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Silicon Quadrature Phase-Shift-Keying Modulator for 
40- and 100-Gb/s Transmission

Tsung-Yang Liow,1 Xiaoguang Tu,1 Guo-Qiang Lo,1 Dim-Lee Kwong,1 
Kazuhiro Goi,2 Akira Oka,2 Hiroyuki Kusaka,2 and Kensuke Ogawa2

Silicon modulators are promising devices for future optical networks to realize large capacity 
transmission with a low cost and a small footprint.  In this paper, a silicon modulator for 
quadrature phase-shift-keying format is designed, fabricated and characterized.  The fabricated 
modulator chip has short length of 3.5 mm, which is approximately one tenth of a widely used 
lithium niobate modulator chip.  Quadrature phase-shift-keying modulation as high as 64  
Gb/s has been achieved with a low bit-error-rate.  The silicon modulator will be applied to 40- 
and 100-Gb/s transmissions in the near future.

1. Introduction
Widespread broadband mobile communications 

cause huge data flows into backbone optical fiber net-
works. 40- and 100-Gb/s transmission systems have 
been introduced to provide large capacity networks 
for such the huge data flows. In the 40- and 100-Gb/s 
transmissions, quadrature phase-shift-keying (QPSK) 
format is used due to its larger capacity for the net-
works comparing to the conventional on-off keying 
(OOK) format. Signal transmission in the QPSK for-
mat is realized by an optical modulator consisting of 
nested Mach-Zehnder interferometer (MZI), which 
includes two MZIs for optical in-phase and quadrature 
components. However, the conventional modulator 
fabricated on a lithium niobate (LN) wafer needs a 
large footprint and limits the cost reduction. The size 
and cost prevent the advanced modulation from being 
used widely.

Silicon modulators have received much attention for 
their potential of small footprint and low cost. High-in-
dex-contrast of a silicon waveguide with SiO2 cladding 
allows integration of optical devices with small foot-
print. Moreover, these integrated optical devices can 
be monolithically fabricated using a low-cost CMOS-
compatible process developed for electronic devices.

We developed silicon OOK modulators for the opti-
cal fiber networks and demonstrated their high trans-
mission performance comparable to the commercial 
LN modulator 1)2). Using the silicon waveguide to con-
struct the nested MZI structure, we have fabricated a 
silicon QPSK modulator for 40- and 100-Gb/s trans-
missions. In this paper, we demonstrate QPSK modu-
lation up to 64 Gb/s using the silicon QPSK modula-
tor. 

2.  Silicon quadrature phase-shift-keying  
modulator
In this section, overview of the QPSK modulation 

format is presented in comparison with the other mod-
ulation formats. Operation principle of the silicon mod-
ulator and design of our silicon modulator are also de-
scribed.

2.1  Device structure

Figure 1 shows a scheme of the QPSK modulation 
format in comparison with OOK and binary phase-
shift-keying (BPSK) formats. The upper row of the fig-
ure illustrates the waveforms of the modulated signal 
in each modulation format. The middle row shows the 
constellation diagrams which indicate optical ampli-
tudes and phases of the modulated signals. The bot-
tom row illustrates the design of the modulator for 
each modulation format.

The widely used OOK format carries information by 
optical power modulation, while the BPSK format car-
ries information by optical phase modulation. In the 
BPSK, two phase states differing from each other by 
180 degrees correspond to “1” and “0” states, respec-
tively. In both the two formats, one symbol ( namely, 
one state of light ) carries one-bit information. On the 
other hand, QPSK format uses four phase states differ-
ing from each other by 90 degrees. One symbol car-
ries two-bit ( four values ) information because each 
symbol represents one of the four phase states. The 
QPSK format provides the double transmission capac-
ity than the OOK and BPSK formats at the same sym-
bol rate 3).

