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Abstract—Segmenting a silicon modulator can substantially in-
crease its electro-optic bandwidth without sacrificing modulation
efficiency. We demonstrate a segmented silicon 1Q modulator
and experimentally explore both modulator design and operating
point to optimize systems trade-offs in coherent detection. An
electro—optic bandwidth of greater than 40 GHz is measured for
a 4-mm-long segment, and greater than 60 GHz for a 2-mm-
long segment. We evaluate optical transmission experimentally
at 120 Gbaud for 16-ary quadrature amplitude modulation
(QAM) and 32QAM. The segments are operated in tandem with
identical data at each segment. We present an experimental
method to align data timing between the segments. Through
the optimization of segment biasing and linear compensation,
we have achieved a bit error rate (BER) of 16QAM well below
the 20% forward error correction (FEC) threshold (2 x 10_2).
Adding nonlinear pre-compensation allows for 32QAM with a
BER below the 24% FEC threshold (4.5 x 1072), enabling a
net rate of 483 Gbs per polarization. The modulator can also
be operated as an optical digital analogy converter for complex
optical signal generation, for which 100 Gbs is achieved for a
proof of concept.

Index Terms—high baud rate transmission, silicon modulator,
segmented modulator, system optimization

I. INTRODUCTION

PTICAL transmission system must keep up with the
Orapidly increasing demand of global data traffic. The
Ethernet interface has reached 400 Gbs and is moving towards
the terabits level. Commercial systems using coherent detec-
tion can achieve net bit rates to 800 Gbps with 95 Gbaud
symbol rates [1]. Data transmission beyond 1 Tbs has been
demonstrated [2]-[5] in the laboratory and field trials. Increas-
ing of capacity in single-carrier transmission has mainly been
achieved using high baud rate.

The silicon photonics (SiP) platform has been drawn consid-
erable interest due to its low power consumption, footprint and
compatibility with complementary metal-oxide-semiconductor
(CMOS) foundries. It has become a prime candidate for
next generation optical communications transceivers [6], [7].
High-baud-rate silicon Mach-Zehnder modulators (MZMs)
have been demonstrated for both intensity modulation/direct
detection (IM/DD) [8]-[11] and coherent detection systems
[12], [13]. However, due to silicon limitations, silicon Mach-
Zehnder modulator (MZM) have limited V, leading to higher
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loss than other popular materials such as indium phosphide
(InP) and lithium niobate (LiNO3) [14]. We must trade-off
bandwidth performance and V, to optimize design parameters
targeting high speed optical transmission [15]. Segmenting the
modulator can sidestep this trade-off.

Segmentation structures have been proposed over several
decades, including the concept of “optical digital-to-analog
converter (DAC)”, which generates multi-level signal optically
and avoid using expensive electrical DAC [16]. On the SiP
platform, segmenting a modulator can improve modulation
efficiency by increasing the total length of phase shifter in
MZM. The MZM benefits for a higher bandwidth provided
by the constituent short segments. In [17], three different
architectures of silicon MZM were evaluated. The authors
tested the performance of pulse-amplitude modulation (PAM)
signaling and concluded that the segmented modulator offered
clear advantages over the single segment. Following an initial
segmented silicon modulator with IM/DD in [18] [19], a
200 Gbs/A net rate data transmission was reported [20]. Two
segments were utilized for an 80 Gbaud PAMS8 modulation.

The MZM phase shifter length determines both efficiency
and bandwidth. Better efficiency requires a longer phase shifter
but yields lower bandwidth. Segmenting leads to higher band-
width without losing efficiency. The efficiency is maintained
by having the segments combine their effects to produce the
same total phase shift as without segmenting. We apply seg-
menting to push bit rates via wider bandwidth and enhanced
signal-to noise ratio from more efficient modulation.

There have been a few reports on coherent detection with
segmented modulators in the literature [21] [22]. For single
segment SiP MZM, we demonstrated [23] 100 Gbaud 32QAM
transmission with coherent detection. With a segmented ar-
chitecture, we now push the symbol rate beyond 100 Gbaud
to further increase capacity.To the best of our knowledge,
we report the first examination of a segmented all-silicon
device for baud rate beyond 100 GB. High symbol rate
transmission has become a important part of next-generation
optical communication system. Experimental demonstration
over 100 Gbaud symbol rate has been reported [24] [25] .
More recently, 200 Gbaud symbol rate PS-64QAM has been
achieved with thin-film LiNO3 modulator leads to 1.6 Tbs
capacity [26].

