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Abstract

An optical receiver employs an all-inverter-based front-end design that
provides maximum transconductance for a given power supply and
allows for ultra-low power consumption. The feedback transimpedance
amplifier (TIA) input stage utilizes a multi-stage amplifier to achieve
a dramatic increase in feedback resistance and lower input-referred
noise. Cascading an inverter-based active inductor continuous-time linear
equalizer (CTLE) provides frequency peaking to compensate the input
stage TIA that is intentionally designed with a reduced bandwidth to
achieve adequate sensitivity at low power. Fabricated in 28 nm CMOS,
the 12.5 Gb/s optical receiver achieves -10.7 dBm OMA sensitivity
at 0.11 pJ/bit energy efficiency and occupies only 720 pm? area.

Keywords: active inductor, CMOS, CTLE, inverter, low noise, low power,
optical receiver, transimpedance amplifier, transimpedance limit.
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1 Introduction

Advances in machine learning, artificial intelligence, and 5G workloads are
driving performance scaling in high-performance computing (HPC) systems
and datacenters. Low-power low-noise CMOS optical receiver (RX) circuits
are essential to improve overall datalink energy efficiency in these systems.
It is important that these receivers have adequate sensitivity to detect weak
optical signals, resulting in relaxed source laser power, while also achieving
low front-end circuit power and compact area.

Inverter-based feedback transimpedance amplifier (TTA) front-ends have
been developed that allow for operation at low-supply voltages [1]. However,
additional techniques are necessary to cope with the inherent tranimpedance
limit in these feedback TIA designs [2][3]. Receivers with low-bandwidth
input TTAs, such as front-ends with integrate-and-dump stages [4], cascaded
decision-feedback equalizer (DFE) [5], duobinary sampling [6], or continuous-
time linear equalizer (CTLE) [7] circuits, have been proposed to address
this. However, additional power is required in these designs due to the
clocked integration stages [4], meeting the critical DFE timing [5], additional
slicers and logic gates to resolve the symbols [6], and current-mode logic
CTLE stages [7]. TIAs with multi-stage amplifiers are another way to extend
the tranimpedance limit by achieving a higher gain-bandwidth product [3].
Unfortunately, typical multi-stage broadband amplifiers with several roughly
equal non-dominant poles require significantly faster technologies to ensure
that the overall phase shift in the TIA feedback loop is small enough to achieve
good stability [8], which is difficult in high-speed designs. It is possible to add
on-chip peaking inductors to allow for bandwidth extension in these multi-
stage amplifier TTIAs [9]. However, this comes at a significant area penalty and
is not suitable for the high-bandwidth density optical interconnect transceivers
necessary in future systems.

This paper presents a 12.5 Gb/s all-inverter-based optical receiver that
addresses these challenges [10]. A multi-stage amplifier TTA input stage allows
for increased feedback resistance and lower input-referred noise. Intentionally
designing this TIA stage with a reduced bandwidth allows for adequate
sensitivity at ultra-low power and area consumption. A subsequent inverter-
based active inductor CTLE provides additional gain and frequency peaking
to compensate for intersymbol interference (ISI) from the low-bandwidth TIA.
Optical receiver noise analysis and design limitations are provided in Section
2. Section 3 discusses key circuit design details of the all-inverter-based design.
Experimental results of the optical receiver prototype, which was fabricated
in a 28 nm CMOS technology, are presented in Section 4. Finally, Section 5
concludes the paper.

2 Optical receiver noise analysis

Input-referred noise model, indicating the main noise sources, is widely used in
receiver’s signal-to-noise-ratio (SNR) optimization. As shown in Fig. 1, optical
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Fig. 1 Optical receiver front-end noise model.

receiver noise performance is generally limited by the TTA front-end due to the
noise from subsequent circuits being suppressed by the transimpedance gain.
The feedback resistor Rp and amplifier are the two major noise sources [7],

resulting in the following input-referred noise power spectral density 1721 in(W).

I’?LG( )NIZ RF( )+I72Lamp(w)
_ AT )
Rp R2.

