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Abstract—The integration of optical receivers in nanoscale
CMOS technologies is challenging due to less intrinsic gain
and more noise compared to SiGe BiCMOS technologies.
Recent research revealed that low-noise, high-gain, and low-
power CMOS optical receivers can be designed by limiting
the bandwidth of the front-end followed by equalization tech-
niques that benefit from good switching characteristics offered
by CMOS technologies. In this tutorial brief, the operation of
decision-feedback equalization, feed-forward equalization, and
continuous-time linear equalization is reviewed in the context of
high baud-rate 2-PAM and 4-PAM modulation. Recent advances
and techniques in 4-PAM optical receivers are reviewed and
compared in terms of speed, sensitivity, bandwidth, and efficiency.

Index Terms—Circuit noise, decision feedback equalizers,
equalizers, optical receivers, pulse modulation, sensitivity.

I. INTRODUCTION

ITH a growing demand for data stemming from video

streaming, social media, and cloud computing, traf-
fic in data centers has grown by three folds over the past
five years [1]. Consequently, optical interconnects are replac-
ing electrical interconnects, which suffer from crosstalk and
frequency-dependent losses, especially at high speeds and long
distances (100s of meters). Modern Ethernet standards [2]
require optical modules capable of supporting aggregated
data rates of 400 Gb/s. Some define four 4-PAM optical
channels, each supporting a data rate of 100 Gb/s (e.g.,
400GBASE-DR4). In conventional 400G, pluggable optics
consist of a discrete photodetector, a SiGe BiCMOS TIA, and
a CMOS SerDes interconnected over a PCB [3]. The elec-
trical interconnects between components are lossy and, thus,
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unscalable. CMOS optical receivers integrated with the SerDes
obviate this problem and reduce size and cost.

Whereas SiGe BiCMOS offers high intrinsic gain, band-
width, and low noise, nanoscale CMOS offers good switching
circuits, including some recently reported equalizer circuits,
but suffers from less gain and more noise. Therefore, there is
a need to rearchitect receivers’ analog front-ends to leverage
nanoscale CMOS technologies’ strengths.

The conventional way of supporting higher data rates
in optical receivers is to extend the front-end bandwidth.
However, this generally implies lower transimpedance [4], [5].
To break this trade-off, the bandwidth of the TIA can be
intentionally limited below the conventional target of 0.5 x
baud rate, allowing for higher gain at the cost of intersym-
bol interference (ISI). ISI can be corrected using equalization
techniques suited to nanoscale CMOS implementation. This
optimization is well studied for 2-PAM modulation [6] and
many prototypes leveraging different equalization techniques
were developed [7]-[12]. However, 4-PAM modulation is
more susceptible to bandwidth limitations because ISI is three
times larger (relative to eye height) than in 2-PAM. As a result,
it is important to study this optimization in the context of
4-PAM.

Section II of this tutorial covers continuous-time linear
equalization (CTLE), feed-forward equalization (FFE), and
decision feedback equalizer (DFE)-based optical receivers.
Section III compares these equalization techniques. Section IV
reviews recent advances in optical receiver design with empha-
sis on 4-PAM optical receivers, where we also look at design
trends. Finally, Section V concludes the tutorial.

II. FRONT-END OPTIMIZATION

Shunt-feedback transimpedance amplifiers (SFTIA), partic-
ularly inverter-based, are the most popular nanoscale CMOS
TIA in recent years [3], [12]-[16]. Inverters offer high linear-
ity, high transconductance per unit bias current, self-biasing
in a feedback configuration, and high swing. We consider the
TIA in Fig. 1 (a) with the small-signal model in Fig. 1 (b).