These signals are generated using modulators 
based on an MZI. Amplitude and phase of the light 
launched from the MZI are varied according to the 
phase difference between two propagating lights in 
the two arms of the MZI. By controlling the phase dif-
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ference with electrical signals, the output light is mod-
ulated in amplitude and phase. The OOK and BPSK 
modulators consist of a single MZI, whereas the QPSK 
modulator has a nested structure including two sub-
MZIs. Each sub-MZI generates BPSK signal, and the 
two BPSK signals are combined to QPSK signals by 
adjusting phase difference between the two BPSK sig-
nals to 90 degrees.

2.2   Principle of the modulation in the silicon modula-
tor

The silicon modulator utilizes carrier plasma disper-
sion to modulate a propagating light by an electric sig-
nal. The carrier plasma dispersion is caused by carrier-
density dependence of refractive index due to 
free-carrier absorption in silicon 4)5). The refractive in-
dex change causes a phase shift in the phase shifter on 

each MZI arm. The principle of generating the phase 
shift is outlined as below.

Figure 2 illustrates a schematic cross-section of the 
silicon phase shifter. The waveguide is composed of a 
rib-shaped silicon core and SiO2 upper and lower clad-
dings. The silicon core is doped with n-type and p-type 
dopants to form a pn junction in its center and is con-
nected to electrodes through heavily-doped thin-slab 
regions.

When reverse bias voltage is applied to the pn junc-
tion from the electrodes, a depletion layer of the pn 
junction is expanded. Since free carrier density in the 
depletion layer is small, the expanded depletion layer 
results in an increase of the refractive index due to car-
rier plasma dispersion effect. The larger refractive in-
dex reduces a speed of the light traveling in the phase 
shifter and causes a phase delay of the light. This 
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means the phase of the light can be changed by the 
applied bias. As this phase shift based on the carrier 
plasma dispersion is larger than that based on electro-
optic effect in LN, the compact modulator can be real-
ized using the silicon phase shifter.

2.3 Structure of the silicon QPSK modulator

Figure 3 illustrates the structure of the designed 
silicon modulator. The modulator is composed of the 
nested MZI including two sub-MZIs. Each sub-MZI 
has phase shifters in both the arms connected with the 
coplanar-type traveling-wave electrode. The traveling-
wave electrode is designed to match a group velocity 
of electrical signal to a group velocity of the light. The 
velocity matching allows high-speed modulation re-
quired in 40- and 100-Gb/s transmissions. In addition 
to the velocity matching, the short electrodes between 
an electrical source outside and the phase shifters are 
also important because they limit propagation loss of 
high-speed electric signals. The optical input and out-
put ports are bent at a right angle, and located at both 
sides of the phase modulator in order to minimize the 
length of the traveling-wave electrode. Furthermore, 
the location of the RF input ports at the same edge of 
the chip offers simple layout in circuit designs for 
transmitters 6).

For a 90-degrees phase shifter required for QPSK 
modulator, a thermo-optic (TO) phase shifter has been 

utilized. The phase difference between two BPSK sig-
nals generated at the two sub-MZI is adjusted by con-
trolling waveguide temperature using the TO phase 
shifter. Although the phase control utilizing the TO 
phase shifter is slower than the high-speed phase 
shifter using carrier plasma dispersion effect, optical 
loss is much lower because there is no free carrier ab-
sorption in the silicon core. Therefore, the TO phase 
shifter is suitable for the 90-degrees phase difference 
adjustment with low optical loss.

The total length of the modulator chip is 3.5 mm, 
which is approximately one tenth of a commercial LN 
modulator chip. In addition to the small chip size, it is 
expected that the fabrication process using a large wa-
fer over 8 inches reduces cost of the modulator chip.

3.  Characterization of the silicon QPSK modu-
lator
In this section, we demonstrate two major phase-

shift keying modulations using the silicon modulator ; 
differential QPSK (DQPSK) with differential detection 
and QPSK with digital coherent detection.