In this paper, we will extent our previous work from [27].
We characterize electro-optical (E-O) response of two seg-
ments and quantify the 3 dB bandwidth for various biases. We
present system optimization including RF signal alignment,
bias optimization and channel compensation. We transmit
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16QAM and 32QAM with 120 Gbaud symbol rate, with
coherent detection and single polarization. We adopt the gain-
based iterative learning control (G-ILC) [28] [29] nonlinear
pre-compensation to mitigate pattern dependent distortion [30]
of 32QAM. The BER of 32QAM falls below the 25% FEC
threshold, which leads to 483 Gbs net data rate. To the best of
our knowledge, this is the first demonstration of 120 Gbaud
32QAM using an all-silicon modulator.

II. MODULATOR DESIGN AND CHARACTERIZATION

The schematic of our segmented modulator design is shown
in Fig. 1. Each MZM has four phase shifters (also called
segments), each with a distinct length. The segment lengths
are 4 mm, 2 mm, 1 mm and 0.5 mm. Two identical MZM
interferometers of four segments (I branch on top, and Q
branch below) are combined 90° out of phase to form an
IQ modulator. In our transmission experiment two longest
segments are used, the 4 mm and 2 mm segments.

Laterally doped p-n junctions in 220 nm-high silicon rib
waveguides are used as the phase shifters. Three levels of
dopants are applied to reduce the junction resistance without
introducing excess optical loss. The MZM uses traveling-wave
(TW) electrodes in a series push-pull driving configuration,
which enables lower capacitive load for a higher bandwidth.
Each TW-phase shifter uses a coplanar stripline transmission
line with on-chip 50 Q termination implemented using semi-
conductor resistors. The SiP modulator was fabricated using
a CMOS-compatible process on a 220 nm silicon-on-insulator
wafer with 2 um buried oxide. Further design details can be
found in [15].

The chip has multiple optical input/output (IO) for flexible
tuning and characterization. There are independent optical
inputs for the in-phase and quadrature (I/Q) branches, as
well as a common IQ input. We can thermally tune on-chip
heaters located near the optical inputs to maximum the MZM
extinction ratio and to tune the operating point. Optical loss on
the MZM is around 21.5 dB, including ~12 dB fiber-to-chip
coupling and ~3 dB from the long waveguide routing.

Our choice to only examine two segments (4 mm and
2 mm) is motivated by limitations in RF resources and system
complexity. In the rest of paper, we will refer to the 4 mm
segment as the “long segment” and the 2 mm segment as
the “short segment”. We measure the E-O frequency response
(S21) of the long and short segments on each branch (I and
Q) at various bias voltages, using a 67 GHz vector network
analyzer (VNA) (model Agilent N5227) and a on-chip calibra-
tion substrate. We route the VNA signal to the chip through a
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Left: schematic diagram of segmented modulator design. Right: photograph of fabricated chip, fiber array, RF probes and printed circuit board.

RF cable and probe, each with a 3 dB bandwidth of 67 GHz.
The MZM optical output is converted to the electrical domain
with a 70 GHz balanced photodetector (BPD) (Finisar) and
routed to the VNA. The cables and probe were characterized
separately and their frequency response was de-embedded
from the characterization of individual modulators.

Figure 2(a) shows results for the Q-branch long segment,
Fig. 2(b) for the short segment, and Fig. 2(c) reports the system
response. The system response includes all filtering effects
from devices and digital signal processing (DSP) equalization.
While measurements reported in Fig. 2(a,b) where collected
with the VNA, the system response was estimated from
captured data, as explained further in the next paragraphs.

The E-O responses of I and Q branches showed similar
results, so we present only the Q branch results to save space.
We examined four bias voltages, with an S21 curve for each
voltage in Fig. 2(a) and (b). After de-embedding, we find the
3 dB bandwidth of the long segment is 41 GHz at 3V reverse
bias, and 43 GHz at 5 V reverse bias. As expected, the shorter
segment has greater 3 dB bandwidth: 58 GHz at 2 V and
62.75 GHz at 5V bias.