In this model, the input capacitance, Cyy, is the sum of the
photodetector capacitance, Cpp, the pad capacitance, Cpap,
and the inverters’ gate-to-source capacitances, Cgs. Cy is the
capacitance of the following stage, and R, is the output resis-
tance of the TIA. The combined transconductance of the
NMOS and the PMOS devices is g, and Ry is the feed-
back resistor. Finally, the model includes the gate-to-drain
capacitance, Cgg, Which is important due to the Miller effect.
Specifically, 1/RfCgq could become the dominant pole for
large transistor sizes and feedback resistances.
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A. CTLE-Based Optical Receivers

We first consider a SFTIA followed by a CTLE stage that
recovers a part of the bandwidth and reduces ISI. As such, the
TIA in (1) can be redesigned to have 1/ times less bandwidth
compared to an unequalized (UE) implementation. An ideal
unity-gain CTLE stage that recovers the full bandwidth has
the transfer function:

1+ gmRy + sK1 + 5K
Hcp(s) = e )
(1 +nga)(1 + XQZTffTIA + (inleA)Z)

where, frja is the 3-dB bandwidth of the TIA preceding the
CTLE, and Q is the quality factor of the CTLE, taken here as
1/+/2. The zeros of the CTLE perfectly cancel the poles of the

Fig. 1. (a) TIA circuit diagram and its (b) small signal model. Noise sources are annotated in red.
TABLE I
VALUES USED FOR SIMULATIONS
Parameter Description Value
fraud Baud rate 64 Gbaud
Tf Technology transient frequency 5X foaud
gm TIA combined transconductnce 10-50 mS
Ry Feedback resistor 100-4000 €2
Cy Gate capacitance Cy = gm/Q2T ft)
2Cys Gate-to-source capacitance 2/3 Cy
2Cya Gate-to-drain capacitance 1/3 Cy
Cpd PD capacitance 60 fF
Cpad Pad capacitance 40 fF
CIN Total input capacitance Cpad + Cpa + Cys
Cq Output capacitance 25 fF
A Inverter gain 6 VIV
R, TIA output resistance A/gm
Ipp Peak-peak input current 100 A

1 This comparable to f; of the 14 nm FinFET CMOS node [17]. 2 Assumed
based on simulations reported in [12].

The transfer function of the TIA is

—Ry(gmRr — 1 — sCoqRy)
Ziua(s) = —=2" e (M)
1+nga+SK1 + s°K>
where
= Civ(Rg + Rf) + CyR, + ngRf(l + nga)9 2
and

K> = RfRa(CinCa + CinCoa + CoaCo). 3)

Some parameters in this model are coupled. Namely, the
transconductance, Cgs and Cgq are coupled by the technol-
ogy transition frequency, f;, and, as the gain of the inverter,
A = gnR, is the transistors’ intrinsic gain, so R, and g, are
coupled. Table I summarizes the numerical values that will be
used in this brief alongside the relationships between coupled
parameters. We will use g, and Ry as our design parameters.
Model values are based on [3], [12] which report a 64 Gb/s
and 2-PAM, and a 100 Gb/s 4-PAM optical receivers, respec-
tively. For our simulations, we target a bit rate of 64 Gb/s in
the 2-PAM case and 64 Gbaud (128 Gb/s) in the 4-PAM case.

In the following subsections, we take the following
approach: 1) describe and illustrate the equalization tech-
nique used, 2) calculate the worst-case eye opening assuming
2-PAM signaling using peak distortion analysis, 3) calculate
the output-referred noise from the model, 4) calculated the
worst-case signal-to-noise ratio, SNRyc at the output of the
receiver, and finally 5) extend the conclusions to 4-PAM.

TIA in (1), and the pole frequencies of the CTLE are x times
higher relative to those of the preceding TIA. It should be
noted that a practical CTLE stage has more poles than zeros.

The transfer function from the input to the output is the
product of (1) and (4). Thus, Ry can be increased, reducing
the bandwidth of the TIA while the CTLE stage recov-
ers that bandwidth. Practically, the value of x cannot be
too large because it leads to: 1) excessive peaking in the
CTLE stages leading to gain and group delay variations;
2) decreased tunability and increased susceptibility to PVT
variations [18].

