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ABSTRACT This article describes the design of a 32 Gb/s four-level pulse amplitude modulation (PAM-
4) optical transceiver in a 40 nm CMOS technology. At the transmitter side, the laser driver is composed
of an asymmetric waveform equalizer, a 3-tap feed-forward equalizer (FFE), and a novel active-back
termination (ABT) circuit. The ABT circuit provides a self-tracking, tunable source impedance to match
the characteristic impedance of different laser diodes. At the receiver side, the fully integrated optical
receiver consists of a transimpedance amplifier (TIA), a variable gain amplifier (VGA), an automatic
threshold tracking circuit (ATC), and a quarter-rate decision feedback equalizer (DFE). By using the
adaptive ATC, it reduces the BER induced by the harmonic distortion along the signal path by more than
27X under a THD of —20dB. Both the ATC and DFE are automatically adapted by an on-chip sign-sign
LMS (SSLMS) engine. Fabricated in TSMC 40 nm CMOS process, the chip area for the transmitter
and receiver are about 0.029 mm” and 0.23 mm?. The power consumptions are about 146.8 mW and
128.8 mW respectively for the PAM-4 transmitter and receiver.

INDEX TERMS Active back termination, automatic threshold tracking, DFE, FFE, PAM4 transceiver.

I. INTRODUCTION
S DRIVEN by the traffic demands of data centers, the
Ethernet development has now surged to 400 Gb/s,
and is expected to evolve to 800 Gb/s in the near future. To
accommodate the ever-increasing data rate, multi-lane optical
links play a main role for the high speed interconnects. When
the data rate exceeds 50 Gb/s per lane, PAM-4 signaling is
another key feature that provides a higher spectral efficiency
compared to their NRZ counterparts. Since the eye height in
PAM-4 signaling is reduced by approximately 9.5 dB under
a constant power constraint, it imposes more design chal-
lenges on the optical transceiver design in terms of linearity,
input referred noise, and tolerance to the residual ISI.
This article describes the design of a 32 Gb/s opti-
cal PAM-4 transceiver. The transmitter chip is composed
of an electrical signal conditioning circuit followed by

a current DAC to drive the laser diode. Typically, the
output impedance of the driver circuit is matched to the
characteristic impedance of the laser diode through a pas-
sive source resistance. In that case, half of the modulation
current is consumed by the source resistance, which signifi-
cantly degrades the energy efficiency of the laser driver. To
overcome this shortcoming, a novel active back termination
circuit is proposed. It can automatically track the impedance
of the laser diode and reduce the extra power consumed by
the source impedance while delivering the PAM-4 signals.
The receiver chip is designed from the perspective of
minimizing input referred noise. A high gain and relatively
low bandwidth TIA (~ 0.3x baud rate) is adopted as the
input stage. The residual ISI due to the insufficient front-end
bandwidth is further compensated by DFE [1]-[4]. Given the
nonlinearities of the E/O, O/E conversions and the receiver
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FIGURE 1. The optical TX architecture.

front-end, the threshold voltages of the PAM-4 slicer is criti-
cal to the overall bit error rate performance. To overcome this
problem, an automatic threshold tracking circuit is proposed
for the PAM-4 demodulator to tackle the nonlinearity of the
transmitter and receiver. It can greatly improve the BER of
PAM-4 demodulator by 27x compared to the prior art [5]
using an evenly spaced quantizer.

This article is organized as follows. Section II describes
the transmitter design. Section III introduces the receiver
design. Section IV summarizes the experimental results.
Section V concludes this research work.

Il. TRANSMITTER DESIGN

A. VCSEL CHARACTERISTICS AND EQUALIZATION

850 nm Vertical-Cavity Surface Emitting Lasers (VCSEL)
coupled with multi-mode optical fibers are cost effective
for high speed and short reach data links. As VCSELs’
effective bandwidth and relaxation oscillation behavior are
current level dependent [6], their effects become more pro-
nounced in a PAM-4 transmitter with a higher extinction
ratio (ER). To overcome the design issues, nonlinear trans-
mitters using a high speed directly modulated lasers (DMLs)
and Volterra equalizer have been demonstrated for over
hundred Gb/s operation [7]. However, it demands a sophis-
ticated DSP with a high computing power. An alternative
approach is to perform nonlinear equalization in the ana-
log domain [8], [9]. Based on the data dependent transient
response in the four current levels, the rising and falling
PAM-4 edges are equalized separately to improve the eye
quality in the optical domain, which is implemented in this
design.