During transmission experiments reported in section IV we
identified the bias voltages for each arm that minimized the
BER (3 V for the long segment, 2 V for the short segment).
While higher voltages yielded higher 3 dB bandwidth, they
did not improve BER. In Fig. 2(a) and (b) we focus attention
on the relevant curves (bias that optimized BER) by putting a
shaded box around the bias voltage annotations.

We next characterized the system response when using the
two segments in tandem. The two segments had identical
driving signals, but distinct bias voltages. Note that the system
response is the combined response of the MZM, cables, probes
and photodetector; de-embedding was not possible. The solid
black line in Fig. 2(c) reports the frequency response at the
optimum bias voltages. Individual segment responses with the
complete system are also reported, with square markers for
the long segment and diamond markers for the short segment.
The tandem frequency response when using both segments
falls between long and short ones, essentially trading off
bandwidth for better BER. This trade-off favors the short
segment frequency response, i.e., it falls closer to that curve.
Hence, we do not lose much bandwidth performance by using
both two segments in tandem rather than the short segment
alone.

In addition to the tandem system response, we also show
individual SiP MZM responses with dash lines. For easy refer-
ence, we include segment responses de-embedded from other
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system components, i.e., repeated from Fig. 2(a) and Fig. 2(b),
with asterisk markers and triangle markers, respectively. We
can see in this figure that our system response is limited not by
the SiP chip, but rather by the RF loss from components such
as the RF cables and probe. Hence, our transmission results
should be interpreted in this light.

III. EXPERIMENTAL SETUP

The experimental setup for modulation is shown in Fig. 3(a).
We generate a random QAM signal offline and shape it by
a raised cosine filter with roll-off factor 0.01. We use four
high speed DAC modules to generate these electrical signals
at 120 Gbaud. The Micram DAC has a maximum 128 GSa/s
sampling rate and 8-bit resolution [25]. We operate the DAC at
120 GSals, i.e., one sample per symbol. We adopt digital pre-
compensation for the DAC response and residual ripple in the
optical channel after optical filtering. The pre-compensation is
a finite impulse response (FIR) filter estimated from a series
of characterizations of the electrical back-to-back performance
and optical transmission performance [31].

Each pair of two DAC outputs is identical, but the pairs
have independent data: one pair for the I branch of the long
and short segments, and another pair for the Q branch. Each
output has an RF power amplifier (model SHF 804B) to
deliver around 3 Vpp to the RF probe driving the segmented
IQ modulator. Each DAC output has a phase shifter for fine
alignment of RF signal timing at each segment; the long and
short segments should have identical signals that are well
synchronized despite any variations in the length of electrical
cabling.

On the optical side, an external cavity laser (ECL) operating
at 1548 nm with 100 kHz linewidth is boosted to 28 dBm
optical signal-to-noise ratio (OSNR) by a high power erbium
doped fiber amplifier (EDFA). We couple the light to the
silicon chip via a fiber array and on-chip grating coupler,
which introduces 12 dB loss. The modulator introduces an
additional 10 dB of insertion loss. We use a two-stage EDFA
to boost the chip output before reception.

We place an optical filter (Finisar Waveshaper) between the
two-stage optical amplifier. The programmable optical filter
not only suppresses out-of-band amplified spontaneous noise
(ASE), but also to equalize the silicon modulator frequency
response [23] [31]. We place a variable optical attenuator
(VOA) after the two-stage EDFA to control received optical
power at the coherent receiver. Higher optical power mitigates
thermal noise from the receiver and achieves better error
rate performance. We sweep the power and present results in
Section V. Two BPD with 70 GHz bandwidth are connected
after coherent receiver. A Keysight real-time oscilloscope
(RTO) with 160 GSa/s sampling rate and 63 GHz bandwidth
captures electrical data from BPD.

