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We demonstrate the optical transmission of an 800 Gbit/s (4 × 200 Gbit∕s) pulse amplitude modulation-4
(PAM-4) signal and a 480 Gbit/s (4 × 120 Gbit∕s) on–off-keying (OOK) signal by using a high-bandwidth
(BW) silicon photonic (SiP) transmitter with the aid of digital signal processing (DSP). In this transmitter, a
four-channel SiP modulator chip is co-packaged with a four-channel driver chip, with a measured 3 dB BW
of 40 GHz. DSP is applied in both the transmitter and receiver sides for pre-/post-compensation and bit error
rate (BER) calculation. Back-to-back (B2B) BERs of the PAM-4 signal and OOK signal are first measured for each
channel of the transmitter with respect to a variety of data rates. Similar BER performance of four channels shows
good uniformity of the transmitter between different channels. The BER penalty of the PAM-4 and OOK signals
for 500 m and 1 km standard single-mode fiber (SSMF) transmission is then experimentally tested by using one
channel of the transmitter. For a 200 Gbit/s PAM-4 signal, the BER is below the hard-decision forward error
correction (HD-FEC) threshold for B2B and below the soft-decision FEC (SD-FEC) threshold after 1 km trans-
mission. For a 120 Gbit/s OOK signal, the BER is below SD-FEC threshold for B2B. After 500 m and 1 km
transmission, the data rate of the OOK signal shrinks to 119 Gbit/s and 118 Gbit/s with the SD-FEC threshold,
respectively. Finally, the 800 Gbit/s PAM-4 signal with 1 km transmission is achieved with the BER of all four
channels below the SD-FEC threshold. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.396815

1. INTRODUCTION

With the ever-increasing demand for high-speed intra- and
inter-data-center connections, optical transceivers with lane
rates of 100 Gbit/s are standardized in IEEE Standard 802.3bs
[1]. The volume shipments of 400 GbE interconnect devices
are expected to be dominant by 2020–2021 [2]. For the next
generation of data center networks (DCNs) and data center
interconnections (DCIs), an 800 GE interface (i.e., four-lane
200 Gbit/s per wavelength) is potentially a competitive solution
that attracts more and more attention. To realize a 200 Gbit/s
per wavelength interface, simple non-return to zero-on–off-
keying (NRZ-OOK) signal format may no longer be sufficient
to support the speed requirements [3], because the expected

bandwidth (BW) for a transmitter (TX) and receiver (RX) is
more than 100 GHz [4], which could be a terrible challenge
for commercial production. Advanced modulation formats,
such as discrete multi-tone (DMT), carrier-less amplitude
phase (CAP), or multi-level pulse amplitude modulation
(PAM), which allow for increased capacity at constant BW,
are considered as potential solutions and have been widely re-
searched [3]. PAM-4, as the simplest high-order modulation
format, shows the lowest optical power penalty for single-laser
100G short-reach DCI links [5]. In IEEE Standard 802.3bs,
PAM-4 with intensity modulation and direct detection (IM-
DD) is standardized as one of the solutions for 400GbE inter-
face (e.g., 400G-DR4). When updating lane rate from
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100 Gbit/s to 200 Gbit/s per wavelength, the PAM-4 format is
probably much inherited from the 400GE standard. Recently,
many research experiments about 200 Gbit/s per wavelength
transmission based on PAM-4 modulation have been reported
for short-reach transmission using modulators with different
kinds of materials, such as a LiNbO3 Mach–Zehnder modulator
(MZM) [6,7], a lithium niobate on insulator (LNOI) modulator
[8], a distributed feedback laser monolithically integrated with an
MZM (DFB-MZM) [9], and an electlro-absorption modulated
laser (EML) [10–12]. In addition to LiNbO3 and indium phos-
phide (InP), silicon photonics (SiP) is also regarded as a high-
potential platform for volume production of commercial opto-
electronic devices. SiP technology has already been applied in
commercial 100GbE interconnect devices [2], and it is expected
to address next-generation optical interconnect due to its small
footprint, low power, and complementary metal-oxide-semicon-
ductor (CMOS) compatibility. High-speed transmission using
SiP has also been extensively researched [13–15].