B. PAM-4 TRANSMITTER ARCHITECTURE

Fig. 1 depicts the transmitter architecture. It is composed of
a 3-tap FFE pre-driver followed by a 2-bit current DAC to
perform PAM-4 modulation when driving the laser diode.
Additionally, an on chip PRBS-7 generator is built-in to
facilitate chip measurement. As long as the output node is
accompanied by heavy parasitic capacitance, a feedforward
equalizer (FFE) is utilized to extend the signal bandwidth
along the data path. The FFE is a linear equalizer and is less
effective in equalizing the data dependent frequency response
of VCSEL. An asymmetric equalizer (AEQ) is adopted that
injects compensation current to the laser diode through a cur-
rent combiner. Fig. 2 illustrates the output current waveform
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FIGURE 2. (a) Asymmetric equalizer output waveform (b) Edge detector and its
delay line and control logic (c) Current combiner.

of the asymmetric equalizer. In order to compensate unequal
rise and fall time response of the laser diode, it provides de-
emphasis at the data rising edge and pre-emphasis at the
data falling edge [9]. Besides, instead of using a fixed delay
equalization, the delay time for edge equalization (tj, ty) can
be adjusted according to the current level of the data out-
put. Fig. 2(b) illustrates the circuit schematic of the pulse
generator and the delay line for the pulse width control of
the asymmetric equalizer. The corresponding control logics
are also shown in Fig. 2(b). The FFE incorporating with
asymmetric equalizer are utilized to switch current DACs
as shown in Fig. 2(c), whose outputs are summed up to
modulate the VCSEL. A cascode output stage is utilized to
prevent oxide from breakdown.

Conventional laser diode driver using a resistive load as
a source termination to absorb the reflection signal power.
As half of the modulation current at the driver output
is consumed by the source resistance, it turns out that
the energy efficiency of the transmitter is degraded. To
improve this drawback, an active back termination (ABT)
circuit is proposed in this design instead of using a passive
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termination. As the characteristic impedance of the off-the-
shelf laser diodes varies from vendor to vendor, the input
impedance of the ABT is designed to automatically track
the impedance of the laser diode.

C. DRIVER WITH ACTIVE BACK TERMINATION
MATCHING NETWORK
Fig. 3 illustrates the design concept of an active back termi-
nation circuit (ABT) [10]. It is composed of a dummy driver
operating at a fraction of the modulation current (/,04/k) fol-
lowed by a unity gain voltage buffer that is attached to the
main current mode output driver. When the modulation cur-
rent is switched to the output load, the dummy driver will
be activated simultaneously such that the input and output
voltages of the unity gain buffer would be the same. Thus
the Imoq Wwill be fully delivered to the laser diode (Rrp).
On the other hand, the output impedance of the unity gain
buffer (Rump) is designed to be equal to Ry p, which can
be utilized to absorb the reflection energy when the mod-
ulation current is switched off. In contrast to the prior art,
an automatic impedance tracking circuit (ITC) is proposed
incorporating with the ABT. It can accommodate different
laser diodes while maintaining impedance matching across
a wide frequency range.

Fig. 4 (a) depicts the circuit schematic of the buffer stage
of the transmitter, where a T-coil is adopted for a broad band
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FIGURE 5. Simulated (a) Input impedance (b) S11 of the ABT.

impedance matching, where Cpc = 3 pF, L1 and L, are about
128 pH. The unity gain buffer in the ABT is implemented as
a source follower with a tunable gate resistance composed of
M, and Rp,, which performs as the dummy resistance (Rqum)
at the buffer input. The Rqyn is adjustable through a source
impedance tracking circuit. Fig. 4(b) shows the circuit of the
ITC. Here Mps and Rpx are replicas of My and R, in the
ABT. The Ryt is customized according to Rpp, thus Rgum
will automatically track R (and Ry p) through the feedback
configuration.

