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We present an equivalent circuit model for a silicon carrier-depletion single-drive push–pull Mach–Zehnder
modulator (MZM) with its traveling wave electrode made of coplanar strip lines. In particular, the partial-
capacitance technique and conformal mapping are used to derive the capacitance associated with each layer.
The PN junction is accurately modeled with the fringe capacitances taken into consideration. The circuit model
is validated by comparing the calculations with the simulation results. Using this model, we analyze the effect
of several key parameters on the modulator performance to optimize the design. Experimental results of MZMs
confirm the theoretical analysis. A 56 Gb/s on–off keying modulation and a 40 Gb/s binary phase-shift keying
modulation are achieved using the optimized modulator. © 2016 Chinese Laser Press

OCIS codes: (130.0250) Optoelectronics; (230.2090) Electro-optical devices; (230.4110) Modulators;
(250.3140) Integrated optoelectronic circuits.
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1. INTRODUCTION
In recent years, the rapid growth of transmission capacity in
fiber-optic networks has required optical modulators to pos-
sess a large electro-optic (EO) bandwidth to transmit optical
signals at high bit rates. Silicon optical modulators based on
the free carrier plasma dispersion effect have the unique
advantage of monolithic integration with microelectronic
circuits on one single chip [1,2]. The carrier-depletion-based
silicon Mach–Zehnder modulator (MZM) with the traveling
wave electrode (TWE) has been widely investigated over
the past decade [3]. Both PN junction and TWE play critical
roles in achieving high-speed and high-efficiency modulation.
The PN junction needs to be optimized to interact efficiently
with the waveguide mode while keeping a low optical loss.
Many types of PN junctions have been adopted, such as the
interdigitated PN junction [4], the vertical PN junction [5,6],
and the PN junction with a compensated region [7,8]. On
the other hand, the TWE should be designed to have imped-
ance match, phase match, and low microwave loss to offer a
larger EO bandwidth [9–11]. Coplanar waveguides (CPW) and
coplanar striplines (CPS) are the two major microwave guid-
ing structures used in the TWE.

In order to design and optimize the PN junction and TWE,
finite-element-method (FEM) simulations, which involve com-
plex 2D or 3D device modeling with a fine mesh are routinely
used to ensure a high level of accuracy. However, this method
lacks efficiency because it needs a long time for numerical
calculation and huge computing resources. Moreover, inter-
pretation of the simulation results is sometimes difficult with-
out a clear physical model. Therefore, it is highly demanded to
develop a more efficient and physically orientated model to
guide silicon modulator design. An equivalent circuit model

established based on the device physics can give clear direc-
tions for device optimization. Most of the differential-drive
silicon modulators adopt the CPW as the TWE [4,10,12,13],
and the corresponding equivalent circuit model has been
built [14]. The analytical model presented in [14] simplifies
the PN junction and does not take into consideration the
effect of the fringing electric fields and capacitances, which
was later studied theoretically in [15]. Compared with the
differential-drive modulators, the single-drive push–pull sili-
con modulators with a CPS-type TWE [16–19] feature low
chirp [20], large bandwidth [19], high linearity [21], and
simplified RF interface. The drawback is the increased drive
voltage, which is a shortcoming because low voltage is always
required to be compatible with CMOS circuits. Nevertheless,
such a drive scheme is preferably demanded in implementa-
tion of advanced modulation formats such as quadrature
phase-shift keying, quadrature amplitude modulation, and
N-level pulse amplitude modulation. Hence, it is desired to
develop an equivalent circuit model for the single-drive
push–pull silicon MZM.

In this paper, we present an equivalent circuit model for the
carrier-depletion-based silicon MZM driven by a single-drive
push–pull electrode. The device design is optimized based
on the model. In Section 2, we present the details of the circuit
model, including the CPS TWE and the PN junction. The key
features of our model are twofold: (1) the model is derived
according to the electrical field distribution in the phase
shifter; (2) the model incorporates the microwave loss due
to the doped slab layer, which is eliminated by using seg-
mented PN junctions. The derived circuit model is justified
by comparing with FEM simulations. In Section 3, we use
the circuit model to optimize the TWE and the segmented
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PN junction to enlarge the EO bandwidth while reducing the
microwave loss. The doping concentration is also separately
optimized by using FEM simulation to achieve high modula-
tion efficiency. In Section 4, we present the measured perfor-
mance of the MZMs. The S-parameter measurements show
that the modulator with segmented PN junctions suffers a
lower microwave loss in the high RF frequency end. The
EO bandwidth of the optimized modulator is 33 GHz at 4 V
reverse bias. On–off keying (OOK) modulation at the data
of 56 Gb/s is realized with an extinction ratio (ER) of 4 dB
and a Q-factor of 3.73. Binary phase-shift keying (BPSK)
modulation is also realized at 40 Gb/s with the bit error rate
(BER) below the forward error correction level.

