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Abstract We demonstrate a low-power (1 pJ/bit), C-band 4x56 Gbit/s NRZ optical receiver constructed
from a 28nm CMQOS transimpedance amplifier and a Silicon PIC containing a Ge photodetector array. The
receiver showcases low-complexity, and low-latency performance for use with one-hop optical switching

in optical 10 applications.

Introduction

Today’s predominant networking architectures rely
on multi-hop systems with electrical switches and
utilize transceivers with very large bandwidths that
require multi-level modulation such as PAM4 and
digital signal processing (DSP) using advanced
CMOS nodes!' 2. This results in network la-
tency which is hard to predict and changes over
small timescales depending on load. In contrast,
there is a growing need for time-sensitive appli-
cations such as radio access networks, industrial
automation, and disaggregated resourcesl®l. Time-
sensitive networks require a different approach
compared to datacenter networks in order to meet
latency requirements where optical switching has
emerged as a solution to reduce switching latency.
Further, such machine type communications do
not need extreme bandwidths but prefer simpler
and lower cost solutions. Simple modulation such
as NRZ can easily be received and processed!
while lower rates can alleviate DSP and equaliza-
tion overheads.

The study of low-complexity receivers remains
active for low-latency time-sensitive operations in
various CMOS nodes, all employing simple NRZ
modulation-, A 50-Gb/s NRZ receiver target-
ing low-latency operation in 45-nm SOl CMOS
was demonstrated, although optical assembly
and measurements were not presented®l. A 60-
Gb/s NRZ optical receiver with low-latency digital
CDR in 14-nm CMOS FinFET was also presented
where they demonstrate optical assembly and
measurements although only a short 7m link was
demonstrated®. For both previous papers only
single-channel assemblies were demonstrated
which have fewer impairments from crosstalk. A
16-channel optical receiver in a 65-nm CMOS chip
has recently been demonstrated, which considers
channel crosstalk, although only up to 25 Gb/s per
channel®l,

This paper presents a 4x56 Gb/s all-silicon op-

tical receiver as a solution for time-deterministic
and time-sensitive networks. It focuses on pho-
tonic components and interface electronics, inte-
gration, assembly and packaging technologies, to
be used for one-hop optical switching in radio ac-
cess networks, machine type communications and
in disaggregated resources as shown in Fig. 1.
The paper starts with a description of the receiver
architecture, the photonic and electronic integrated
circuits, and the assembly of these. Following that,
the experimental setup is described, and experi-
mental results are presented. Finally, a conclusion
is drawn and the main achievements highlighted.
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Fig. 1: System concept for one-hop optical switching in
time-deterministic and time-sensitive networks such as radio
access networks, machine-type networks and disaggregated

resources.
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Optical Receiver Architecture and Assembly

The four-channel receiver architecture is pre-
sented in Fig. 2. This architecture comprises
a photonic integrated circuit (PIC) and an elec-
tronic integrated circuit (EIC) interconnected via
wirebonds. The PIC is manufactured in imec’s
iSiPP200 silicon photonics platform. The PIC con-
tains one grating coupler and one photodiode (PD)
per EIC channel. The PD has a bandwidth of



Fig. 2: The optical receiver assembly showing both a PIC and an EIC mounted on a heatsink with a glued fiber array.
A diagram of the EIC architecture shows the working of the chips.

60 GHz and a responsivity of 0.89 A/W in the C-
band!®l.

The EIC features a single-ended inverter-based
shunt-feedback transimpedance amplifier (TIA)
with inductive peaking!®. The feedback resistance
is digitally programmable, enabling adjustments
of both gain and bandwidth. The single-ended
output signal of the TIA is converted to a pseudo-
differential signal in the single-ended-to-pseudo-
differential (S2D) block. This voltage signal is then
amplified by three digitally programmable inverter-
based Cherry-Hooper!'?! variable gain amplifier
(VGA) stages. An output buffer (OB) matched to
50 (2 facilitates off-chip signal transfer. Addition-
ally, an input DC current cancellation (IDCC) loop
is incorporated to sink the DC current of the PD
by minimizing the differential DC voltage between
both differential branches. Across the VGA stages
a DC offset cancellation (DCOC) ensures the in-
verters stay biased at half the supply voltage. The
reference voltage for the loop is programmable to
accommodate for any process, voltage, and tem-
perature variations.

The assembly of the PIC and the EIC is depicted
in Fig. 2. Both chips are attached to an aluminum
base plate using silver epoxy. The aluminum base
plate is precisely milled to compensate for any
height difference between the PCB, PIC and EIC.
Extra care was taken to ensure the dicing street
was close to the high-speed pads, and by using
wedge-wedge wirebonds with minimal loop height

the parasitic inductance is kept minimal. A fiber
array was aligned with the grating coupler array
on the PIC and attached with UV-curable epoxy.
Additionally, a strain relief for the fiber array was
added to enhance the mechanical stability of the
fiber array.