Ref = aRLD =Rpx+rMp6 =Rp+rMp (D

Meanwhile, Mn1 — Mp3, Mp1 — Mpa, and Ry are configured
as a constant Gm biased circuit. It generates bias voltages
Vi, and V. that are applied to the ABT. We have
1 1 M,
= = @)

Ryef aRip (o4

where « is a scaling factor determined by the device ratio
of ABT and ITC in order to save the power consumption in
the ITC. Since

Ramp = RLD = La (3)
8M,

the source follower output impedance will also track Rpp
concurrently. Fig. 5 shows the input impedance and Sq; of
the ABT. The increments in the input impedance at low
frequency is due to AC-coupled capacitors. According to
the simulation results, the ABT can track Rip from 60 to
80 2 with S less than —10 dB over a 30 GHz bandwidth.
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lll. RECEIVER DESIGN

Shunt-feedback TIA (SF-TIA) is commonly used as the input
stage of the optical receiver to have a lower input referred
noise. Fig. 6 shows a simplified schematic of the SF-TIA. It
consists of a core amplifier Ac(s) with a feedback resistor
RE. Cin,tor and Cp respectively denotes the input and output
capacitances of the core amplifier. By a single pole approx-
imation of the core amplifier, Ac(s) = Ap(1 + s /wa), the
TIA gain response can be derived as [11], [12]

w2

T =Tz —"—— 4
z(8) = Tzo T 2w + @ “)
where T7p, w, and ¢ respectively represent the midband
transimpedance gain, natural frequency and damping factor,
and can be derived as
AoRFp

T70 = 5
70 114, )

1+A
0 = (1 +Ag)wa ©)
RFCin,tot
1 14 a)ARFCin,tot

¢ ==- @)
2 /(1 +Ap)waRrCin ot

For a maximally-flat gain response (¢ = 0.707), the
TIA gain has a direct trade-off with its —3-dB bandwidth
given the Ap and Cpp. That is,

V24
Rp= ——
o1IACpD

®)

Considering the constraint of a limited gain bandwidth prod-
uct (GBWj,) of the core amplifier, according to (6), the
TIA gain can be derived as

_ (Ao + Dwa GBWu

A 2
Cm, tot@y

RE )

2
Cin,totCUTlA
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On the other hand, the input-referred noise spectral density
of the TIA can be expressed as [11]

4kT

-5 4kT]/
2
In,in(f) = — 4

GmR2

4kTRp
t =5t 4kTy
AORF

(217 Cin, tot) 2 f2
Gm
(10)

The input referred noise current can be derived as

o
B o = /0 2, (Hdf o f(wria. Cep) an
According to (11), it is preferable to choose a TIA with
a narrower wrja to minimize Irzmms, but at the expenses of
increasing ISI. Assume that Rf is boosted by N> times while
wTiA 1s reduced by N folds, (10) can be rewritten as

m_ 4KT 4kTy 4kT
nintT T N2Rg T NAGRRZ | N*G2RpR:
2
2pC;
n 4kT)/( P 1n,t0t) f2 (12)
Gm

The ISI effect will degrade the vertical eye opening (VEO)
at the input of the decision circuit. The VEO can be
expressed as

VEO = Vh o — Z ’Vh,n’
n7#0

To find the best bandwidth of the TIA in the presence
of circuit noise and ISI effect simultaneously, the signal
integrity is quantified by the ratio of VEO to the root-
mean-square (rms) noise at the output of the TIA. It can
be derived as

13)

VEO

2\/ Vi out

Fig. 7 shows the corresponding SNR under different
TIA bandwidths for PAM-4 signaling. With a Cpp of 100 fF,
10- A input current, and device fT of 200 GHz, the unequal-
ized TIA has an optimal SNR at wtia of around 0.5x baud
rate. The SNR is limited by ISI in the narrow band region,
and deteriorates in the wide band region due to circuit noise.
Since the ISI can be eliminated by incorporating an equal-
izer, the SNR can be further improved by exploring the
design space in the narrow band region. Narrow band TIAs
with equalizers, such as decision feedback equalizer (DFE)
[1]-[4] or continuous time linear equalizer (CTLE) [13], have
been proposed to demonstrate improved receiver sensitivity.
As the CTLE restores the TIA bandwidth by providing high
frequency gain peaking, it also boosts the high frequency
noise at the same time. Meanwhile, if the CTLE frequency
response is not perfectly matched with that of the narrow
band TIA, an in band gain peaking becomes unavoidable.
The corresponding group delay variations will also degrade
the data jitter performance. Thus bandwidth extension with
CTLE should be carefully managed to maintain the fidelity
of input signal.