4kT
~ Ri + w (Czn + Czn amp)2

w2<cin + Cin,amp)2v121,amp(w) (1)
v'rzt,amp (w)

where Cj, is the combined PD and packaging capacitance at the input node.
Cin,amp is the amplifier input capacitance. vZ .. (w) = 4kT7/gn is the
amplifier’s input referred noise power spectral density. v is the channel-noise

factor. The v2 R2 term is omitted as 4kT/Rp > 4kTv/(gmR%)
F F

n,amp
always holds. For a given amplifier structure, both Cip amp and vZ ... (w)
are determined by the size and power, especially by its input stage. Cin amp
is proportional to size/power, while v2 . (w) is inversely proportionally to
them. The following optimum value is achieved when C;,, = Cip amp [2][11].

———  4kT 16kT~C;

min. In zn(w) = Rp +w2 AwfyA o (2)
where Aw,4 is the gain-bandwidth product that is roughly equal to CMOS
technology transition frequency wr in single-stage amplifier, but may achieve
a higher value in multi-stage amplifier [3][8]. Proper PMOS/NMOS size ratio
should be set to achieve maximum wy for inverter-based amplifier permitted
by supply voltage. While optimum sensitivity is achieved under equal input
and amplifier capacitance, a smaller input stage could be used to trade-off

lower power with degraded sensitivity.
TIA’s dominant pole is usually placed at the input node for higher Rr and
better noise performance. Considering a first-order amplifier response A(s) =
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Fig. 2 Simulated TIA frequency response with different amplifier bandwidths.

A/(1 4+ s/wa) for high data-rate applications, this results in the following
second-order TTA frequency response.

“Rp
1+ (1+s/wA)(Ii+sRFCT) ’ (3)

ZT(S) =

where O = Ciy, + Cin.amyp- Setting v2wrra = 2A/(RpCr) provides a second-
order Butterworth TTA response for the transimpedance limit [2][3][7].

AwA \/iA (4)

Crw2;, Crwrra

The TIA performance will degrade if the amplifier pole position deviates.
Fig. 2 shows the simulated TTA frequency response with the same amplifier
gain A and Rp, but different wa. A lower wa results in ac overshoot and
requires a reduction in wrya to improve the phase margin, while a higher w4
has lower bandwidth with excessive phase margin and wastes the potential
for a higher Ry value with improved noise. Trading excessive w4 for a higher
amplifier gain is critical to achieve the optimal noise performance, as indicated
by (4).

Substituting (4) into (2) and assuming Cj,, = Cin amp, the optimal input-
referred noise power spectral density is

maxr. Rp =

min. T7 (@) = g g+ 276, 5)
o\

Integrating it with the second-order Butterworth frequency response, the

input-referred noise power is proportional to Ci,w3;,/(Awa) [2][5]. This

relationship can be understood intuitively for an optical receiver properly
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Fig. 3 Inverter-based optical receiver.

designed for a given Cj,. If C;, increases by n times, the whole front-end can
be sized up proportionally to maintain the same phase margin and bandwidth,
which means increasing amplifier’s size and reducing Rp by n times. Input-
referred noise power increases by n times as a result due to the 1/n times
transimpedance gain and 1/n times output-referred noise power.

The closed-loop wrra has much more impact on the receiver’s noise
performance. Achieving nwrya requires A/n amplifier gain for a constant Awy4,
resulting in (1/n?)Rr that generates n? times higher noise density, which
means n® times noise power integrating over nwrya. The same input-referred
noise density from the amplifier also generates n® noise power over nwrya4.
Thus, the whole input-referred noise power is o< n3, which motivates several
noise reduction techniques based on low-bandwidth front-ends.

Increased A with the same w4 implies that g,, is proportionally higher for
the same Cly, amp, resulting in 1/n times input-referred noise power from the
amplifier. The Rp value can also be increased proportionally to maintain the
same bandwidth and phase margin, generating 1/n times input-referred noise
power.

