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120 GBaud PAM-4/PAM-6 Generation and
Detection by Photonic Aided Digital-to-Analog
Converter and Linear Equalization

Haiyun Xin, Deming Kong, Kuo Zhang, Shi Jia, Xiaoling Zhang, Weisheng Hu, and Hao Hu

Abstract—In this paper, for the first time, we propose a
photonic-aided digital-to-analog converter (PA-DAC) to break
through transmitter-side bandwidth limitation in intensity
modulation and direct detection (IM-DD) systems. By using this
method, bandwidth of receiver-side devices can be fully utilized,
and nonlinear distortions in high-data-rate electrical signals are
avoided. Experimental results show that, with only linear
equalization, 120 GBaud PAM-4 and PAM-6 signals have been
successfully generated and detected with bite error ratios (BERS)

below 6.25%-OH HD-FEC and 20%-OH SD-FEC limits,
respectively.

Index Terms—Optical interconnects, Photonic aided
digital-to-analog converter, Pulse amplitude modulation,

Intensity modulation and direct detection, Linear equalization.

. INTRODUCTION

With the ever-increasing bandwidth demand in datacenter
networks (DCN), solutions for high-capacity short-reach
interconnects are urgently needed. IEEE has standardized 400
Gigabit Ethernet (GE) in 2018 [1]. It is predicted that the
next-generation 800 GE or 1.6 Terabit Ethernet (TE) will arise
around 2020 [2]. For intra-datacenter applications, low
complexity, low cost, and small footprint are preferred. Thus,
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high-capacity intensity modulation-direct detection (IM-DD)
systems have attracted a lot of attention. However, the capacity
of IM-DD system is mainly limited by the bandwidth of
transceivers, and the signal-to-noise ratio (SNR). To handle the
bandwidth limitation, powerful digital signal processing (DSP)
technologies, such as maximum likelihood sequence estimation
(MLSE), faster than Nyquist (FTN), trellis-coded-modulation
(TCM) are proposed [3-6]. However, the advanced DSP
algorithms exhibit high computational complexity (CC), high
power consumption and high cost.

Usually, the bandwidth bottleneck lies in the transmitter side,
and the achievable bandwidth of receiver-side devices is two or
three times higher than transmitter-side devices. For example,
the bandwidth of optical modulators and digital-to-analog
converters (DACs) is often half of the bandwidth of
photodetectors (PDs) and analog-to-digital converters (ADCs).
The bandwidth of receiver-side devices cannot be fully used
even if using the powerful DSP algorithms mentioned above. In
order to fully utilize the bandwidth of the receiver to increase
the overall interconnect capacity, a lot of efforts have been
made to achieve a larger transmitter bandwidth. As shown in
Table 1, methods based on electrical selection [7, 8] and digital
band interleaving [9] have been proposed to increase the
equivalent bandwidth or sampling rate of the DAC, however,
the bandwidth limitation due to electrical drivers and optical
modulators still exists.

TABLE | COMPARISON OF HARDWARE REQUIREMENTS AMONG DIFFERENT

METHODS FOR TRANSMITTER BANDWIDTH EXTENSION
BW of

Ref Methods electrical DAC BW of E/O
number E/O number
components
electrical high . . .
7] selection (Analog Mux) multiple high single
electrical high . - .
(8] selection (Analog Mux) multiple high single
digital band high . . .
9] interleaving (Triplexer) multiple high single
This Photonic low multiple low multiple
work  aided DAC P P

In this paper, we propose a photonic-aided digital-to-analog
converter (PA-DAC) to break through the overall bandwidth
limitation of the transmitter in IM-DD systems. Using an
optical pulse source and multiple electro-optical modulators
driven by parallel DACs, high baud rate optical signal can be
generated without bandwidth limitation from each individual
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device. Equivalently, a higher bandwidth electro-optical DAC
is realized. 120 GBaud 4-level and 6-level pulse-amplitude
modulation (PAM) signal was generated and successfully
detected using the proposed scheme consisting of commercial
devices. Only using linear feedforward equalization (FFE), the
PAM-4 and PAM-6 signals achieve bit-error ratio (BER) below
6.25% overhead hard-decision forward error correction
(HD-FEC) threshold, and 20% overhead soft-decision forward
error correction (SD-FEC) threshold [10], with the net rates of
224 Gbps and 250 Ghps, respectively.

Il. PHOTONIC AIDED DIGITAL-TO-ANALOG CONVERTER

Power

Mtical pulse source

1/B

,,,,,,,,,,,,, t |\ . Optical analogue signal

Digital signal T e ,33 3 3
ol

B2 f

Fig. 1. Principle of photonic-aided digital-to-analog converter.