SNR = (14)
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Another commonly used technique to remove post cur-
sor ISI without amplifying the high frequency noise is by
means of DFE. For an m-tap DFE, the VEOppg can be
approximated by

VEODEE = Vho — D [Viun| = D [Viun]

n>m

15)

n<0

where | Vp | for n < 0 and n > m represents the residual
ISI. Fig. 8 illustrates TIA bandwidth versus SNR when incor-
porating DFE with different number of taps. By incorporating
a single-tap DFE, the TIA bandwidth can be reduced to 0.3 x
baud rate while improving the SNR by approximately 1.5 dB
compared to that of a receiver with wtia ~ 0.5x baud rate.
The additional gain in SNR becomes minor (~1dB) when
the TIA bandwidth is further reduced to 0.15x baud rate,
but a 3-tap DFE is required. It becomes less energy efficient
considering the extra power consumed by the DFE. In this
design, a 2-tap DFE is embedded to tolerate TIA bandwidth
variation associated with parasitic capacitance.
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FIGURE 11. Analog front-end simulation results (a) Frequency response. (b) Group
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A. PAM-4 RECEIVER ARCHITECTURE

Fig. 9 illustrates the receiver architecture, which is com-
posed of a TIA and a VGA followed by a quarter rate
time-interleaved DFE. To minimize the input referred noise
of the receiver, the receiver bandwidth is designed to be
0.35x baud rate, while the induced ISI is compensated by
a 2 tap DFE. The average of photocurrent and input referred
offset voltage of the analog front-end (AFE) are subtracted
by the offset cancellation network (OCN).

As the nonlinearities due to the E/O, O/E conversions and
the front-end circuitries will lead to an uneven eye height at
the receiver side, the threshold voltages of the data slicers
for PAM-4 demodulation are critical to the overall BER
performance. To tackle this problem, an automatic threshold
tracking circuit (ATC) is adopted. It can extract the threshold
levels of the PAM-4 signals based on the measured eye
height, and thus greatly improve the BER performance given
the nonlinearities of the signal chain. Both the ATC and
DFE share the same adaptation engine based on SS-LMS
algorithm, which is also integrated on the same chip.

The quarter-rate sampling clocks are generated from an
external half-rate input clock. The input clock is firstly
divided by a current-mode logic (CML) divider to the
quarter-rate, and the divider output is converted to CMOS
levels by CML-to-CMOS level converter.

B. RECEIVER FRONT-END

Fig. 10 shows the circuit schematic of the TIA. A pseudo-
differential architecture is adopted to improve common-mode
noise suppression. The core amplifier is composed of a three-
stage cascaded amplifier with active feedback to provide
sufficient gain and bandwidth. While the conversion gain
is determined by the feedback resistor, the dual feedback
TIA is capable of providing 2 k2 conversion gain with
a 3 dB bandwidth of 4.8 GHz. The phase margin of the
nested-feedback TIA is about 77°.

The TIA output is enlarged by a 3-stage cascaded vari-
able gain amplifier (VGA), which are source-degenerated to
improve circuit linearity. In order to drive the 4-path, quarter
rate DFE, both inductive shunt-peaking and capacitive zero
peaking are adopted to compensate the heavy capacitive load
associated with the following stage.

Fig. 11 shows the simulation results of the AFE. The
input-referred noise current is about 1.29 wAms. The overall
conversion gain is 73.7 dB2, and the bandwidth is 5.6 GHz.