3 Optical receiver design

Fig. 3 shows the single-ended all-inverter-based optical receiver architecture. A
low-bandwidth TTIA converts the single-ended PD input current to a single-end
output voltage that is equalized by the CTLE. An RC low pass filter (LPF)
generates a pseudo-differential signal for the four slicers driven by 4-phase
quarter-rate clocks. A DC cancellation loop eliminates the low-frequency (LF)
component of the input current and stabilizes output common-mode voltage.

3.1 Low-bandwidth TIA with multi-stage amplifier

As shown in Fig. 4 and 5, it is possible to utilize either a conventional single-
stage amplifier TTA cascaded with a transconductance-transimpedance voltage
amplifier [1] or the proposed TTA with multi-stage amplifier to achieve the
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Fig. 4 (a) Conventional TTA with post-amplifier and (b) proposed TIA with multi-stage
feedback amplifier.
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Fig. 5 Small signal equivalent models of (a) conventional TIA with post-amplifier and (b)
proposed TTA.

same effective transimpedance gain and bandwidth. Both topologies employ
inverter-based gain stages with current reuse that efficiently provides both
NMOS and PMOS transconductance and so higher gain-bandwidth product.
Single-stage inverter is used as amplifier in the conventional TTA, with the
amplifier pole w4 at its output node. Though easier to achieve good stability,
designer have no direct control over w4 when amplifier is sized to capacitively
match Cy,. In modern CMOS technology, low intrinsic device gain limits Rp
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freq

to even lower than (4), generating higher input-referred noise [8]. Potential of
high wp is completely wasted in this scenario.

The proposed design deals with this problem using an inductor-less TTA
based on a multi-stage amplifier, which is equivalent to placing the post-
amplifier inside the TTA feedback loop. The post-amplifier is comprised of a
transconductance input stage with a TIA load stage and has the following
second-order frequency response.

_ gm2BRpo
A2(9) = T 7T(s) ©
m R -1 Tds2 Tds3
L(s) = (gm3Rr2 )

Rpa+ras2 Rr2+Tdss

[1+ s(ras2||Rr2)Cra][l + s(rass||Rr2)Crs]

Conventional multi-stage TTA without local feedback resistor Rps has a
significantly lower bandwidth limited by the three roughly equal non-dominant
poles at the output nodes of ecach stage for a required phase margin [3][8].
Adding Rpo parallel to the third stage S3 reduces its intrinsic gain and
pushes both poles in the post-amplifier to higher frequency, generating higher
post-amplifier bandwidth which is > wpra. Higher Rpo generates lower post-
amplifier bandwidth with more phase shift in the global TIA feedback loop,
and vice versa. Through proper choice of the Rps value, this phase shift
compensates a too high phase margin due to fast w4 at the input stage’s output
node to achieve the same 63.4° phase margin as in a Butterworth response. In
this case, post-amplifier can be modeled as an ideal gain stage while its phase
shift effect 1/[1 4+ 1/L(s)] is included in the input stage model.

The overall transfer functions of conventional and proposed front-end are
derived here, both with its dominant pole 1/(RrCr) and non-dominant pole
w4 at the input and output node of the input stage S7, respectively.
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—9gm2RraRp

ZT,conv.(s) = 1 RpC
oot e
Rp—1
Aconv‘(s) = (gm1 = )rd81
S\Tds1||[tF)C L1 F T Tdsl1
[T+ 5Cans | BRIl (B 1 ranr) -
—gm2Rr2Rp

ZT,proposed(S) = 1+ 1 + sRrCr

ngRF2ApToposed(5) Aproposed(s)

Td
Aproposed(s) JmATds1 ~ Acom}.(s)a when Rp > rgs

T 1+ sraaCra

As shown in Fig. 6, roughly the same Zp cony. () and Zp proposed(s) is possible.
Power consumption and the input-referred noise from the TIA feedback
amplifier are also roughly equal, since both designs are dominated by the
size/power of the input stage S;. Conversely, the input-referred noise power
from the feedback resistor is significantly reduced by a factor of g,,2 Rp2 in the
proposed design, releasing full potential of the high-speed low-gain technology.