Captured data is processed via offline DSP. A low-pass filter
eliminates out-of-band noise. We resample the captured data to
four samples per symbol for further processing. We use data-
aided timing synchronization. We apply the constant modulus
algorithm (CMA) for coarse estimation, followed by multi-
modulus algorithm (MMA); the filters have T /4 spaced taps

in a 2x2 multiple-input multiple-output (MIMO) configura-
tion. The MIMO algorithm compensates residual inter-symbol
interference (ISI) and recovers polarization; this mitigates most
of the linear impairments in the signal. We sweep the number
of MIMO taps and find 35 taps are sufficient for CMA and
MMA. We downsample the signal after MIMO to one one
sample per symbol for frequency offset compensation (FOC).
We use a blind phase search Carrier phase recovery (CPR). We
apply separate linear decision-directed minimum mean square
error (MMSE) equalizers to the I and Q coordinates.

We also employ nonlinear techniques at the receiver to im-
prove BER. We apply a Volterra polynomial nonlinear equal-
izer and a maximum likelihood sequence detection (MLSD)
with one-tap post filter. the Volterra polynomial includes 1%
and 3" order terms; and the polynomial coefficients are
estimated with a DD-MMSE with 255 taps. Our one-tap post
filter has transfer function H(z) = 1+8z7'; B is swept and we
find 0.5 to be optimal for both 16QAM and 32QAM.

At the transmitter, we employ nonlinear pre-distortion by
using G-ILC technique to mitigate pattern-dependent distor-
tion. The green path in Fig. 3 shows the quasi-real-time adap-
tation of G-ILC with hardware-in-the-loop. The principle of
the G-ILC is to take a fixed block of data and to pre-distort this
data block. The pre-distorted block is found experimentally
during multiple iterations (typically a dozen iterations over
30-40 minutes of data capture). The error between reference
and recovered symbols is used during adaptation. All nonlinear
techniques are described in detail in our previous publication
[23]. We estimate the channel response from captured data
from receiver DSP. The system bandwidth performance in
Fig.2(c) are estimated by data-aided MMSE algorithm from
captured data. See [15] for the details.

The setup is configured as complex signal (i.e., QAM)
transmission with a single polarization state. We sometimes
turn on only of the branches (I or Q), but capture the data by
the same coherent receiver, i.e., we sometimes use amplitude
shift keying (ASK) signaling with coherent detection. For
example, we use one branch to optimize reverse DC bias for
each segment, or for some performance analysis. In all cases,
we operate the IQ modulator at the null point.

IV. SYSTEM OPTIMIZATION AND SIMULATION
A. RF signal synchronization

In our tandem drive experiment, two separate but identical
RF signals drive each segment in a branch. Proper modulation
requires that the segments have phase shifts that swing in con-
cert, i.e., with zero timing offset. Differences in the physical
paths of the two signals can be corrected by working with
both/either an tunable RF delay and/or a delay function in
the DAC. The digital delay in the DAC is used to correct to
within one symbol interval (coarse). The tunable RF delay line
is used to tune within a symbol interval (fine).

A pseudo-random bit sequence is used for synchronization.
We send two drive signals (two DAC outputs) to one branch
(I or Q). We sweep the symbol delay in the pseudo random
binary sequence (PRBS) between the two DAC channels,
which sweeps the residual delay at the segments. As we sweep,
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Fig. 2. Frequency response of a) long MZM segment with de-embedding for various bias voltages, b) short MZM segment with de-embedding for various

bias voltages, ¢) system responses at optimal bias voltages.

we observe the optical spectrum. For large residual delay the
signals are uncorrelated and the spectrum is flat. When the
residual delay is within one symbol delay the spectrum is most
peaked, with deep notches. We fix the PRBS delay between
the two DAC outputs at this value.

For fine synchronization, we observe the spectrum under
two scenarios sketched in Fig. 4(a). The symbol 7 represents
the time delay introduced by the manually tuned RF phase
shifter. In the DAC, we delay the PRBS in the two DAC
outputs by one symbol interval: in scenario one the long
segment leads, in scenario two the short segment leads. When
the delay is properly tuned, the two scenarios will yield
identical spectra, as in the upper spectra in Fig. 4(a). If we
have the worst case delay, the output will appear as the lower
spectra. We alternate between the two scenarios while tuning
the phase shifter. When both scenarios give identical spectra,
we fix the RF phase shifter. The two-symbol-period delay
is sufficient to perturb the spectra in an easily identifiable
manner, but another delay could also be used.