The works just listed focus on single-channel high-speed
transmission. For the silicon platform, monolithic integration,
which means complex and/or multi-channel functions are fab-
ricated on the same photonic integrated circuit (PIC) chip, is
also an important metric for commercial application [16]. Co-
packaging and co-design of SiP modulators with RF integrated
circuit (RFIC) drivers is a compelling technology to realize
energy-efficient, high-BW optical interconnections [17].
A SiP transmitter integrated with a laser and/or driver is dem-
onstrated in Refs. [18–20] for 100 Gbit/s per wavelength
PAM-4 transmission. In Ref. [21], four-channel 100 Gbaud
PAM-4 transmission is demonstrated with the aid of digital sig-
nal processing (DSP); however, the experiment is based on dis-
crete drivers and MZMs but not an integrated silicon device.

In this paper, a four-channel SiP MZM chip is integrated
with a four-channel driver chip by chip-on-board co-packaging,
and a high-speed four-channel SiP transmitter is fabricated.
800 Gbit/s PAM-4 signal transmission and 480 Gbit/s
OOK signal transmission using the co-packaged four-channel
SiP transmitter are experimentally demonstrated for the first
time, to the best of our knowledge. Offline DSP is applied both
in the TX side and RX side as pre- and post-compensation to
deal with BW limitation and chromatic dispersion (CD) pen-
alty. Different baud rates of PAM-4 signal and OOK signal are
modulated on each channel of the transmitter, and the B2B
BER is measured to study the uniformity of different channels.
Transmission penalty of the PAM-4 and OOK signals for
500 m and 1 km SSMF is then experimentally tested by using
one channel of the transmitter, which shows that a 200 Gbit/s
PAM-4 signal could achieve 1 km SSMF transmission with the
BER lower than the SD-FEC threshold. For the OOK signal,
after 500 m and 1 km SSMF transmission, the data rate shrinks
to 119 Gbit/s and 118 Gbit/s with SD-FEC threshold. The
800 Gbit/s PAM-4 signal with 1 km transmission is tested,
and the BER of each channel is below the SD-FEC threshold.

2. SiP TRANSMITTER DESIGN AND

FABRICATION

Figure 1(a) shows a micrograph of the SiPMZM transmitter on
the evaluation printed circuit board (PCB), which integrates a

four-channel SiP MZM chip and a four-channel driver chip.
The four-channel driver and the SiP MZM chip are DC
coupled to simplify the packaging. The channel-to-channel dis-
tance is set to be 625 μm to prevent inter-channel electrical
cross talk. Two input edge couplers are used for optical source
input to the quad-modulators (i.e., each input is divided into
two MZMs) with a comprehensive trade-off of output optical
power and transmitter power consumption. Four optical out-
put edge couplers with deep trenches to eliminate optical cross
talk are used to couple output signals independently with a
four-channel fiber array (FA).

The design and fabrication process of the SiP MZM are
improved from our previous work [22], in which 90 Gbaud
NRZ-OOKmodulation was experimentally demonstrated. The
four-channel SiP MZMmodulators are fabricated at a commer-
cial foundry on a high-resistivity silicon-on-insulator (SOI)
wafer with a 220 nm-thick silicon layer, a 3 μm-thick buried
oxide (BOX), a 700 μm silicon substrate layer, and a 90 nm-
thick slab. To achieve higher BW and higher extinction ratio, a
differential-driven travelling wave (TW) electrode design with
T-shape rail formation is utilized, as shown in Fig. 1(b). As
described in Ref. [23], perfect refractive index matching can
be achieved at a specific P-N junction loaded electrode imped-
ance. Figure 1(c) displays the cross-sectional structure of the ac-
tive waveguide of the MZM. Two series of depletion-type P-N
junctions are connected in push–pull mode. The P-N junctions
are implemented by six implantation processes, with the doping
concentration in the central waveguide to be ∼5 × 1017 cm−3.
The doping density at the slab silicon is optimized to reduce