3.2 Inverter-based CTLE

As discussed in Section 2, TIA’s integrated noise power is proportional to
w2, 4. Low-bandwidth TIA improves optical receiver’s OMA sensitivity by
15dB/dec with decreasing wrya. On the other hand, NRZ sampling requires
50% or higher data-rate overall bandwidth to keep eye-height, necessitating
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equalization to avoid excessive ISI [6]. Though not as good as high-order DFE
[5], which adds minimal noise during bandwidth recovery and so suppresses
noise from both Rp and amplifier, CTLE only suppresses noise from Rp but
doesn’t need power-hungry fast decision feedback loop and is suitable for low
power application.

Subsequent inverter-based CTLE [12][13] is utilized to further increase TTA
feedback resistance by a factor of n=2.5 in this design as shown in Fig 7. Low-
power additive CTLE is more suitable here, thanks to the relaxed linearity
requirement in NRZ signaling. At LF coupling capacitor C¢ blocks the bottom
path, leaving top-path g,,1 alone setting input transconductance, while at high-
frequency (HF) both g¢,,1 and g2 drive the combined loading in both paths.
The CTLE utilizes 2-bit control through the EN transistors to achieve the
desired frequency response, with a relatively stable peaking gain n = (g1 +
Im2)/2gm1 that is determined by the input stage transistors’ size ratio. A
gm1 loading is also added in the bottom path to limit its local voltage swing
for reasonable linearity. First-order high-pass response produced with g, >
gm1 can not perfectly cancel the second-order slope from the preceding low-
bandwidth TTA. Adding series resistors to the gate path of the output load
stage solves this problem by realizing an active inductor [14], generating a
flatter frequency response. The resulting transfer function is given by
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where C' consists of combined NMOS/PMOS gate capacitance and parasitic
capacitance. It works with the added R to attenuate LF component, creating
an active inductor L = RC/g¢n1, and a series resistor 1/g.,,r. The active
inductor adds a pole-zero pair at the output node, represented by P(s).
As shown in Fig. 8, P(s) becomes a second-order Butterworth LPF with a
V29m1/ClLoaq bandwidth and a zero at g,,1./Croad, when R = Croad/(Cgmr)-
Lower R provides less peaking gain at higher frequency with roughly the same
bandwidth. Proper choice of R = 0.7CLoa4/(Cgm1) generating peaking gain in
the mid-band compensates the discrepancy between the second-order TTA and
first-order CTLE. Compared to conventional design that’s equivalent to R = 0,
active inductor extends the bandwidth by 1.5 times. Proportional reduction in
Im1, gm2 and g,,7, maintaining the same LF/HF gain and bandwidth, reduces
the whole CTLE power consumption by 33% as a result. Power spent on TTIA’s
output stage can also be reduced thanks to CTLE’s reduced input capacitance.

An adjustable CTLE power supply is utilized to set the absolute
transconductance values to achieve the desired peaking frequency. As TIA and
CTLE are both inverter-based and biased near half of the supply for optimal
gain, no extra buffer is needed between them. Inverter-based CTLE also makes
it possible for less parasitic capacitance and a compact layout. The combined
TIA and CTLE layout occupies 65 um? silicon area.

3.3 DC cancellation

Optical receiver’s front-end needs a feedback loop to suppress the following
DC input current from PD and provide proper common-mode voltage for the
subsequent slicers.

(ER+1)RppPinoma )
2(ER—-1)

where Rpp is the PD’s responsivity, ER and P, opma are the input laser’s

extinction ratio and OMA power, respectively. As shown in Fig. 9, a high-

gain OTA, with a pole created by the 0.68 pF Miller compensation capacitor,

is utilized to match the DC current flowing through transistor MO with Ip¢c

and generate the 2 MHz cut-off frequency. A preceding 100 MHz RC LPF

Ipc =
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Fig. 9 DC cancellation schematic and simulated front-end frequency response over an
extended low-frequency range. Zr is the front-end’s HF frequency response.

is added to relax OTA’s input dynamic range since 12.5 Gb/s large-swing
signal from CTLE is attenuated by 36 dB. This additional pole doesn’t impact
stability due to it being far beyond the cut-off frequency. Reference voltage
is locally generated by a diode-connected PMOS/NMOS pair, which helps to
compensate PVT variation.