As illustrated in Fig. 1, the photonic-aided digital-to-analog
converter (PA-DAC) consists of an optical pulse source with a
repetition rate of foax = B, N sub-DACs and N E/O modulators
with an analog bandwidth of at least B/2, and passive
components including delay lines and splitter/coupler. The
target signal sampled at N*fq is generated in digital domain,
and then loaded into N DACs in parallel. The optical pulse
together with N E/O modulators works as an optical sampler to
the DACs’ electrical output. Then, the N branches of optical
signals from E/O modulators are appropriately delayed and

combined, to generate an analog optical signal. In Fig. 1, N is
set as 3 for convenience of illustration, and it can be arbitrary in
practice. Generally, a small N is recommended since less
devices introduces less extra cost. In fact, the transmitter
configuration of PA-DAC is similar as optical time division
multiplexing (OTDM) techniques [12-14]. In those traditional
OTDM schemes introduced in direct detection (DD) systems,
OTDM de-multiplexing is required in the receiver side, and
multiple optical and electrical receivers are needed. In contrast,
by using the PA-DAC, the receiver side is same as conventional
DD system, where only a single PD and a single ADC are used.

Since InP based electro-absorption modulator (EAM) can be
integrated with the monolithically integrated mode-locked laser
diode [11], the E/O modulators could potentially be integrated
with the pulse source on a single chip. All the passive
components, such as splitters, couplers and delay lines, could
also be integrated on the same chip. In this case, the optical path
lengths of each branch signal will be stable, which only
depends on lengths of optical waveguides, and will not be
affected by the environmental factors, such as vibration and
temperature fluctuation. Thus, random phase variation caused
by fibers can be avoided, and devices for high-accuracy timing
control are not needed.

Furthermore, since each driving electrical signal has
relatively low bandwidth (B/2), the nonlinearity caused by
drivers and E/O modulators is negligible, and
computation-consuming nonlinear equalizer can be avoided.

I1l. EXPERIMENTAL SETUP AND DSP FLOW

A. Experimental setup

Figure 2 (a) illustrates the experimental setup. Considering
that the transmitter-side and receiver-side bandwidths are
respectively limited to 25 GHz (AWG) and 63 GHz (DSO), the
number of sub-DACs and optical modulators is selected as
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Fig. 2(a): Experimental setup. (b): DSP flow in transmitter side, (c): DSP flow in receiver side.
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three. The short optical pulse with a pulse width of ~2ps is
generated by a monolithically integrated mode-locked laser
diode (MLLD), which is driven by a 40 GHz radio frequency
(RF) signal with a power of 15 dBm. Correspondingly, the
period of optical pulse is 25 ps. After the amplification,
polarization control and delay adjustment, the optical pulse
signal is split into three portions and then launched into three
Mach-Zehnder modulators (MZM). Each modulator is driven
by a 40-GBaud PAM signal. For optical delay line adjusting
and power equalization, we used a PAM-2 signal for
convenience. By properly adjusting At and electrical delays of
the three signals, the optical pulse is aligned to the decision
point of PAM-2 signals in each branch. Then, the three PAM-2
modulated optical signals are adjusted in time by variable
optical delay lines (Ati, ATy, Ats) to make the optical pulses
distribute uniformly in time domain, and by variable optical
attenuators (VOAS) to equalize the power of the three optical
signals. Then, we respectively applied PAM-4 and 2D PAM-6
for BER performance testing. Since the neighbouring branches
do not overlap in time, the three 40 GBaud PAM-4/PAM-6
signals are combined into one 120 GBaud PAM-4/PAM-6
signal by optical couplers. After the amplification, a
programmable dispersive element is used to emulate the fiber
dispersion and variable optical attenuator (VOA) is used to
adjust the input power of the photodiode (PD, XPDV3120R)
with a 70-GHz bandwidth. Finally, the electrical signal is
captured by a digital signal oscilloscope (DSO, Keysight,
DSA-X 93304Q) with a bandwidth of 63 GHz and a sampling
rate of 160 GSa/s.

B. Transmitter-side DSP flow

Figure 2 (b) shows the DSP flow in the transmitter side. After
PAM mapping, the signal is pulse shaped by a raise cosine filter
with a roll-off factor of 0.01, such that the required bandwidth
of DAC and MZM is only 20.2 GHz. Then, we apply digital
pre-emphasis using the method reported in [15], to compensate
the response penalty of transmitter-side devices, including
AWG, driver, electrical attenuator and optical modulator.
Appropriate delays are also applied by digital interpolation to
guarantee that the decision point of each PAM signal is aligned
to the optical pulse. Afterwards, the signal is re-sampled to
match the sampling rate of AWG (60 GSa/s). Finally,
three-branch PAM signals at 40 GBaud are obtained.