(a)

(b) (c)

Fig. 1. (a) Micrograph of the chip-on-board SiP transmitter that co-
packaged a four-channel MZM chip and a four-channel driver by wire
bonding on the evaluation board, (b) micrograph of the travelling wave
electrode, and (c) schematic diagram of the active waveguide’s cross
section.
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the active region’s resistance while keeping a lower optical loss.
A DC bias voltage is applied to theN�� slab to reverse bias the
P-N junctions. The modulator is biased at the quadrature point
by tuning a thermal optical phase shifter with the TiN heater.
The electro-optic (EO) BW of four-channel SiP modulator is
measured to be 60 GHz, as shown in Fig. 2(a).

The four-channel SiGe driver is co-designed with the SiP
MZM chip, according to the modulator’s circuit model. To
enable more than 100 Gbaud per-lane transmission, the driver
is well designed to achieve high BW with our experience in EO
co-design [24,25]. To optimize the overall BW and power con-
sumption of the SiP transmitter, both the driver’s output
impedance and the MZM’s characteristic impedance are opti-
mized to ∼65Ω. In each lane of the driver, there is a multi-stage
input buffer and output stage [24–28]. The buffer has efficient
equalization (EQ) ability utilizing resistor–capacitor (RC)
degeneration to compensate for PCB trace losses and to opti-
mize the integrated BW of the SiP transmitter after packaging
[26]. A variant gain amplifier (VGA) is implemented to provide
10 dB tuning range. Because BW and linearity are dominant
design challenges in a high-swing PAM-4 driver, several BW
extension techniques are employed in the output stage. The
degeneration resistor and shunt inductor are used to improve

BW. The buffer and VGA provide enough gain to satisfy the
overall gain requirement. The degeneration resistor and capaci-
tor are also used in the pre-driver to provide pre-emphasis by
introducing low-frequency zero. To achieve 3V-V pp differen-
tial output swing, the stack transistor is added to protect the
switching transistor from breakdown.

The driver is wire bonded to the SiP chip on a PCB board.
The frequency responses of the co-packaged transmitter are
measured and displayed in Fig. 2(b), which shows a minimum
3 dB BW of 40 GHz. Good consistency is observed among the
four channels.

3. SiP TRANSMITTER MEASUREMENT

A. Experiment Setup

The high-speed transmission character of the SiP transmitter is
experimentally measured using the setup shown in Fig. 3. In
the experiment, a high-baud-rate pseudo-random bit sequence
(PRBS) with PAM-4/OOK format is generated by a 120 GS/s
arbitrary wave generator (AWG) (Keysight M8194A), which
could support flexible digital pre-processing for different baud
rates of signals. At the TX-DSP, nonlinear compensation
(NLC) is first carried out to appropriately pre-compensate the
modulation nonlinearity for the PAM-4 signal while skipped
for the OOK signal. Digital signal pulse shaping is imple-
mented using a root-raised-cosine (RRC) filter with the help of
up-sampling and down-sampling. The roll-off factor of the
RRC filter is tuned from 0.65 to 0.01 to optimize the BER
with signal baud rate increase from 60 Gbaud to 100 Gbaud
and beyond. Finally, pre-compensation is carried out to com-
pensate the BW limitation of AWG and RF cables before signal
output based on frequency response of AWG and RF cables.