Noise from RC LPF and OTA are filtered by the low bandwidth, leaving MO
the main noise contributor here. The following output-referred noise current
is directly added at the TIA’s input node and should be minimized.

2 0t (@) R I2 3 po(w) = 4kTYgmo = 4kTy/2uCop(W/L)Ipe (10)

It’s clear that MO should use the minimum transistor width indicated by

(9) and (10) with the minimum possible transistor length, just enough to stay

in saturation region with the max I'pc. It also helps to minimize any parasitic

capacitance added to the TIA’s input node, which degrades front-end’s noise
performance as discussed previously.

3.4 Low-voltage quarter-rate slicers

The front-end pseudo-differential output signal is sampled by four quarter-rate
slicers that are activated by four 90°-spaced clock phases. This quarter-rate
operation provides increased slicer regeneration time and allows for powering
them with reduced supply voltages. Fig. 10 shows the two-stage slicer circuit
[15] that employs minimal device stacking for low-voltage operation. This is
followed by a SR latch that holds the sampled data during the slicer reset
phase. Optical receiver sensitivity is improved with slicer offset cancellation
that is performed with two 5b current DACs that provide programmable
discharge currents at the first-stage output nodes during the sampling phase.
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3.5 Simulation results

Fig. 11 shows the simulated frequency response, input-referred noise power
spectral density with C;,, = 150 fF, and a 12.5 Gb/s eye-diagram with input
OMA =-10.7 dBm. The proposed TTA is intentionally designed with a reduced
2.8 GHz bandwidth that is extended by the subsequent CTLE to 7.0 GHz to
support the 12.5 Gb/s data-rate. This allows for an extremely high 82 dB{Q}
transimpedance gain without excessive ISI. The higher feedback resistance in
the proposed TIA with CTLE yields a 2.0 pA/v/Hz reduction relative to a
conventional broadband TTIA with the same power consumption.

4 Experimental results

Fig. 12 (a) shows the chip micrograph of the optical receiver, which was
fabricated in a 28 nm CMOS technology. The optical receiver is placed directly
underneath the pad to reduce parasitic capacitance and occupies 720 um? total
area.

The optical test setup is shown in Fig. 12 (b). A 40 Gb/s 0.6 A/W InGaAs
PD is wire bonded to the optical receiver input. This results in 150 fF total
combined input capacitance from the PD and bonding pads. A 1550 nm laser is
connected to a Mach-Zehnder modulator (MZM) that is modulated with 12.5
Gb/s PRBS15 data to produce the optical input signal. A half-rate electrical
clock is supplied to the chip and passes through an injection-locked oscillator
to generate the four quarter-rate clock phases for the slicers. The quarter-rate
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Fig. 11 Simulated frequency response, input-referred noise power spectral density, and 12.5
Gb/s differential eye diagram at the slicers’ inputs with C;, = 150 {F.

data signals are then multiplexed and driven out of the chip with a CML buffer
for BER testing.

Fig. 13 shows measured timing bathtub and sensitivity curves at 10 Gb/s,
12.5 Gb/s and 14 Gb/s. The 12.5 Gb/s OMA sensitivity at BER = 10~!2
is -10.7 dBm with a 0.04 UI timing margin. The optical receiver front-end
consumes 1.08 mW from a 1 V power supply and the slicers consume 0.30 mW
from a 0.7 V power supply, resulting in a 0.11 pJ/bit power efficiency at the
12.5 Gb/s data rate.



Springer Nature 2021 ETEX template

14

20um
(a)
Signal Gen. (N5230A) Signal Gen. (E8267D)
it :
7 |Adiust Phase| Bias BERT
L Board_ | | (FpGA KCU116)

ORXDUT

Clock ch)
CMOS
Data ch.

