can be obtained from
the structures in A by removing a {unction node, or by
replacing a function node of a structure G by a structure
H in A, where H may be different from G. Define A,
for n > 1, the n-step completion of A, to be the one-step
completion of A,_,. Define A.., the completion of A, to be

0 A;"’
n=1

the flow charts obtainable from the structures in A by
hierarchical expansion. Note that if G and H are in A,
and F is a function node of G, then replacing F in G by
H leads to a flow chart still in A,; that is, A, is complete
under hierarchical expansion.

Finally, let us define a looping decision and a non-
looping decision. A nonlooping decision node in a flow
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chart is one for which all paths to END starting at the
decision ultimately coincide at some collector node before
any path from the decision again reaches that decision
node. Otherwise the decision node is called a looping
decision. A link starting at a dedision node with the
property that all paths to END starting with the link
avoid the given decision node is a non-looping link; if
there is a way to reach the decision node starting with the
link, it is called a looping link.

Let us now define a set R of structures which consists
of the three structures BLOCK, IFTHIENELSE, and
LOOPREPEAT, as in Fig. 2. Note that LOOPREPEAT
becomes DOWHILE'if node G is removed and DOUNTIL
if F is removed. Hence, by Mills’ Theorem (Ref. 1), every
algorithm can be flow charted by a flow chart in H.,
since it can be flow charted by a fiow chart in the
completion of BLOCK, IFTHENELSE, and DOWHILE
(or alternatively of BLOCK IFTHENELSE, and
DOUNTIL). .

ll. Readability of Flow Charts

A nonlooping decision node is said to have the Unique
Merger Property if the node at which all paths cut of the
decision first merge has the property that any two paths
starting with different links out of the decision node zlso
merge for the first time at that node. The decision node
in IFTHENELSE satisfies Unique Merger.

A looping decision node is said to have the Forced
Loop Closure Property provided the following holds.; An
external inpuf to a loop is a collector node reachable from
the decision that has an output path to the decision node.
It also has an input path from START not containing the
same output link of the given decision node that was on
the input path to the collector node. Note that each Ioop-
ing decision node has.at least one external input to & loop
it creates. We require that the following hold for at least
(it turns out exactly) one of the cutput links of the looping
decision; such links are called looping links: every path
starting at a looping link must return to the looping deci-
sion. We require that there be only one external input
node. We also demand that every path starting with the
looping link go through the external input, and go through
it on only one of its two input links, before returning to
the looping decision. It follows from connectivity that
only one of the two outputs of a looping decision can be
looping—otherwise there is no way to reach END starting
from the decision. Note that the decision node of LOOP-
REPEAT has the Forced Loop Closure Property.
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We say that a flow chart has the Readability Properiy
provided every nonlooping decision satisfies Unique
Merger, and every looping decision satisfies Forced Loop
Closure. Observe that i G, and G, satisfy the Read-
ability Property, or, more briefly, are Readable, then if F
is any function node in G,, the flow chart H (G, F; G,)
is also Readable. Thus every flow chart in R, is Readable.
The next section proves the main result of this article,
that every Readable flow chart is in R,. Hence, the
Readable flow charts can be obtained by using the three
structures in R together with hierarchical expansion, and
every flow chart so obtained is Readable. By Mills’
Theorem previously referenced, then, we also conclude
that every algorithm can be flow charted by a Readable
flow chart.

I1l. The Main Theorem on Readability

The theorem below is proved by contradiction, but the
proof is actually a recursive procedure for hierarchically
expanding a Readable flow chart using the three struc-
tures in R: BLOCK, IFTHENELSE, and LOOPREPEAT.

THEOREM. R., is exactly the class of Readable flow charts.

Proor. That every flow chartin R., is Readable has already
been noted in the previous section. The hard part is to
prove that every Readable flow chart can be obtained
from hierarchical expansion of the three.structures in R.

I not, let G be an alleged counterexample with the
smallest number of nodes among the counterexamples,
that is, among the Readable flow charts not in R,,. Note
that G has no function nodes, for they could be removed
to yield another counterexample. We will show that G
has no looping decisions. Let p be such a looping decision,
with external input C as in Fig. 3.

Let o, denote the set of paths from C to p, and . the
set from p to C. Can there be a path A from a node r
on a path in =, to a node D on a path in =,? No, because
all paths from p starting with the looping link of p go
through C, by the definition of Forced Loop Closure for
the loop started by p.