The AWG is connected to the SiP transmitter directly by
matched RF cables. In the SiP transmitter, PAM-4/OOK sig-
nals are amplified by a co-packaged four-channel driver and
then modulated on SiP high-speed MZMs. Two commercial
continuous-wave (CW) lasers with output power of ∼15 dBm
and wavelength of ∼1540 nm are used as the optical source.
For each input port, a polarization controller (PC) is inserted
between the external laser and SiP transmitter to keep the
polarization of input light.

The four-channel modulated signal of the SiP transmitter is
coupled out by a four-channel FA with optical power of about
−2 dBm for each channel. At the RX side, the optical signal is
detected by a commercial high-speed photodetector (PD) after
amplification by an erbium-doped fiber amplifier (EDFA). The
6 dB BW of the commercial PD is 60 GHz. Because the com-
mercial PD is packaged without a trans-impedance amplifier
(TIA), EDFA is added to enhance the electrical signal with suf-
ficient amplitude. Optical eye diagrams and electrical eye dia-
grams are measured by a digital signal analyzer (Tektronix DSA
8300 with 70 GHz BW). The detected signal from the PD is
digitally captured by a real-time digital storage oscilloscope
(DSO) with sampling rate of 256 GS/s (Keysight UXR0704A),
and then off-line DSP is carried out by computer for signal
demodulation and BER calculation.

In RX-DSP, the captured data are first re-sampled to two
samples per symbol (SPS) and filtered by matched RRC filter.
Then the data sequence is down-sampled to one SPS and

Fig. 2. EO S21 of the (a) SiP modulator and (b) SiP transmitter
co-packaged with the driver.
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synchronized with original PAM4/OOK bitstreams that are
loaded into the AWG. Adaptive time-domain EQ, which is
a 51-tap finite-impulse response (FIR) filter based upon the
least-mean-square (LMS) error algorithm, is applied for chan-
nel estimation and EQ. After the time-domain EQ, the maxi-
mum likelihood sequence estimation (MLSE) algorithm in
cooperation with an adaptive post-filter is applied to realize
faster than Nyquist transmission. An adaptive post-filter could
suppress the noise enhanced by time-domain EQ, and the
MLSE could eliminate both the residual inter-symbol interfer-
ence (ISI) of time-domain EQ and the ISI generated by the
post-filter. To realize rapid convolution and optimize the factor
of filter taps, a training sequence with bit length of 4096 is used
both in time-domain EQ and the adaptive post-filter. Finally,
BER is calculated for both the PAM-4 signal and OOK signal.

B. B2B BER of Four Channels

The 800 Gbit/s (4 × 200 Gbit∕s) PAM-4 signal transmission
and 480 Gbit/s (4 × 120 Gbit∕s) OOK signal transmission
are first measured in B2B to check the uniformity of different
channels. Because we only have one high-speed PD in the lab,
the four-channel BERs are tested one by one. The calculated
BERs of the PAM-4 signal and OOK signal with respect to
different data rates are shown in Figs. 4(a) and 4(b).

For the 200 Gbit/s PAM-4 signal, the BER of each channel
is around the HD-FEC threshold (e.g., 3.8 × 10−3). As to
the 120 Gbit/s OOK signal, the BER of each channel is lower
than the SD-FEC threshold (e.g., 2 × 10−2). If using the
HD-FEC threshold as standard, the data rate could be
118 Gbit/s for the OOK signal. The BER curves for different
channels both in Figs. 4(a) and 4(b) are overlapped, meaning
good uniformity of performance between different channels.
We also measured the optical eye diagrams using a high-BW
sampling oscilloscope. The 170 Gbit/s PAM-4 (85 Gbaud)
optical eye diagram and 112 Gbit/s OOK optical eye diagram
are inserted in Fig. 4(a) and Fig. 4(b), respectively. Comparing
the PAM-4 BER curves in Fig. 4(a) with the OOK BER curves
in Fig. 4(b), we also notice that the BER of the OOK signal
is more sensitive to the increase of baud rate. We think this is
partly because the baud rate of the OOK signal is very close
to the sample rate limitation of the AWG, i.e., 120 GS/s.