B. Bias optimization

The DC bias impacts the bandwidth and the modulation
efficiency. We sweep the bias voltage on the modulator while
observing BER to find the best trade-off between bandwidth
and efficiency [23]. For a segmented modulator, the bias
should be optimized for each segment. Our design has two seg-
ments in each (in-phase/quadrature) branch, or four segments
in total. For simplicity, we only perform pairwise optimization
(long and short segments jointly) in each branch, rather than
searching independently across four biases.

Using the setup in Fig. 3, we turn off the upper branch by
driving it with a sequence of zeros. The lower branch has a
PRBS synchronized across the long and short segments as we
sweep the two bias settings from 0 to 4V. We measure OSNR
(before VOA) with an optical spectrum analyzer (OSA) with
a 0.1 nm bandwidth resolution. We recover the data and use
the MMSE filter to estimate the noise equivalent bandwidth.

We report in Fig. 5 results for 25 combinations of biases.
We present the OSNR in dB in Fig. 5(a), the noise equivalent

bandwidth [32] in GHz in Fig. 5(b), and the symbol error rate
(SER) in Fig. 5(c). The OSNR is best for low bias, while
the bandwidth is best at high bias. While the OSNR exhibits
a symmetry vis-a-vis the long and short segment bias, this
is not the case for bandwidth. The long segment bias has a
much greater impact: when the long segment has low bias the
short segment bias has little effect on the overall bandwidth. In
the tandem configuration, the overall bandwidth falls between
the extremes of the long and short segment bandwidths (see
Fig. 2(c)). Interestingly, the frequency response (after optimiz-
ing the biases of the two segments for best SER performance)
is closer to the wideband, short segment. This we attribute
to the significantly improved modulation efficiency by using
two segments, allowing us to push to greater bandwidth in
optimizing the bandwidth-efficiency trade-off.

Since the OSNR is optimized in the bottom-left corner, and
the bandwidth in the top-right corner, we examine SER in
Fig. 5(c) to find the best trade-off for these two parameters.
The SER matrix does not exhibit any clear symmetry. The
lowest SER appears at (3V,2V), in a mid-section of swept
biases. At this operating point the SER is around 2 x 1073; the
reduced OSNR is offset by greater bandwidth and thus less
attenuation of the ASK4 data signal at 120 Gbaud. Figure 5(d)
presents a typical recovered ASK4 signal. Results were similar
when optimizing the upper branch.

C. Linear pre-equalization

We fix the operating point to the optimal biases we iden-
tified. We next optimize the channel compensation in both
the electrical and the optical domain using linear techniques.
Digital FIR filters will be applied in the electrical domain
at the transmitter. We use a programmable optical band-pass
filter (Waveshaper) for optical compensation. Using techniques
inspired by [31] but adapted to a segmented modulator, we op-
timize performance by balancing the filter depths as described
in the following.

We see in Fig. 2(c) that individually the long (square
markers) and short (diamond markers) segments have different
E-O responses at the optimal bias. The tandem operation of
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both segments yields yet another overall E-O response (black
line, no markers). Pre-compensation seeks to equalize the
response. If we simply base our compensation filter on the
overall response, each segment will not see a flat response.
This may cause ISI. Therefore we adopt another strategy.

We compensate each segment individually in the electrical
domain, and jointly in the optical domain. We smooth the short
segment filter in the frequency domain: the total response is a
sum of the smoothed filter and a residual ripple. The smooth
version is used in the optical filter. The residual ripple will be
implemented electrically on the short segment drive signal.

The long segment filter is partitioned into the smoothed
short segment filter and a residue. Again, the residual will
be compensated electrically. The decomposed frequency re-
sponses are illustrated in Fig. 6(a). The ripple goes to the
short segment electrical FIR and fluctuates around O dB. The
two remaining filters have depths referenced to 0 dB: « is
the depth of the long segment residue electrical FIR, and vy is
the depth of optical filter with the smooth response. The long
segment has a pre-compensation filter with greater depth due
to its faster roll-off at high frequency. The depth @ ~ 5 dB
corresponds to the additional attenuation at 60 GHz for the
long segment compared to the short segment.