2. EQUIVALENT CIRCUIT MODEL
Figure 1(a) shows the cross section of the active arms driven
by the CPS-TWE of the silicon MZM. PN junctions are em-
bedded in the silicon-on-insulator rib waveguides. The wave-
guide has a widthW rib � 500 nm, a heightHrib � 220 nm, and
a remaining slab height Hslab � 90 nm. The PN junction is lo-
cated in the waveguide center with a lateral offset Δjun toward
the N-doped side. Highly doped regions are separated from
the waveguide sidewalls with a distance Sdop to reduce
free-carrier absorption loss. The P�� doping regions are con-
nected to the signal and ground metal lines of the CPS-TWE,
respectively. A DC bias Vb is applied to the middle N�� doping
region to set the two PN junctions in a reverse bias mode. We

adopt the asymmetric MZI structure because the bias point
needed for OOK and BPSK modulations can be conveniently
set by tuning the input laser wavelength. Figure 1(b) shows
the calculated electric field distribution of the microwave
drive signal, which is helpful to establish the equivalent circuit
model. As the electric field is distributed in all layers, we will
consider the contribution of each layer to the entire circuit.

Figure 2(a) shows the equivalent circuit model of the CPS-
TWE in each layer. Figure 2(b) depicts the two-port transmis-
sion line model where the CPS-TWE can be represented by the
characteristic impedance (Z) and the propagation constant
(γ). In order to achieve a high EO bandwidth, Z should be
equal to the source impedance (Zs) and the terminal imped-
ance (Zt), eliminating the microwave signal backreflection.
Generally, in the conventional microwave communication
system, Zt and Zs are 50Ω. The microwave effective refractive
index (neffw) should be close to the group refractive index of
the waveguide optical mode (ngo) to synchronize the electrical
and optical waves. The microwave attenuation factor (α) is a
key parameter to determine the electro–electro (EE) band-
width of the TWE. Both neffw and α can be deduced from γ.

Based on the partial-capacitance technique and the con-
formal mapping, we can derive the capacitance associated
with each layer. We use the theoretical derivation in [22] to
calculate the capacitances. The geometrical factor for a con-
formal mapped air-filled CPS is defined as follows:

F�ki� �
K�ki�
K�k0i�

; (1)

k0 �
����������������������
1 −

�
xa

xb

�
2

s
; (2)

Fig. 1. (a) Cross section of a single-drive push–pull carrier-depletion-
based optical modulator. Inset shows the zoom-in of the PN junction.
(b) Microwave electrical field distribution in the modulation arms.

Fig. 2. (a) Electrical components contributed by each layer. (b) Two-
port network and the equivalent circuit model of the modulator.
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where K�ki� is the complete elliptic integral of the first kind,
ki is the argument of the integral (i � 0, 1, 2, 3, 4) and

k0i �
�������������
1 − k2i

q
, hi is the thickness denoted in Fig. 1(a),

2xa � Gmt is the gap size between the two metal lines, and
xb − xa � Wmt is the metal width. The capacitances contrib-
uted by each layer can be expressed using the geometrical
factor.

The behavior of the silicon substrate is described by a con-
ductor Gsub and a capacitor Csub connected in parallel [23]:

Gsub � 2σsub

�
F2�k0�
F�k1�

−

F2�k0�
F�k2�

�
; (4)

Csub � 1
2
ε0εsi

�
F2�k0�
F�k1�

−

F2�k0�
F�k2�

�
; (5)

where σsub is the conductivity of the silicon substrate, ε0 is the
permittivity in vacuum, and εsi is the silicon relative permittiv-
ity. A capacitor Csub_s is used to represent the capacitance
between the signal metal strip and the Si substrate, given by

Csub_s � ε0εoxWmt∕h2; (6)

where εox is the silicon dioxide relative permittivity. An aux-
iliary capacitor Csub1 is present to make the total capacitance
converge to Csub at the high-frequency limit [14]. Therefore,
we have the following expression:

Csub � Csub_sCsub

Csub � Csub_s
� Csub1: (7)

The capacitance of the BOX layer CBOX is given by

CBOX � 1
2
ε0εox

�
F2�k0�
F�k2�

−

F2�k0�
F�k3�

�
: (8)

According to [15], the PN junction depletion capacitance
Cdep is made of four parts: the ideal depletion capacitance
C∥, the fringe capacitance Cf due to the charges at the center
of the diode, and the fringe capacitances Ccpst and Ccpsb due to
extended depletion widths tp;n at the top and bottom surfaces
of the waveguide, respectively. These constituent capaci-
tances are expressed as

Cdep � C∥ � Cf � Ccpst � Ccpsb; (9)

C∥ � ε0εsi
Hrib

WD

; (10)

Cf � ε0
εox
π

ln
�
2π

Hrib

WD

�
; (11)

Ccpst;b � ε0εox
K�k0�
K�k� ; (12)

k �
��������������������������������������������
WD�WD � tn � tp�
�WD � tn��WD � tp�

s
; (13)

tp;n � 2WDp;n�εox�
π

; (14)

whereWD is the center depletion region width, andWDp;n�εox�
is the depletion widths in the p and n sides of the diode calcu-
lated using εox. The depletion width WD can be approximated
from 1D PN diode model as

WD � WDp �WDn �
�������������������������������������������������������������������������������
2ε0εsi
q