Figures 5(a) and 5(b) display the plotted eye diagrams of
the PAM-4 and OOK signals in offline DSP with different
baud rates after time EQ but without the adaptive post-filter
and MLSE.

Fig. 3. Experiment setup of the PAM-4/OOK signal transmission with TX and RX DSP.

Fig. 4. B2B BER with respect to different data rates for the
(a) PAM-4 signal and (b) OOK signal.
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C. 500 m and 1 km Fiber Transmission

The BERs after the 500 m and 1 km SSMF transmission are
also measured for both the PAM-4 signal and OOK signal to
check the transmission penalty. Because the uniformity of the four channels was proven to be good in Section 2, the BER pen-

alty of 500 m and 1 km transmission is illustrated using just one
channel (channel 3). The BERs of the PAM-4 signal with differ-
ent data rates after 500 m and 1 km SSMF transmission are
shown in Fig. 6(a), in which the B2B BER is also plotted for
comparison. The results show that after 1 km fiber transmission,
the BER of the 200 Gbit/s PAM-4 signal could meet the SD-
FEC threshold. The BERs of the OOK signal with different data
rates after 500 m and 1 km SSMF transmission are shown in
Fig. 6(b). Based on the measured results, after 500 m and
1 km fiber transmission, the BER of 120 Gbit/s OOK signal
is over the SD-FEC threshold. However, the 119 Gbit/s
OOK signal could transmit over 500 m fiber and the
118 Gbit/s OOK signal could transmit over 1 km fiber. This
means that after the SSMF transmission with a km-scale dis-
tance, the data rate is decreased due to a residual CD penalty
even with digital signal compensation. However, we think the
penalty is tolerable.

The 800 Gbit/s (4 × 200 Gbit∕s) PAM-4 signal transmis-
sion over 1 km SSMF was measured, and the BERs of four
channels are plotted in Fig. 7 with different data rates. The
results demonstrate that 4 × 200 Gbit∕s PAM4 optical trans-
mission over 1 km SSMF could be achieved by our SiP trans-
mitter with the SD-FEC threshold.

4. CONCLUSION

We experimentally demonstrate the transmission of an 800 Gbit/s
PAM-4 signal up to 1 km SSMF based on a four-channel inte-
grated SiP transmitter. The SiP transmitter is fabricated by co-
packaging a four-channel high-speed silicon TW-MZMchip with
a four-channel driver chip. The 3 dB BWs of the silicon MZM
chip and the co-packaged transmitter are over 60 GHz and
40 GHz, respectively. DSP is implemented both at the TX side
and RX side, which is necessary to compensate for the BW limi-
tation and CD with 500 m/1 km SSMF transmission. The B2B
BERs for 800 Gbit/s (4 × 200 Gbit∕s) PAM-4 signal transmis-
sion and 480 Gbit/s (4 × 120 Gbit∕s) OOK signal transmission
are experimentally tested, and they show good uniformity of

Fig. 6. BERs with respect to different data rates for the (a) PAM-4
signal and (b) OOK signal after 500 m and 1 km SSMF transmission.

Fig. 7. BERs of all four-channel PAM-4 signals with respect to dif-
ferent data rates after 1 km SSMF transmission.

(a)

(b)

Fig. 5. B2B eye diagrams plotted in DSP with different baud rates
after time-domain EQ for the (a) PAM-4 signal and (b) OOK signal.
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performance between different channels. Experimental results
show that the 800 Gbit/s PAM-4 signal could be achieved for
B2B and 1 km SSMF transmission with the HD-FEC threshold
and SD-FEC threshold, respectively. The 480 Gbit/s OOK signal
with B2B BER is below the SD-FEC threshold. However, after
500 m and 1 km SSMF transmission, the data rate of the single-
channel OOK slightly shrinks to 119 Gbit/s and 118 Gbit/s,
which means the CD penalty is tolerable.
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