C. Receiver-side DSP flow

Figure 2 (c) shows the DSP flow in the receiver side. Firstly,
the received signal is re-sampled. Considering that interval
errors between optical pulses are difficult to avoid, we adopt
three parallel equalizations respectively for three 40-GBaud
PAM signals rather than one equalization for one 120-GBaud
PAM signal. The inter symbol interference (ISI) can be divided
into inter branch ISl and intra branch ISI. The inter branch ISI
refers to the interference among adjacent 120 GBaud PAM
symbols. It mainly occurs after PD detection and digitization of
DSO, and is caused by non-ideal response of PD and ADC.
This inter branch ISI can be mitigated by a simple linear
equalizer, which is a feed forward equalizer (FFE) of 240 GSa/s
(2sps for 120 GBaud signal, 6sps for 40 GBaud signal), and
applied to the received signal. In order to distinguish the three

branches of signal, we respectively set different original
symbols as the training sequence. The coefficients are updated
every 6 samples using least mean square (LMS) algorithm. In
addition to the ISI incurred by receiver filtering effect, slight
interference might occur between optical pulses, causing
fluctuation of direct current (DC) offset and gain of the
received electrical signal. Thanks to the adaption of DC
component and gain coefficient in FFE, the fluctuation can be
well tracked. On the other hand, intra branch ISI refers to the
interference among adjacent 40 GBaud PAM symbols within
each branch. It mainly occurs in the transmitter side before
optical coupling, which is caused by non-ideal response of
transmitter-side devices, including DAC, driver and MZM. The
linear part can be eliminated by the pre-emphasis filter of
transmitter side. But the nonlinear part caused by sine mapping
of MZM s left. For the purpose of reducing computational
complexity (CC), the corresponding equalizer is working at
1sps, and applied to each branch of PAM signal. Finally,
demodulation is performed for bit error ratio (BER)
measurement.

IV. RESULTS AND DISCUSSIONS

A. Optical pulses before and after modulation
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Fig. 3 (a) Optical pulses of 40 GHz; (b) The generated 120 GBaud OOK signal.
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Fig. 4. Spectra of optical pulses before and after modulation.
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Figure 3(a) shows the eye diagram of the 40-GHz optical
pulses. Due to the limited bandwidth (70 GHz) of the sampling
oscilloscope, the optical pulse in Fig. 3(a) looks broader than
the actual pulse with the pulse width of ~2ps. For the
convenience of delay and power adjustment, we generate a 120
GBaud PAM-2 signal using this optical pulse, with the eye
diagram shown in Fig. 3(b). The spectra of optical pulses before
and after the modulation are respectively shown in Fig. 4.

B. Performance evaluation for 120 GBaud PAM-4
Before equalization

After equalization
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Fig. 5. Results of PAM-4: (a) Eye diagrams before and after equalization; (b)
BER performance as a function of PD input power; (c) BER performance as a
function of dispersion.

The results of each branch PAM-4 signal after the FFE and
Volterra-FFE are shown in Fig. 5. Eye diagrams of PAM-4
signal before and after equalization are shown in Fig. 5(a).
Figure 5(b) shows the BER performance as a function of PD
input power. Hard decision-forward error correction (HD-FEC)
limit can be achieved by using only FFE, and the performance

improvement by using Volterra FFE is not much. Figure 5(c)
shows the BER performance as a function of dispersion. As can
be seen, performance degradation is caused by negative or
positive dispersion. It is because that, optical pulse is broadened
by the dispersion, and the interference between neighbouring
pulses become more serious. The tolerant dispersion value is
from -2ps to 5ps, considering the limit of 6.25%-OH HD-FEC.

C. Performance evaluation for 120 GBaud PAM-6
Before equalization

After equalization
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Fig. 6. Results of PAM-6: (a) Eye diagrams of PAM-6 signal before and after
equalization (b) BER performance as a function of PD input power; (c) BER
performance as a function of dispersion.

The results of each branch PAM-6 signal after the FFE and
Volterra-FFE are shown in Fig. 6. Here, we used the
suboptimum encoding algorithm in [16]. Two consecutive
PAM-6 symbols constitute 36 constellation points in 2D space,
and four outer ones are deleted such that 32 constellation points
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are left to represent 5 information bits. Thus, each symbol
carries 2.5 bits. In Fig. 6(a), eye diagrams of 2D-PAM-6 before
and after equalization are illustrated. Figure 6(b) shows the
BER performance as a function of PD input power. 20%-OH
SD-FEC (2.2x107?) limit can be achieved by using only FFE
and again the performance improvement by using the Volterra
FFE is not much. As shown in Fig. 6(c), the tolerant dispersion
value is from -3 ps to 3 ps, considering the limit of 20%-OH
SD-FEC.

V. CONCLUSIONS

In this paper, we have proposed and demonstrated photonic
aided digital-to-analog converter in the conventional IM-DD
system to break through transmitter-side bandwidth limitation.
Since each driving electrical signal has relatively low
frequency, serious nonlinear distortions caused by electrical
components can be avoided. Experimental results show that, by
only using linear equalization, 120 GBaud PAM-4 and PAM-6
signals have been successfully generated and detected with the
BERs below 6.25%-0OH HD-FEC and 20%-OH SD-FEC limits,
respectively.
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