Having determined the digital FIR filters, the two segments
will be roughly equalized and have a similar response that
can be compensated by a single common optical filter. We
must find the appropriate depth y for the joint optical filter.
We sweep y while transmitting 16QAM at 120 Gbaud. The
BER is estimated for each y and plotted in Fig. 6(a); 6.5 dB
gives best QAM BER. Received electrical spectrum with and
without channel compensation are shown in Fig. 6(b). Channel
compensation brings normalized signal power up by about
10 dB at the highest frequency. The received spectrum before
and after linear pre-compensation is shown in Fig. 6(c); the
compensation yields a fairly flat spectrum.
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V. QAM TRANSMISSION RESULTS

We transmit 16QAM and 32QAM at 120 Gbaud. Random
QAM symbols are sent to the DAC: two copies of the real part
destined for the I branch, and two copies of the imaginary
part destined for the Q branch. As described in Section
IV.C, the signals for the short segments have one digital pre-
compensation filter applied, while the signals for the long
segments have another applied. We use the optimal bias found
in Section IV.B for each segment: 3 V for the long segments
and 2 V for the short segments. The RF skew between signals
in a given branch are carefully synchronized as described in
Section IV.A. Note that identical data is sent to the long and
short segments of a branch, but the signals differ as different
filtering are applied.

We measured the OSNR of the modulated QAM signal
with an OSA at 0.1 nm resolution. The maximum OSNR was
around 28 dB. We estimated BER for 16QAM and 32QAM
from a measurement of more than 400,000 symbols. Recovery
of modulation order above 32 was not possible due to the
limited OSNR. At the receiver we apply the DSP chain listed
in Fig. 3 and described in Section III. The post-compensation
techniques are deployed consecutively; we examine perfor-
mance after each post-compensation step to assess the impact
on BER performance.

Consider first the 16QAM results in Fig. 7. We plot
BER versus received optical power when using various post-
compensation techniques in DSP. The poorest performance
(black curve, asterisk markers) is recorded when only using the
MIMO MMA after carrier recovery. When we add equalization
via a linear MMSE filter (blue curve, circle markers) we see
improvement. The BER does not much improve when we
add the Volterra polynomial (orange curve, diamond markers).
Adding a final stage of one-tap MLSD (purple curve, square
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pre-compensation filter are applied to electrical channel for long/short seg-
ment; blue line: public optical filter response. (b) BER versus optical filter
depth, operating at 120Gbaud-16QAM. (c) Electrical spectrum from receiver,
with (red line) and without (blue line) channel compensation.

markers) leads to the best performance. We note that for
received optical power as low as -6 dBm, all solutions have
performance below the 20% FEC threshold of 2.4x 1072 BER.

Consider next 32QAM. No nonlinear pre-compensation
at the transmitter, i.e., G-ILC, was needed for 16QAM. In
contrast, without the G-ILC method the BER of 32QAM
remained around 6x 1072 and could not be further optimized by
post-compensation. The G-ILC pre-compensation was found
experimentally in quasi-real-time in 11 training iterations [30].
We present in Fig. 8(a) the convergence curve for training, i.e.,
mean squared error versus iterations.

Per the 32QAM BER curves in Fig. 7, with G-ILC nonlinear
pre-compensation we achieved 32QAM performance below
the 24% FEC threshold at BER~ 4.5 x 1072 [33]. The soft-
decoding performance of this time-invariant spatially coupled

120 Gbaud QAM Transmission
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Fig. 7. BER vs. received optical power for 16QAM without ILC (dashed
curves) and 32QAM with ILC (solid curves). Four post-compensation are
examined: the MMA alone; when adding DD-MMSE; when adding a Volterra
polynomial to the two previous steps; and when adding a final stage of MLSD.

low-density parity-check (LDPC) code was demonstrated ex-
perimentally on 64QAM transmission. We can see that the
post-compensation had little effect on performance; the use of
nonlinear pre-compensation was key. The best BER achieved
was 3.6 x 1072 at 4 dBm received power.

We present recovered constellations at 4 dBm received
power, and focus on the impact of pre-compensation. In all
cases we use the strictly linear post-processing, i.e., no Volterra
and no MLSD. The 16QAM constellation with no G-ILC is
shown in Fig. 8(b). Constellations of 32QAM without and with
G-ILC pre-compensation are presented in Fig. 8(c) and (d),
respectively. The blocky clusters in the 32QAM constellation
in Fig. 8(c) is due to hard decision of DD-MMSE. When
using G-ILC, the constellation clusters becomes more circu-
lar and the BER improves. Unlike 16QAM, nonlinear post-
compensation provided very little improvement for 32QAM
due to both insufficient SNR and stronger pattern dependent
distortion. This behavior is consistent with that observed in
[23].