3.1  44.6 Gb/s DQPSK

DQPSK is the commercialized modulation format in 
40-Gb/s transmission systems. The experimental set-
up is illustrated in Fig. 4. Transmitted data is pre-coded 
in a pseudo random bit stream (PRBS) 231 -1 at a bi-
trate of 44.6 Gb/s, which is a typical bitrate used in 40 
Gb/s transmission. The PRBS data was output from 

p n 

Lower cladding (SiO2)

Si substrate 

Electrode 

Upper cladding (SiO2)

p+ n+ 

Core (Si) 

Fig. 2. Cross-section of the silicon phase shifter.

Coupler

Oprical output

Optical input 90 deg. phase shifter

Ground

Signal
coplanar electrodeSplitter

phase shifter

Fig. 3. Top view of the silicon QPSK modulator.

DataI 

EDFA BPF

DataI 

VOA

LD Receiver 

LD : Laser Diode
DCFM : Dispersion Compensating Fiber Module
VOA : Variable Optical Attenautor
EDFA : Erbium Doped Fiber Amplifier
BPF : Band Pass Filter

Silicon modulator 

SMF/DCFM 

DataQ 

DataQ 

PPG

Driver 
Amp. 

Driver 
Amp. 

Fig. 4. Experimental setup for fiber transmission in QPSK format.



4

the pulse pattern generator (PPG) as differential sig-
nals, and each of positive and negative signals of the 
differential signals were amplified to 8 Vpp in the driver 
amplifier. The silicon modulator was driven by the 
electrical signals and generated DQPSK optical sig-
nals from the CW light. The modulated optical signals 
were transmitted in various lengths of fiber for investi-
gation of transmission performance. At the receiver 
side, the optical signals were amplified in an erbium-
doped fiber amplifier (EDFA) and were detected us-
ing the DQPSK demodulator composed of a delay in-
terferometer and balanced photo detectors.

Firstly, the signals at the output of the modulator 
were analyzed. Figures 5(a) and 5(b) show the eye dia-
gram and the constellation diagram of the modulated 
signals, respectively, which were obtained using a 
high-speed real-time oscilloscope and a digital coher-
ent receiver at the modulator output. The wavelength 
of the input light was 1550 nm. The eye diagram has 
an intensity dip at the transition between symbols, 
which represents typical (D)QPSK patterns. The ob-
tained constellation diagram shows clean four phase 
states of the modulated signals. As shown in Fig. 5(c) 
and 5(d), the clear constellation diagrams were ob-
served at 1525 and 1605 nm, respectively. It shows the 
silicon modulator is applicable to both C- and L- 
bands.

Next, the BER characteristics were investigated. 
White Gaussian noise was added to the optical signals 
using the EDFA. The optical signal-to-noise ratio 
(OSNR) was controlled by adjusting input power to 
the EDFA. Figure 6(a) shows the BER in back-to-back 
configuration. When OSNR is larger than 17 dB, BER 
of 10-3 (which is typical error-free limit using forward 
error correction (FEC) 7) ) has been achieved. Figure 
6(b) shows the dispersion tolerance of the signals. 
The horizontal axis indicates the accumulated disper-
sion of the optical link under measurement. The accu-
mulated dispersion is adjusted using SMFs having a 
positive dispersion parameter and a dispersion com-
pensating fiber module (DCFM) having a negative 
dispersion parameter. The vertical axis indicates a 

path power penalty, which is defined as difference of 
OSNR required for BER of 10-3 between each disper-
sion configuration and the back-to-back configuration 
( 0 ps/nm ). The dispersion tolerance of +/-80 ps/nm 
for 2-dB penalty has been confirmed. In the simulation 
of the DQPSK transmission, the dispersion tolerance 
of +/-160 ps/nm has been reported by another study 
group 1). The difference is considered to be amplitude 
imbalance between the QPSK components (the two 
BPSK signals). Optimization of the modulation condi-
tions such as DC bias for phase shifters will eliminate 
the imbalance and increase the tolerance.