Electro-Optical Experiments

The measurement setup used to characterize the
optical receiver is presented in Fig. 3. An arbitrary
waveform generator (AWG) (Keysight M9502A)
generates a NRZ waveform based on a 23 — 1
pseudo-random bit sequence (PRBS) bitstream.
An amplifier (SHF S807 C) is connected after the
AWG to compensate the reduced signal swing of
the single-ended mach-zehnder modulator (MZM)
(Sumitomo Osaka Cement co T.MXH1.5-75-ADC-
LV). The MZM modulates a 1550 nm laser while
being biased at the quadrature point. The output
of the MZM is fed to an erbium-doped fiber ampli-
fier, to compensate for the losses of splitting the
signal at the transmitter side. The signal is trans-
mitted through a 2 km standard single-mode fiber
(SSMF) and connected to a variable optical atten-
uator (VOA) which controls the optical power. To
determine the optical modulation amplitude (OMA)
received at the PD, the photocurrent of the PDs
is measured. The VOA is connected to an optical
switch which directs the signal either to the device
under test (DUT) or to a reference PD. The refer-
ence PD (Finisar XPD3120R) is connected to a

E =7, —TIA

Laser Y

Optical

@D | [voa
m EDFA Channel @

Fig. 3: Measurement setup consisting of a four-channel transmitter, a reference receiver and a four-channel optical receiver.
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Fig. 4: The BER and eye d|agram results for 4-channel S|mu|tane0us transmission of 56 Gb/s are shown. Single-ended and
differential BER results are represented by dashed and solid lines, respectively. Channels 1 to 4 are depicted from left to right.

sampling oscilloscope (Keysight 86100D) to mea- This is attributed to channel 4 having a separate
sure the extinction ratio (ER) of the optical signal. power supply, while the other three channels share
The signal directed to the DUT is split using a four- a supply, resulting in less crosstalk induced on this
way splitter with the outputs connected to different channel by the other channels. This test was in-
fiber lengths to decorrelate the PRBS13 signals tentional by design as three channels were placed
between channels. Fiber lengths of 1, 2 and 3 on the same supply and one on its own supply to
meters were used while the remaining channel evaluate the impact of power integrity which in the
was connected directly. A polarization controller end seems to exist but is minimal and does not
(PC) is added to each channel to optimize the po- have a significant effect.

larization for the grating couplers on the PIC. The Eye diagrams for both single-ended and differ-
four-channel outputs of the TIA are connected via ential output signals for each channel obtained
a TR70 connector to a second sampling oscillo- during these BER measurements are presented
scope (Keysight N1000A), which captures the eye in Fig. 4. These results are obtained without any
diagrams of the optical receiver. form of equalization. Both single-ended and differ-

Channel noise is measured while the VOA is ential operation show similar performance.
turned off and no signal is applied. The input re-

ferred noise is calculated using the simulated tran- Tab. 1: Normalized crosstalk coupling between channels.

simpedance gain and the output noise voltages. Aggressor ch1 | che | chs | cha

The bit error rate (BER) is obtained by performing Victim

offline error counting on the captured waveform CHT [dB] 0 7.7 | -19.03 | -20.96

data. The equalization function of the AWG com- CH2 [dB] -20.27 0 -14.86 | -17.51

pensates for the limited bandwidth of the transmit- CHS [dB] 2387 | 1755 | 0 | -15.04
CH4 [dB] 29.05 | -2355 | -18.53 0

ter and the output traces of the PCB traces with
the TR70 connector. This function was calibrated
on the reference link.

The TIA shows a simulated bandwidth of
25 GHz and a gain of 67 dB2. An input-referred
noise of 1.25 uA RMS is found. At a data rate
of 56 Gb/s, each channel consumes 63 mA from
a 900 mV supply resulting in a power efficiency
of 1.01 pJd/bit. Fig. 4 presents single-ended and
differential BER curves for each channel during
simultaneous transmission of 56 Gb/s data. Note
that for the differential output signals only two chan- Conclusions
nels could be measured simultaneously, due to the In this paper we proposed and demonstrated a low-
limited input channels of the sampling oscilloscope. power (1 pJ/bit) four-channel optical receiver com-
Each point of the BER includes at least 10 errors patible with NRZ signals for use in one-hop time-
to ensure statistical relevance. The BER curves sensitive networks with optical switching for dis-

The effect of crosstalk between the different chan-
nels is investigated by modulating a sinusoidal
input signal with a frequency of 10 GHz to the
optical carrier of one channel (aggressor) and ob-
serving the coupling to the other channels to which
no input signal is applied (victims). This crosstalk
experiment is summarized in Table 1. The effect of
crosstalk is more pronounced for channels located
closer to the aggressor.

of the different channels indicate that for an opti- tributed radio access networks, machine type com-
cal input power above -9, -7, -8 and -9 dBm no munications and disaggregated resources. Link
errors were found for channels 1, 2, 3 and 4, re-  experiments were conducted with a 2-km SSMF

spectively. All the channels perform similarly, with fiber with all channels operating at the same time,
channel 4 exhibiting slightly better performance. showing crosstalk resilience and signal integrity.
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