Can there be a path p from a node s on a path in =
to a node E on a path in #,? The answer is again No, but
for a slightly more complicated reason. This time, look
at the loop started by s, which must satisfy Forced Loop
Closure. The node C is still an external input node, but
so is E because of the path C—s—p—E. This sitvation is
of course ruled out, so p does not exist either.
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Then Fig. 3 can be thought of as Fig. 4, where there
are no paths between the nodes in A and in B (which
each might be empty sets), and where there are no
entries or exits from A and B other than the ones shown.
That is, the original G is a hierarchical expansion (includ-
ing possibly node removal) of a graph G, which has a
function node in place of the structure of Fig. 4. Figure 4
itself is a hierarchical expansion of IFTHENELSE, the
two graphs corresponding to A and B being the graphs
replacing the FUNCTION nodes of LOOPREPEAT.
These two graphs are also Readable, however, and have
fewer nodes; hence they are in R, (or are null). The
graph G, as we have observed can be obtained from a
Graph G, by hierarchically expanding at a function node
by IFTHENELSE. But G, has fewer nodes than G,,
hence fewer nodes than G, and so is in R.. So G itself
would be in R.. This proves that G has no looping
decision nodes.

So G has only nonlooping decisions. Let p be such a
node, with merger node M. An exiernal input is a node
C on a path from p to M that can be reached from
START without going through p, or, if it cannot be
reached from START without going through p, then such
paths must go through M before reaching C. If we knew
that there were no external inputs, we would be done as
in the LOOPREPEAT case, for Unique Merger plus the
lack of external inputs would cause the nonlooping
decision to look like Fig. 5. The same hierarchical ex.
pansion idea would work,

First note that if C were an external input, there is
no path from M to C not going through p. For it must
be possible to reach END from M, and it must therefore
be possible to reach END from M without going through
C. Let r be a node at which a path to END first leaves
the path from M to C. This r is, of course, a decision
node, but it is looping because of the path r—»C—M-r.
Since G has no looping decision nodes, there is no path
from M to C not going through p.

Thus, if C exists at all, the situation of Fig. 6 must
prevail: there is a path from START to C not going
through p.

There is of course a path to p from START also. There
are two possibilities: i} there is a path from START to p
not going through C; i) every path from START to p
goes through C.

In case i), there is a last node s where the paths from
START to € and to p agree, as in Fig, 7. However, s

JPL DEEP SPACE NETWORK PROGRESS REPORT 42-26



violates Unique Merger, since paths starting with both
links out of s meet for the first time at C and also at M.
So we are in case it), in which every path from START
to p goes through C, as in Fig. 8. In this case, there is a
path from M to p, for there is no way of leaving the path
from C to M without going through M, by Unique
Merger. Then p is a looping decision, already ruled out.
This proves the theorem.

IV. Reversing a Flow Chart

This section proves an amusing corollary to the theorem
of Section III. Some people read flow charts backward
in trying to understand them, so define the reversal of
a flow chart as the flow chart with the same nodes
but arrowheads reversed. Then FUNCTION nodes
remain FUNCTION nodes, DECISION nodes become
COLLECTOR nodes, COLLECTOR nodes become
DECISION nodes, and START and END are inter-
changed. However, we still have a flow chart, as is easy
to see. If G is a flow chart, let G* denote its reverse.
Note the commutativity of reversing and hierarchical
expansion:

H(GE F;G) = HY G, F; Gy)

Likewise, note the commutativity of reversing and com-
pletion:

(AT)o = (Aw)"®

We then have the following Corollary to the theorem of
Section IIL

CororrLary, The reverse of a readable flow chart is a
readable flow chart,

Proor. By the theorem, if G is readable, G is in R.., where
R consists of BLOCK, IFTHENELSE, and LOOPRE-
PEAT. Hence G® is in (R¥),. But the reverse of BLOCK
is BLOCK, of IFTHENELSE is IFTHENELSE, and of
LOOPREPEAT is LOOPREPEAT. So R* =R, and G*
is in R,,. By the theorem again, G® is readable, as required.

V. Readability of Code

We have seen that if one adopts the flow chart read-
ability requirement, the only permitted structures
automaticzlly become BLOCK, IFTHENELSE, and
LOOPREPEAT. Therefore, those are all we would ever
propose to even consider permitting as a DSN standard
set of structures. It may however be preferable to not
allow the full force of LOOPREPEAT but only permit
DOWHILE and DOUNTIL, for reasons of code read-
ability. The reason would be that the code for LOOP-
REPEAT is less readable.