As the total bandwidth of the TIA/CTLE (xfr;4a) becomes
smaller, i.e., below 0.5x baud rate, the signal will not have
sufficient time to settle, leading to a degradation of gain.
Moreover, this leads to ISI, further reducing eye opening. This
is illustrated in the pulse responses shown in Fig. 2 (a) for var-
ious xfria, where precursors and postcursors are introduced
when the bandwidth is far below the baud rate. From this, for
2-PAM, the worst-case eye opening, Vjss is calculated from
the main cursor V4 o and the jth pre/postcursors, Vy i

Vist = [Vaol = Y _ IVail )
i#0

This method for finding eye-opening is peak distortion analysis
(PDA), and is extensible to 4-PAM [19].

To understand the benefit of a CTLE, we next define the
worst-case signal-to-noise ratio (SNRwc) as a function of
f3aB/foaua and x. We will use fzgp to refer to the overall
3-dB bandwidth of the TIA/CTLE in CTLE-based receivers,
and to the 3-dB bandwidth of the TIA in the FFE and DFE-
based receivers. We begin by considering the noise sources
in the SFTIA: the channel thermal noise, I2 = 4kTy gm,
and the thermal noise of the feedback resistor, I nRy = = 4kT/Ry.
The calculation of the noise at the output of the TIA can be
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Fig. 2. (a) Pulse response at the output of the CTLE stage. Here, g,» = 30 mS and we sweep Ry. (b) SNRyyc as a function of x. (¢) SNRyc for UE receiver
and a CTLE-based receiver with x = 2 as a function of f3,45/fpauqd- Here, f34p refers to the total bandwidth of the chain (i.e., TITA+CTLE).

35

Fig. 3.

simplified by splitting Irzl, Ry 3 in Fig. 1 [20]. The resulting
TIA output power spectral density, Sy, iS

Sou(s) = Iy g \Z11a(s) = Zo()* + I g 1 Zo()P (6
where Z, is the output impedance of the TIA,
Ra(1 + sR¢(Coa + Civ))

Zy(s) = S @)

T 14 gmRy + sK1 + 52K

We later use (6) in FFE and DFE noise calculations. Here,
we are interested in the power spectral density at the output
of the CTLE stage, Sce(s)

Sce(s) = Iy g |(Zria — Zo)Heg|* + 1, 1Zo x Hee? (8)
The output RMS noise voltage is
o
Vn,out = / SCE(S)df- (9)
0

Finally the worst-case signal-to-noise ratio (SNRywc) is defined
as the ratio of the eye-opening found from PDA to the RMS

noise.
Visi )
Vn, out

We plot SNRyc as a function of x and f348/fbaua as shown
in Fig. 2 (b) and (c), respectively. In constructing these plots,
we sweep the values of g, and Ry and pick the best achievable
SNRywc for a given f3ap/fpaud Or X

From Fig. 2 (b), we observe SNRwyc improves as ¥
increases. However, this improvement is more pronounced
when going from x = 1 to x = 1.5 compared to going
from x = 1.5 to x = 2. This is because, while employing
a CTLE with a reduced-bandwidth TIA helps in suppressing
white noise, the colored noise is unaffected [6], [18], and using
large values of x provides only marginal improvement because
the colored noise component dominates.