VOLUME 2, 2021



0' IEEE Open Journal of
cag Circuits and Systems

- @[]

Do 590 Sumy

Sum;’

[y om Vw,

Su m;'

{ 2-bit Flash ADC

=
o
°
e
3
a
s:l oM+ :s:
90 & 180 Sum, ¢ @D,
From 7 Yw, " Yw, z
VGA o—¢ Sumj’ Sum;’ E
£
s & oM+~ —~|£| 5
) <
180 & 270 Sum; @b W ogu W e
Sum;* Sumj s
[
siH & oM+~ —~|#|
D050 Sumy @y W¢m v, —
Sumj Sum;
[ : Reset and then Sample I:l Rese(
Oy T
Vo X X__ XD XD XD X0:X0:X0: X X ) { !
Vsm %o P |
e 1 I 1 I E
Pu 1 [ 1 [ L l 4
{
Sum, X o, X o X |
Slice ;. L . :
LTV | 1 | 1 | “Reset ' Integrate Hold
Sum, AL z Ds Vo
®uo I Top | i‘ 1 —
H
Di4 D, X f X D;
Ds, X J D, X D,

(b)

FIGURE 12. (a) PAM-4 2-tap DFE and (b) its timing diagram and waveform.

The output swing of the PAM-4 signal is 700 mVp,. Since
the VGA extends the signal bandwidth by 1.17 times, the
output SNR of the AFE will be decreased by about 0.7 dB. It
is manageable by the decision circuit.

C. QUARTER RATE DFE

Fig. 12(a) shows the quarter rate DFE architecture. Each
sampled path is buffered by a transconductance ampli-
fier (GM) to isolate kick back noise from the quarter rate
DFEs. A detailed timing diagram of the DFE receiver is
shown in Fig. 12(b). The PAM-4 data is demodulated through
time-interleaved 2 bit flash ADCs. The flash ADC outputs
are utilized to modulate 3-bit current DACs and feed them
into the summer to perform DFE function. The weighting
factor of the DFE (W and W5) and threshold voltages (Vi)
of the PAM-4 data slicers are automatically adjusted based
on an on-chip SS-LMS engine. To circumvent the speed bot-
tleneck of the critical path, speculative error quantizers are
also implemented.

Fig. 13 shows the circuit schematic of the summer in the
quarter rate DFE. In order to maintain the signal integrity of
the PAM-4 input signal, a differential amplifier with source
degeneration and zero peaking is utilized as the input stage.
The feedback signals are connected to the summer through
a Gilbert-cell multiplier (M3~6), Whose gain coefficient is
controlled by Wy. Compared to the prior art in [4], [14], it
maintains a constant output common mode voltage level
of the summer irrespective of its weighting coefficients,
which is crucial to the proper operation of the succeeding
data slicer.
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The data slicer for the PAM-4 demodulator is based on
a StrongArm latch, as is shown in Fig. 14. It provides
rail-to-rail output swing without consuming DC current.
The differential-difference preamplifier of the 2-bit flash
ADC can reduce the kick-back noise generated from the
StrongArm latches. The time delay of comparators is less
than 0.5 Ul given that the input signal swing is larger
than 40 mV. The input referred offset voltage and noise
of the comparator are about 14.1 mV,pg and 1.73 mVip,
respectively.

D. ADAPTATION SCHEME

As is shown in Fig. 15 (a), the PAM-4 signal levels are repre-
sented as (Viy3, Vivi, —Vivi, —VLv3), while the thresholds
in between are defined as (Vz and £Vry). In the DFE
receiver, the error signals generated from the data slicers
determine the adaptation of the coefficients of the equal-
izer as well as the phase adjustments of the clock and
data recovery circuit. As only 2-bit ADCs are adopted in the
PAM-4 demodulator, the linearity of the receiver front-end
and a proper setup of the threshold levels (Vz and +VTy)
are critical to the overall system performance. Reference [5]
detected the peak input signal swing, Vpeak, and then gen-
erated the threshold levels based on an equal eye-height
assumption. But it can hardly hold considering the circuit
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nonlinearity and ISI effects on the input signal, as is shown
in Fig. 15(b).

To overcome the design challenge, an automatic tracking
circuit for non-evenly spaced threshold levels are proposed
and adopted in this design [15]. As shown in Fig. 15 (c),
to properly setup the thresholds of the slicers, input signals
at different levels (Vrvs, Vivi, —Vivi, —Viy3) are track-
ing independently through a pattern filter, and the threshold
voltages (Vty, —VrH,) of the data slicers are setup right
in the middle through the averaging of (Vry3, Viyi) and
(=VLvi, —VLv3).
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FIGURE 19. (a) Transmitter and (b) receiver micrograph of chip and optical
component assembly.