The reason is that the EXIT from the loop of Fig. 9
occurs in the middle of the code, looking like Fig. 10.
On the other hand, DOWHILE and DOUNTIL have
their EXITS at the end of their code, as is proper for
top-down readability (Fig. 11}. But the exact form of the
code and the tradeoffs involved seem rather language
dependent, and the problem of whether to universally
ban LOOPREPEAT for DSN software implementations
is still under investigation.
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Automatic Cable Tester

W. D. Schreiner
Qualiy Assurance DSN and Mechanical Hardware Section

Because of problems encountered and the time required to test multiconductor
cables, the Automatic Cable Tester was designed and built by JPL Quality
Assurance. This instrument has significantly reduced test time and increased the

reliability of the hardware.

I. Introduction

Due to the increased number of cables and the time
required to test them, it was necessary for Quality
Assurance to find improved methods of performing the
tests. A review was conducted of all commercially
available equipment that would meet our requirements.
The constraints were:

(1) The need for test flexibility at low volume.

(2) Compatibility with existing equipment.

(3) The need to be more cost effective.

No equipment was available that would meet our
requirements. Therefore, it was necessary for JPL Quality
Assurance to design and build the Automatic Cable Tester
(ACT). The use of this instrument has increased the

accuracy and reliability of test results, while reducing the
man-hours required to perform necessary tests.
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11. Description of Equipment

The JPL Automatic Cable Test Set (Fi.g. 1) consists of
one commercial piece of test equipment plus three JPL-
designed panels. These units are:

(1) 0-1000-volt commercial power supply and 100-
circuit relay scanning unit. The scanning unit
accepts only pin-to-pin circuits.

(2) Multicircuit patch panel. The patch panel provides
the capability to test cables that are not wired in the
normal pin-to-pin configuration, thus eliminating the
need for additional testing in a manual mode.

(3) Connector adapter panel. The connector adapter
panel provides a full selection of connector adapters
without the operator having to stop and locate
specific adapters for the particular cable under test.

.
b
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(4) Branch circuit switching panel. The branch circuit
switching panel is designed to pre-program the test
set to accept multi-pin circuits on a cable under test.
Without the branch circuit panel, the unit would
reject the cable as being shorted.

The test set automatically tests each circuit for proper
terminal-to-terminal resistance (continuity) and simulta-
neously checks each circuit against all other circuits for
shorts and high-resistance leakage. Cables can also be
checked separately for shorts or continuity. In the “shorts
only” condition, only one end of the cable needs to be
connected to the tester. The operator can select high
voltage for dielectric breakdown tests, or use very low
voltage for testing circuitry that cannot withstand high
voltage. All test parameters, such as test time, type of test,
reject levels, etc., can be selected on the control unit.

lll. Implementation Results of Automatic
Test Equipment

The previously used method of testing multiconductor
cables was limited to a continuity test with an ohmmeter
or a battery/buzzer (this method is incapable of determin-
ing poor terminations such as cold solder and uncrimped
pins) and a Hi-Pot and/or megohm test by hand between
each pin and all adjacent pins (individually). The manual
method is subject to human error (i.e., failure to test a pin)
and at best was incomplete. A true dielectric strength (Hi-
Pot) and insulation resistance test (Meg) should be
performed between each pin (circuit) and all other pins,
shields, and connector shells tied together in common.

Operation of the tester (Fig. 2) is simple and can be
performed with minimum operator training. Once the
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cable under test is connected and test parameters have
been set, it is necessary only for the operator to push the
start button. The test is completely automatic with the
tester stopping and identifying all faults.

A significant benefit of the new equipment is the savings
in test time. For example, in testing a 100-wire,
2-connector cable, excluding setup time, the old method
took two persons 30 minutes each, while the new method
only required one person approximately 1 minute to
perform the same task.

An additional advantage of the test equipment is safety
of operation. Previous methods of testing using high
voltages were hazardous in their actual use, plus the side
effect of “charging” the unit under test, where electrical
shock and possible injury could result. The Automatic Test
Unit self-shorts all circuits after test, thus eliminating such
hazards.

The significant increase in reliability was a contributing
factor in the DSN Engineering decision to discontinue
procurement of spare cabling for the Deep Space
Network.

IV. Future Plans

All multiconductor cables are electrically inspected
using the new JPL Automatic Cable Tester. Cables not
meeting the required electrical parameters are separated
and identified to prevent their being put into service. A
program has already been initiated to identify the exact
cause of failures, and steps are being taken to prevent
further occurrences.

203



JPL DEEP SPACE NETWORK PROGRESS REPORT

Fig. 1. JPL Automatic Cable Tester



Fig. 2. Operator using Automatic Cable Tester
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