The worst-case SNR, SNRyc, is plotted as a function of
Sf3dB/fouaa n Fig. 2 (c) for a UE TIA, and a TIA followed by

SNRwe = 20 10g10< (10)
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(a) FFE block diagram. (b) illustration of the FFE operation with 3-taps (g, = 30mS and Ry = 600 2. (c) SNRy as a function of f34p/fbaud-

a CTLE with x = 2. For 2-PAM signaling, the optimal f345 in
the UE case is 0.3 X fpquq and it increased to 0.39 X fpauq in the
CTLE-based receiver. A lower f34p results in ISI that degrades
SNRwc while f34p larger than 0.3 fp4,q increases the output-
referred integrated noise voltage also degrading SNRwc. The
CTLE implementation has a 3 dB better SNRyc compared
to the UE implementation. For 4-PAM modulation, in the
CTLE-based receiver, the optimal f34p is around 0.53 X fpaua
compared to 0.45 in the UE implementation, and the CTLE
provides around 4.7 dB of SNRy ¢ improvement. We note that
the optimal f34p for 4-PAM is 1.38 x higher (relative to baud
rate) than for 2-PAM, significantly less than the 2x increase
in data rate afforded by 4-PAM. We also note the bandwidth
of the TIA in the CTLE-based implementation is less than that
of the UE TIA.

B. Feed-Forward Equalization

A feed-forward equalizer (FFE)-based optical receiver can
be modeled as shown in Fig. 3(a). Each FFE tap produces a
delayed, scaled version of the input pulse. By adding a time-
shifted and scaled version of the signal, pre- and post-cursors
can be reduced. This operation is demonstrated in Fig. 3 (b)
for a three-tap FFE. Once tap weights are set, the worst-case
vertical eye opening is calculated from the equalized pulse
response using (5).

When selecting tap weights in FFE-based receivers, noise
enhancement of FFE should be considered. In FFE-based
receivers, the FFE filter sums scaled and delayed versions of
the same signal, and considering that noise at the output of the
TIA is colored, noise samples present in these signals are cor-
related. This should be considered when calculating the output
noise power. To calculate output noise power, we begin by
calculating the autocorrelation of the noise at the output of
the TIA,

R(x) = / h Sou(G2f)e? T df . (11)
0
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Fig. 4. (a) FIR-DFE block diagram. (b) FIR-DFE operation illustration (with

The output-referred RMS noise voltage at the output of an
N-tap FFE can then be calculated as follows:

i — k|
fbaud

N N
VnFrE = Z ZaiakR(

i=1 j=1

). (12)

Here, o; and oy is the i and k tap coefficients, respectively.

As can be seen, tap coefficients appear both in Vg
and V, rrg calculations. Therefore, the optimal coefficients
maximize SNRywc as opposed to minimizing ISI or noise. Tap
weights can be calculated using adaptive algorithms that min-
imize the error between the output of the FFE and a training
sequence. Alternatively,they can be calculated from the pulse
response and noise autocorrelation function [21].

Finally, SNRwc can be calculated using (10). Fig. 3 (¢)
plots SNRwc versus f34p/fbaua for both 2-PAM and 4-PAM
receivers. The optimal bandwidth of a 3-tap FFE-based
receiver for the 2-PAM case is around 0.13 X fpauq, and it
offers 3.4 dB of SNRy ¢ improvement. In the case of 4-PAM,
the optimal bandwidth is 0.25 Xfpguq With 4.5 dB of SNRy¢
improvement.

C. Decision Feedback Equalization (DFE)

Typical DFE-based optical receivers have a finite impulse
response (FIR) feedback loop as shown in the block diagram
in Fig. 4 (a). For an M-tap FIR DFE-based receiver, each tap
is designed to eliminate the corresponding postcursor. This
operation is illustrated in Fig. 4 (b) using two taps. The 2-PAM
worst-case vertical eye opening is calculated as

Vist = Va0l — Z |Va,il — Z [Va,il

i<0 i>M

13)

For an infinite-length DFE, all postcursors are removed, and
the precursors limit the vertical eye opening. An infinite-length
DFE can either be approximated with an analog feedback fil-
ter or a long digital FIR feedback filter. One challenge in
DFE design is the feedback loop’s timing requirement: the
slicer output must propagate through the feedback filter to the
slicer input within one baud interval. Digital DFE implemen-
tations address this with parallelism, implying a complexity
and power consumption that increases exponentially with the
number of taps [12]. Recently, however, novel DFE architec-
tures break this difficult tradeoff allowing for the pipelining
of DFE logic [22]-[24].