In Fig. 9 we compare the effective SNR versus received
power for the best-case DSP for each of our transmission
rates. The effective SNR was estimated from the recovered
constellations with knowledge of the true transmitted symbols.
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Fig. 8. Curve on MSE versus ILC iteration. Constellation of recovered
16QAM (without ILC) and 32QAM (without and with ILC) are also shown

The mode at each symbol was used to find symbol power,
and the effective SNR is found from averaging over SNR per
symbol. We note that the SNR was estimated before MLSD
processing.
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Fig. 9. Effective SNR vs. received optical power for best-case DSP

VI. DISCUSSION
A. Optical DAC drive scheme

In the demonstrations reported here, we used identical
PAM4 signals sent to two segments of different length. We
used an electrical DAC to generate PAM4 and to apply
electronic pre-equalization and multilevel modulation. Mul-
tilevel modulation can be achieved without an electrical DAC;
independent binary (not four level) signals are sent to each
segment [16], [20], [34]. Avoiding an electrical DAC reduces
system complexity

The drive voltage and bias settings of each segment can be
manipulated to create the proper amplitude on each segment so
that the combined output is equally spaced four level signals.
This concept is illustrated in Fig. 10. A larger RF power on
the long segment leads to large space between output binary
levels. At the next, shorter segment a smaller RF power leads
to a second modulation, or four output power levels. In a

SiP modulator, we tune the DC bias on the p-n junction and
the RF swing to optimize output signal. Finding the optimal
parameters minimizing bit error is very time-consuming to.

Modulated signal Modulated signal
from Long seg from Short seg

—

Final output
PAM-4

=

-

RF2 (PAM-2 )

r—

A
RF1 (PAM-2)

.

»
| i

Fig. 10. Optical DAC using two PAM?2 signals to generate PAM4; RF1 and
RF2 (below the block diagram) are binary, independent electrical signals with
different PAM2 pattern. Amplitude levels (boxes above the block diagram)
respect OMA1 = 2XxOMA2, OMA: optical modulation amplitude.

For operation at 100 Gbaud and higher, the electrical DAC
is unavoidable; it is not needed for forming multiple levels, but
rather to shape the pulse at 100 Gbaud to fall in the passband
of the modulator and thereby avoid intersymbol interference.
Combining the two DAC approaches (i.e., independent data
per segment) could enhance the signal during the electro-
optical conversion. We applied this method to both the in-
phase and quadrature branches to create a 16QAM output from
four independent binary drive signals.

We observed slightly worse performance than those pre-
viously presented. Sample constellations for 16QAM at
100 Gbaud are given in Fig. 11. In Fig. 11(a) we achieve
multilevel signaling with the optical DAC and we achieve
pre-compensation with the electrical DAC. In Fig. 11(b) we
achieve both with an electrical DAC. The BER was roughly
doubled when using the optical DAC configuration. The same
setup and DSP were applied for both configurations. We
did not include optical channel compensation nor electrical
compensation of the modulator. We did not attempt to modify
the electrical compensation to further optimize BER as the
adjustment of RF power and bias was already complex.

(a) optical & electrical DAC (b) electrical DAC

Fig. 11. 100 Gbaud 16QAM transmission results by (a) electrical and optical
DAC scheme and (b) electrical DAC scheme.
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Ideally, we should trade-off constellation distortion and final
SNR by an optimal choice of RF swing and DC bias. This
is experimentally very challenging, and we only minimize
the constellation distortion, as in [20]. We cannot draw firm
conclusions about which approach is best. The optical DAC
has low complexity and low quantization noise, while the
electrical DAC has more straightforward signal compensation.