Half-rate
Clock in

Clock in
Full-rate

5

Laser
bl - )
Source |

(b)

Fig. 12 (a) Optical receiver layout and chip micrograph and (b) optical test setup.

Table 1 summarizes the receiver performance and compares it with other
recent CMOS designs that operate between 10-20 Gb/s. Since input optical
signal power is proportional to \/Cj,wi; 4 /Rpp for a given SNR, the OMA
sensitivity is normalized for a fair comparison between the different design
techniques.

Normalized OMA Sens. = OMA Sens. — 5l0910(10€”}F)

Data rate Rpp
_— 1
12 G5 ) 00l

(11)

— 15log10(

The proposed design improves upon the normalized OMA sensitivity relative to
the conventional inverter-based TIA with a single-stage amplifier [1]. While the
integrate-and-dump [4], duobinary-signaling design [6] and pseudo-differential
TIA with 4-tap DFE [5] achieve better normalized OMA sensitivity, these
designs consume significantly more power on clocked integration stages, extra
slicers and logic gates, and fast decision-feedback circuitry, respectively. The
best sensitivity is achieved with the multi-stage amplifier TIA [9] due to
bandwidth extension with large area on-chip peaking inductors, high power
consumption to minimize amplifier noise, and the lack of on-die slicers, which
can lead to an optimistic estimate of the receiver sensitivity that is set
by the BER tester. Overall, the proposed all-inverter-based optical receiver
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Fig. 13 (a) Measured BER timing margin curves with OMA = -10.7 dBm and (b)
sensitivity curves.

with multi-stage feedback TIA and continuous-time linear equalizer achieves
adequate sensitivity and provides both more than 3.6X improvement in power
efficiency and 6.9X improvement in area.

5 Conclusion

This paper presented a 12.5 Gb/s all-inverter-based optical receiver with
a multi-stage TIA feedback amplifier that is suitable for high-speed low-
gain nanometer CMOS technologies. This multi-stage amplifier technique
suppresses feedback resistor noise without extra power consumption and is
compatible with other noise reduction techniques. Significant power efficiency
improvement is achieved with a subsequent inverter-based active inductor
CTLE that provides frequency peaking to compensate for ISI from the
low-bandwidth TIA. Overall, the all-inverter-based optical receiver achieves
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Table 1 Performance summary

References 9] [6] (5] 1] [4] This work
CMOS technology 180nm 65nm 65nm 40nm  28nm 28nm
Data rate (Gbps) 10 12 12 10 20 12.5

. TIA+ Diff. TTA MSA-TIA!
1 2
Architecture MSA-TIA Duobinary L DFE TIA ID L CTLE
Sampling rate No Sampling 1/4th Half Half  1/4th 1/4th
PD+ p?f%a)s itic cap >200 160 100 40-60 130 150
PD responsivity
1.0 0.8 0.75 0.7 0.5 0.6
(A/W)
Power supply (V) 1.8 - - 1.0 0.95 1.0/0.7
Transimpedance
(dBQ) 70.5 79 86 72 - 82
Sens. OMA (dBm), -18.73 -14.1 -16.8 -12¢ 86 -10.7
BER=10"12
N lized
Sens. OMA (dBm),  -19.0° -16.1 4180 -10.9 -155  -14.1
BER =10"12
Area (um?) 780,000 88,000 120,000 7,000 5,000 720
Power (mW) 81 9.5 23 395  10.6 1.38
Power efficiency
(pJ/bit) 8.1 0.79 1.9 0.40 0.53 0.11

I Multi-stage amplifier TIA

2Integrate-and-dump

3Calculated from input-referred noise current = 0.97 pArms
4Calculated from avg. sensitivity

5 Assume input cap = 200 fF

6 Assume input cap = 50 fF

ultra-low power and area consumption, making it suitable for the high
bandwidth-density optical interconnects required in future systems.
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