Feedback signals are produced from the noiseless signal at
the output of the slicer, so a DFE output can be noiseless. The
noise voltage at the input of the decision circuit, assuming a

gm =30 mS and Ry = 600 €. (c) SNRy as a function of f34/fpaud-
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Fig. 5. Comparing all SNRy curves for different equalization techniques
for a) 2-PAM modulation and b) 4-PAM modulation.

noiseless feedback loop, is

Vn,oul = /é Sout(s)df (14)

Unlike FFE-based optical receivers that enhance noise
(see (12)), the DFE loop has no impact on the output referred
noise of the TIA. The SNRwc is calculated using (10) and
plotted in Fig. 4 (c) versus f345/fbaua for both a 2-tap and
infinite length DFE. The optimal bandwidth for 2-PAM sig-
nals is around 0.18 x the datarate while it is 0.22 x the baud
rate for 4-PAM signals. An ideal infinite length DFE allows
for a bandwidth reduction down to 0.04 x the baud rate before
the impact of the precursors starts limiting SNRwyc. A two-tap
DFE improves SNRyc by around 4 dB in the case of 2-PAM
and by around 5.5 dB in the case of 4-PAM. As the number of
taps increases, DFE curves approach the infinite-length curve.

III. COMPARISON

An overlay of the SNRyc curves for all types of receivers
is shown in Fig. 5. As seen, a 2-tap DFE-based receiver
exhibits optimal SNRwyc. CTLE and 3-tap FFE-based opti-
cal receivers exhibit similar SNRw¢ improvement. FFE-based
receivers exhibit less SNRyc improvement compared to DFE-
based receivers because of the noise enhancement. Meanwhile,
CTLE-based receivers provide less SNRwc improvement
because, while they provide significant improvement in white
noise suppression, they do not have any impact on colored
noise. Finally, we note that SNRyc scales in proportion to the
input current, I,,, without affecting the optimal bandwidth in
each case.

IV. STATE-OF-THE-ART

Table II summarizes some of the most recently published
high-speed 2-PAM and 4-PAM receivers. The receiver in [3]
uses a 2-tap FFE and a 2-tap DFE and lowers bandwidth to
optimize the sensitivity. It was found that the optimal band-
width for 4-PAM receivers is higher (relative to baud rate
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TABLE II
STATE-OF-THE-ART SUMMARY

Specification [3] [13] [25] [26] 151t [27] (141" [12]
Technol 28 nm 16 nm 28 nm 40 nm 40 nm 16 nm 22 nm 14 nm
echnology Bulk CMOS FinFET  Bulk CMOS CMOS CMOS FinFET  FinFET FinFET
Data Rate (Gb/s) 100 106.25 112 32 64 50 128 64
2-PAM Sensitivity at
BER = 10~12 (dBm OMA) -11.1 - - . - . - 9
4-PAM Sensitivity at
BER = 2.4 x 10~4 (dBm OMA) -8.9 -11 5.1 -4.8 —14.52 -10.9 -13.82 -
PD/Input Capacitance (fF) 70/115 10/- 70/- 100/150 - 35/90 - 69/100
PD Responsivity (A/W) I 0.96 05 0.8 - I - 0.52
Energy Efficiency (pJ/bit) 39 0.57 0.96 4.03 6.56 1.38 0.1 1.4
TIA Bandwidth (GHz) 20 27 60 43 12 30 64 15
o . . Inductive peaking +  Series and Series and 2-tap . T-coil Shunt 3Series Inductive
E%ijé‘;;iﬁ“ﬁ;‘l‘glwﬁh 2-tap FFE + Shunt Shunt FIR f)';‘é’ and  Inductive Peaking+
q 2-tap FIR DFE Peaking Peaking DFE CTLE Peaking 1-tap DFE
Bandwidth/Baud rate ratio 0.4 0.51 1.07 0.3 0375 0.6 I 0.23