The results above confirm that the fabricated silicon 
modulator is applicable to 40-Gb/s DQPSK transmis-
sion. Though further reduction of the driving voltage 
is required for commercial use, it will be realized by 
the improved design of the silicon phase shifter and 
traveling-wave electrodes.

3.2  50–64 Gb/s QPSK

The high-speed performance up to 64 Gb/s was in-
vestigated in a digital coherent scheme. Figure 7 
shows the constellation diagrams and BER at OSNR of 
30 dB. The operation conditions of the modulator are 
the same as that for the DQPSK setting. In the high-
speed operation at 64 Gb/s, a clear constellation dia-
gram was observed and a BER as low as 6 ¥ 10-6 was 
also achieved, which is sufficient for error free trans-
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mission with the FEC. For 100 Gb/s transmission, 
dual-polarization QPSK (DP-QPSK) format is utilized. 
In the DP-QPSK format, two QPSK signals are trans-
mitted using orthogonal polarization states of a fiber, 
whereby transmission capacity is double. The modula-
tion speed required for each QPSK component is 64 
Gb/s, which is a half of 128 Gb/s used in DP-QPSK 
network systems with the FEC. It is highly expected 
that the modulator is applicable to 100-Gb/s transmis-
sion with further integration of a polarization multi-
plexing waveguide.

4. Conclusion
The newly fabricated silicon modulator has achieved 

superior BER performance in 44.6-Gb/s DQPSK trans-
mission. It has been confirmed that the modulator is 
applicable for 40-Gb/s transmission. As far as the mod-
ulator operation, the modulator has proved to work up 
to 64 Gb/s. Further integration of the polarization mul-
tiplexing waveguide will enable the silicon modulator 
to operate for 100-Gb/s transmission.

References

1)  K. Ogawa, et al. : “Silicon Mach-Zehnder modulator of extinc-
tion ratio beyond 10 dB at 10.0-12.5Gb/s,” Optics Express, 
Vol. 19, No.26, B26-31, 2011.

2)  K. Goi, et al. : “11-Gb/s 80-km transmission performance of 
zero-chirp silicon Mach-Zehnder modulator,” Optics Ex-
press, Vol. 20, No.26, B350-356, 2012.

3)  P. J. Winzer and R. J. Essiambre : “Advanced modulation for-
mats for high-capacity optical transport networks,” J. Light-
wave Technol., Vol. 24, No.12 , pp.4711–4728, 2006.

4)  O. Mikami and H. Nakagome : “Waveguided optical switch in 
InGaAs/InP using free-carrier plasma dispersion,” Electron. 
Lett., Vol. 20, No.6, pp.228-229, 1984.

5)  R. A. Soref and B. R. Bennet : “Electrooptical effects in sili-
con,” J. Quantum Electron., Vol.23, No.1, pp.123-129, 1987.

6)  K. Goi, et al. : “DQPSK/QPSK Modulation at 40-60 Gb/s us-
ing Low-Loss Nested Silicon Mach-Zehnder Modulator,” in 
Proceedings of Optical Fiber Communication Conference 
(Anaheim, USA, 2013), OW4J.4.

7)  ITU-T Recommendation G. 975.1 “Forward error correction 
for high bit-rate DWDM submarine systems,” 2004

Fig. 7. Constellation diagrams of 50-64-Gb/s QPSK signals.

−1.0

−1.0

−0.5

−0.5

Q
ua

d
ra

tu
re

In-phase

50 Gb/s

0.0

0.0

0.5

0.5

1.0

1.0

−1.0

−1.0

−0.5

−0.5

Q
ua

d
ra

tu
re

In-phase

56 Gb/s

0.0

0.0

0.5

0.5

1.0

1.0

−1.0

−1.0

−0.5

−0.5

Q
ua

d
ra

tu
re

In-phase

64 Gb/s

0.0

0.0

0.5

0.5

1.0

1.0

BER < 1¥10−6BER < 1¥10−6 BER~6¥10−6