As shown in Fig. 16, the level tracking of (Viys, Vivi,
—Vivi, —VLy3) share the same engine of DFE based on
SS-LMS algorithm. The automatic threshold tracking cir-
cuit and weighting coefficient update for the DFE can be
represented as

Viva[n + 1] = Vrysz[n] + e3[n] (16)
Viviln + 1] = Viyi[n] + e;[n] (17)
VrH = (Vovs + Vv /2 (18)

Wk[n + 1] = Wi[n] + e[n]Dz[n — i] (19)

where n is the time instant, k is the tap index, Dz[n] is the
received data and e[n] is the difference between the received
signal level compared to that of the desired data level. To
circumvent the speed bottlenecks in critical paths, speculative
error quantizers are also implemented in this design.

To track (Vpys, Vrvi) and (—Vpyi, —Viv3) separately
relies on the operation of a pattern filter. An incorrect initial-
ization of V1y3[0] and V1y1[0] may cause the threshold level
stuck at an improver level [15], as is shown in Fig. 17(a).
This issue can be circumvented by detecting the probabil-
ity distribution of the output data and setting V1y3[0] to be
higher than 2 times Viy 1, as is shown in Fig. 17 (b).

Assuming that the transfer function of the receiver front-
end is modeled as Vgoy = Vip — O‘Vi3n’ input signal amplitude
is 300 mV, the rms noise of data slicer and ISI is 14 mV,
Fig. 18 illustrates the corresponding BER performance and
improvement compared to the prior art under different THD
conditions. It reveals that the BER can be improved by 27 x
when the THD of the receiver front-end is —20 dB.

IV. MEASUREMENT RESULTS
A PAM-4 32 Gb/s optical transceiver is implemented
in TSMC 40 nm CMOS technology. To characterize its
performance, the transmitter and receiver chips are wire-
bonded to a VCSEL and a PD on a PCB to test their
performance. Fig. 19(a) and Fig. 19(b) respectively shows the
photographs of the transmitter + VCSEL and receiver+PD
chip-on board assembly. The TX operates at 1.2 V and 3.3 V
dual supplies to power the laser diode. The RX operates
under a 1.2 V supply voltage.

Fig. 20 shows the measured electrical eye diagrams of
the PAM-4 transmitter at 20 Gb/s and 32 Gb/s operation,
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FIGURE 22. optical output eye diagrams (a) 20 Gb/s and (b) 32 Gb/s.

TABLE 1. Power consumption of optical transmitter.

Block EQ LDD
oc FFE | Asy. EQ | Current Combiner |ABT | ITC |Iprver
Power (mW) |57.6( 46.8 7.5 4.2 [1.08(29.7
Power* (mW) | 57.6 0 3 2.4 (1.08(29.7
Energy Efficiency = 4.59 pJ/bit
Energy Efficiency* = 2.93 pJ/bit
*:w/o Asy. EQ
TABLE 2. Performance summary of optical transmitter.
This work [16] [17]
Technology (nm) 40 CMOS 65 CMOS 130 SiGe
Data Rate (Gb/s) 32 50 40
Supply (V) 1.2/3.3 1.2/3.3 2.5/3.85
Data Type PRBS7 PRBS15 PRBS7
Data Format PAM-4 PAM-4 PAM-4
3-tap linear FFE, 2.5-tap Asy. | 2-tap linear
Equalization Asy. EQ, “FFE FFE
ABT, ITC
Outer OMA (dBm) 1.68 3 -3.8
Outer ER (dB) 3.34 N/A N/A
Power (mW) 146.8 256 376
Energy Efficiency
(pJbit) 4.59 5.12 9.4
Area (mm?) 0.029 0.31 N/A

respectively. The electrical eye is clearly open when FFE is
activated. As only VCSEL diode for NRZ operation is avail-
able during our experimental setup, it provides an efficiency
of 0.5 W/A with 350 fF parasitic capacitance. The optical
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FIGURE 23. Measurement setup for the receiver.
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FIGURE 24. Measured input and output eye diagrams of receiver.

test setup is shown in Fig. 21. The input clock is generated
from Keysight M8195A and optical output signal is cou-
pled by optical probe with OM4 MMF to Keysight N1092C
sampling oscilloscope. Fig. 22 shows the measured optical
eye diagram at 20 Gb/s and 32 Gb/s operation respectively.
The modulation current and bias current are about 5 mA
and 4 mA respectively at 32 Gb/s operation. The optical eye
is degraded due to the limited linear region of the available
NRZ VCSEL.