1 Electrical measurements only.

2 Calculated from the reported input-referred noise assuming a responsivity of 1A/W and an extinction ratio of 20 dB.

3 A look-ahead speculative implementation of the DFE tap.

but not bit rate) than 2-PAM receivers for a given DFE size,
especially when the effect of input jitter is included. This com-
bination of 4-PAM modulation and input jitter amplification
by the lower-bandwidth front-end [28] led to the choice of a
20 GHz front-end, which is 0.4 Xfpuuq. The number of taps
is limited to two as more taps lead to increased power con-
sumption while only providing marginal improvement in SNR.
A high data rate of 100 Gb/s was achieved despite the low
bandwidth.

Reference [13] describes a full-bandwidth 4-PAM receiver
where dc-coupled CMOS inverters are used in the entire sig-
nal path. A bandwidth of 27 GHz (0.51Xfpquq) is achieved
by using series inductive peaking at the input TIA stage and
shunt inductive peaking between stages. It achieves a data
rate of 106.25 Gb/s. Reference [14] describes a low-power
SFTIA with shunt inductive peaking. A record high-speed of
128 Gb/s is achieved. However, only electrical measurements
are reported, and the DC gain is 59.3 dB.2, which is low
compared to other receivers. Reference [25] describes a full-
bandwidth SFTIA that uses both shunt and series peaking to
achieve a high bandwidth of 60 GHz to support 112 Gb/s 4-
PAM modulation. Reference [27] describes a 50 Gb/s receiver
that uses T-coils in the TIA stage along with a CTLE stage
to achieve a bandwidth of 30 GHz. All four receivers have a
f3aB/foaua > 0.5.

The receiver described in [26] optimizes SNR performance
at the slicer input by limiting the bandwidth of the SFTIA to
0.3 x baud rate and uses a 2-tap DFE to eliminate the resulting
ISI. This receiver achieves a data rate of 32 Gb/s while using
a front-end bandwidth of only 4.8 GHz. Similarly, [15] is an
optimized 64 Gb/s receiver that limits the bandwidth of the
front-end to 12 GHz (0.375 x baud rate) and eliminates ISI
by using a 3-tap DFE.

Reference [12] is a 64 Gb/s low-bandwidth 2-PAM receiver
in which the bandwidth of the TIA is only 15 GHz followed by
a 1-tap DFE to remove the 1% postcursor. According to [12],
the number of taps is limited to one as more taps only resulted
in minor SNR improvement. Compared to the 4-PAM receiver
in [3], the ratio of bandwidth to baud rate is almost twice
larger, which is in line with our findings.

It follows from Table I and this discussion that both
full-bandwidth receivers that employ inductive peaking and
limited-bandwidth equalized receivers are both still in use
optical receivers. With the development of high-speed

analog-to-digital converters and ADC-based front-ends that
allow for sophisticated equalization, especially in sub-10nm
CMOS, we anticipate that low-bandwidth front-ends may see
even more use in the future.

V. CONCLUSION

This tutorial brief covered the optimization of the front-
end of optical receivers. We looked into different optimization
techniques used and quantified the optimal bandwidths for
2-PAM and 4-PAM signaling. We found that the optimal
bandwidth relative to the baud rate is higher in the case of
4-PAM modulation, but it is, in fact, lower relative to the
bit rate. This is because of the 2 x bit rate increase offered
by 4-PAM. A review of the state-of-the-art optical receivers
was presented. The ongoing trends are the implementation of
bandwidth extension techniques and equalization techniques
to enable the design of 4-PAM receivers capable of achiev-
ing the data rates required by the 400G Ethernet standard and
emerging 800G and 1.6T standards. We anticipate that low-
bandwidth techniques will see use in ADC-based nanoscale
CMOS optical front-ends.
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