B. Synchronization between segments

Segmented modulators are inherently demanding for drive
signal synchronization, as as even a small offset leads to
visible degradation in the quality of the modulated signal.
This is particularly important in crafting an integrated solution
[35]. We do a simple back-to-back simulation of an additive
white Gaussian noise (AWGN) channel to examine the impact
of imperfect synchronization on BER performance. We apply
identical PAM4 signals to two MZM segments. The MZM
is modelled as a simple sinusoidal function of the input RF
signal, i.e., E,y,; o« exp(V/V,). The SNR is set to 15 dB and no
any bandwidth limitation is simulated. The BER degradation
is presented in Fig. 12. For delay larger than 0.5 T, the BER
sees nearly exponential increase.

For a noise free-signal, i.e., very large SNR, we present
MZM output eye diagrams in Fig. 12 for perfect synchroniza-
tion as compared to a half symbol delay. We clearly see the
degradation in the single sampling point of zero delay, to the
thickened version with 0.5 7y delay. As the this simulation
is noise-free, this is caused solely by distortion induced by
poor synchronization. This delay is relative to the symbol
interval; the absolute synchronization requirement becomes
more demanding as symbol rate increases. Taking 120 Gbaud
as an example, 0.5 T is 4 ps.

%1072
2 L
15+
o
L
m
1 L
Relative delay = 0.5Ts
q Theory BER @15 dB SNR
0 0.2 0.4 0.6 0.8 1

relative delay [Ts]

Fig. 12. PAM4, 15 dB SNR, AWGN channel simulation of BER versus drive
signal timing delay; insets are noise-free eye diagrams for two delays; T&:
symbol period time.

Our experimental demonstration achieved alignment by
manually manipulating the input signal and observing the
optical spectrum on OSA. This could be achieved using digital
signal processing instead, avoiding the use of an OSA. Data

captured under the two scenarios could be compared to create
an error signal. For instance, we also used this technique
in the laboratory and achieved similar timing precision with
16 sample-per-symbol (SPS) capture. Similarly, the RF delay
can be manipulated digitally. Time skew between drive signals
can be pre-compensated at the transmitter by adding phase
shift in frequency domain. However, phase shift in frequency
domain will tend to increase peak-to-average power ratio
(PAPR) in time domain waveform, which may affect signal
power output from the DAC. A trade-off between system com-
plexity and performance can be found in the digital domain,
and is not a serious obstacle to exploitation of segmented
modulators.

VII. CONCLUSION

We presented the design of a segmented 1Q modulator and
experimental results for 120 Gbaud 32QAM optical back-to-
back transmission with two segments. We characterized the
E-O responses of a 4 mm (long) and a 2 mm (short) segment
on a fabricated chip. We measured a 3-dB bandwidth on
the 4 mm segment greater than 40 GHz; the 2 mm reached
above 60 GHz. We introduced an RF signal synchronization
process. We optimized the bias and channel compensation to
achieve the lowest BER. We demonstrated 120 Gbaud optical
back-to-back transmission of 16QAM and 32QAM signal on
a single polarization. We achieved 16QAM with BER of
6.4 x 1073 with linear pre-compensation and nonlinear post-
compensation. For 32QAM we reached BER of 3.6 x 102 by
additional nonlinear pre-compensation G-ILC; this is lower
than 24% FEC threshold. The 120 Gbaud 32QAM results
indicate a net rate per polarization of 483 Gbs. Finally, we
discussed the option to use an optical DAC drive scheme, and
implementation issues.

APPENDIX

We characterize the V, of the long and short segments with
OV reverse bias on the pn-junction. We first apply OV also to
the RF probe. We sweep the C-band and measured the power
at each wavelength, creating the baseline spectrum. We next
applied a fixed DC voltage on the RF electrode, and again
measured the spectrum. A typical trace is shown in Fig. 13a
for the 4 mm segment. From this plot we find the phase shift
in radians, with a 7 phase shift scaled as indicated.

We characterize each segment and record the phase shifts
when sweeping the DC voltage applied to the RF electrode
from zero to 10V. We plot the phase shift versus applied
voltage in Fig. 13b. Measured values are given in markers,
while the dashed lines give a linear fit. We can see that the
curve for the 4 mm segment hits pi phase shift at 9.2V.
The 2 mm segment reaches 0.5z shift at around 8V. By
extrapolation, the V,; would be 16V. These estimates of V,
lead to 3.6 V-cm and 3.2 V-cm modulation efficiency for 4 mm
and 2 mm segments, respectively.
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