Table 1 summaries the power breakdown of the optical
transmitter. The corresponding energy efficiency of the trans-
mitter is about 4.59 plJ/bit (2.93 plJ/bit FFE+Driver only).
Table 2 summaries the performance benchmark of the opti-
cal transmitter. Compared to the prior art, the transmitter
provides multiple signal conditioning functions (asymmetric
waveform shaping, FFE, ABT) with a decent energy effi-
ciency at 32 Gb/s PAM-4 operation. The power saving can be
more pronounced by applying the ABT technique to a DFB
laser driver where the modulation current is even higher.

The optical test setup of the receiver is shown in Fig. 23.
The PD provides a responsivity of 0.8 A/W and input capac-
itance of 100 fF. The light source is coupled to the PD
through a fiber for BER test. The light source with a 9.8 dB
extinction ratio is generated from Keysight 81492A optical
transmitter and is driven by Anritsu MP1900A pattern gener-
ator. The optical power level is adjusted by setup an internal
optical attenuator for input sensitivity test. The output eye
diagram is characterized using Agilent 86100C sampling
oscilloscope. The bit-error rate (BER) performance is mea-
sured using Anritsu MP1900A error detector. By applying
32 Gb/s PAM-4 input signals, the measured eye diagrams
at the quarter rate DFE output for both the MSB and
LSB are shown in Fig. 24. The input sensitivity vs. BER
performance is summarized in Fig. 25. A BER of less than
10712 is achieved with an input sensitivity of —4.8 dBm
at 32 Gb/s. At a lower input power level (—5.5 dBm), the
DFE can improve the BER by orders of magnitudes due to
the limited SNR. The total receiver power consumption at
32 Gb/s is 128.8 mW, which translates to a power efficiency
of 4.03 pJ/bit.
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TABLE 3. Performance summary of optical receiver.

This work [2] [3]
14 Fin-FET | 14 Fin-FET
Technology (nm) 40 CMOS CMOS CMOS
Data Rate (Gb/s) 32 32 32
Supply (V) 1.2 1/0.9 1.05/0.9/0.8
Data Type PRBS7 PRBS7 PRBS31
Data Format PAM-4 NRZ NRZ
Equalization 2-tap DFE 1-tap DFE 1-tap DFE
Optical Sensitivity (dBm) -4.8 -13 -12.4
PD Capacitance (fF) 100 69 69
Power (mW) 128.8 58.24* 45
Energy Efficiency (pJ/bit) 4.03 1.82 1.41
Area (mm?) 0.23 0.028 0.046

* : Estimate from reported power breakdown, assume digital power scales linearity
with frequency

Table 3 summaries the performance benchmark of the
receiver at similar data rates. Reference [2], [3] are NRZ
optical receivers and implemented in more advanced tech-
nologies with better PDs. Considering the 9.5 dB eye shrink
in PAM-4 modulation, the proposed receiver demonstrates
a comparable equivalent optical sensitivity. Compared to
PAM-4 electrical receivers whose energy efficiency are typ-
ically around 10 pJ/bit [18]-5.19 pl/bit [19], the proposed
optical receiver manifests a better energy efficiency with
a superior distant reach capability.

V. CONCLUSION

This article describes the design of a 32 Gb/s optical PAM-4
transceiver. The transmitter consists of signal conditioning
circuits and active back termination (ABT) for current mode
laser driver. The ABT can greatly save the power con-
sumption of the modulation current, which is critical for
data intensive optical links. The receiver combines a narrow
band receiver front-end with a 2-tap DFE in order to mini-
mize the input referred noise. As only 2-bit data slicers are
adopted for the PAM-4 modulator, an automatic threshold
tracking (ATC) circuit is utilized to tackle the nonlinearities
due to the E/O, O/E conversions along the signal path. It can
reduce the BER by 27 x without resorting to multi-bit ADCs.
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