�
NA � ND

NAND

��
Vj − Vb −

2kBT
q

�s
;

(15)

where NA;D is the carrier concentration in p∕n regions, Vj is
the built-in potential of the junction, Vb is the bias voltage on
the junction, q is the fundamental electron charge, kB is the
Boltzmann constant, and T is the ambient temperature. The
impedance due to the lightly doped slab and rib sections is
given by

Rp;n � ρp;n
1� jωmρp;nε0εsi

�
Sdop

Hslab
� Sp;n

Hrib

�
; (16)

Sp � W rib

2
� Δjun −WDp; (17)

Sn � W rib

2
− Δjun −WDn; (18)

ρp;n � 1
qμp;nNA;D

; (19)

where μp;n is the mobility of the p, n-doped silicon, and ω is the
microwave frequency.

The capacitance between the two metal vias in the upper
cladding layer Cvia is modeled by a parallel plate capacitance:

Cvia � ε0εoxh4∕Gvia: (20)

Similarly, the capacitance formed between the signal and
ground metal lines is expressed as

Cmt � ε0Tmt∕Gmt: (21)

The capacitance in the air space outside the chip is
expressed as

Cair � ε0F
2�k0� −

1
2
ε0

F2�k0�
F�k1�

: (22)

At the high microwave frequencies, the longitudinal current
flows along the transmission lines and highly doped slabs [24].
The resistance of the slab per unit length, Rslab, is expressed as

Rslab � ρp��

1� jωmρp��ε0εsi

2
HslabWp

; (23)
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where ρp�� is the conductivity of the P��-doped slabs.
In order to reduce the microwave loss due to the doped slab,
we can use a segmented PN junction (e.g., a 1 μm long stria-
tion undoped in every 10 μm long PN junction) to ensure that
current flows only in the metal strips [25]. This undoped stria-
tion forms an extra capacitance in the slab. The capacitance
per unit length, Cslab, is expressed as

Cslab � ε0εsi
WpHslab

d

1
Λ
; (24)

where d is the undoped striation width and Λ is the period of
segmented PN junction.

The longitudinal current flow in the metal strips is repre-
sented as the resistance R in series with the inductance L.
According to electrical field distribution in the CPW and
CPS structures, the CPS can be regarded as one half of
CPW. The R and L are expressed as

L � 2LCPW; (25)

R � RG � RS � 2RCPW; (26)

where RCPW and LCPW can be calculated by the formulas given
in [26]. The longitude current also flows in the substrate,
which is ignored because the resistance of substrate is much
larger than the highly doped slabs [27].

The above constituent circuit components can be trans-
formed to a simple transmission line model with effective
components Reff , Leff , Ceff , Geff , as shown in Fig. 2(b). The
complex characteristic impedance Z and the complex propa-
gation constant γ are expressed as

Z �
�����������������������������
Reff � jwLeff

Geff � jwCeff

s
; (27)

γ � α� jβ �
����������������������������������������������������������������
�Reff � jwLeff��Geff � jwCeff�

p
: (28)

The average voltage that drops across the signal and
ground metal lines is given by [14]

Vavg�ωm� � Vg

�1� ρ1� exp�iβ0L��V� � ρ2V−

�
2�exp�γL� � ρ1ρ2 exp�−γL�� ; (29)

V� � exp
�
�i

�−iγ 	 β0�L
2

�
sin��−iγ 	 β0�L∕2�
�−iγ 	 β0�L∕2

; (30)

ρ1 �
Z − Zs

Z � Zs

; (31)

ρ2 �
Zt − Z

Zt � Z
; (32)

β0 �
ωm

c
ngo; (33)

where Vg is the drive signal voltage amplitude, ωm is its
modulation frequency, and Lmt is the length of the TWE.

The average voltage formula in Eq. (29) has taken into
account the velocity match, impedance match, and the micro-
wave loss. Any velocity mismatch and impedance mismatch
will reduce the accumulated interaction between microwave
and optical wave. Based on the Z and γ, the S-parameters of
the TWE are expressed as

S21�ωm� � �1� Γs��1� Γt�e−γL; (34)

S11�ωm� � Γs; (35)

where Γs and Γt are reflections at the input and load ends,
respectively, given by

Γs �
Zin − Zs

Zin � Zs

; (36)

Γt �
Zin − Zt

Zin � Zt

; (37)

where Zin is the TWE input impedance, given by

Zin � Z
Zt − Z tanh�γL�
Z − Zt tanh�γL�

: (38)

The voltage useful for modulation is the voltage drop on the
PN junctions:

Vdep�ωm� �
Vavg�ωm�

1� jω�Rp � Rn�Cdep
: (39)

Therefore, the modulator frequency response can be
expressed as the junction voltage normalized to its low-
frequency (ω0) value:

m�ωm� �
				Vdep�ωm�
Vdep�ω0�

				: (40)

As a first-order approximation, the EO S21 response is
directly related to m�ωm�. The 3 dB EO bandwidth ω3 dB is
reached when m�ω3 dB� � 0.5.

In order to verify the validity of the equivalent circuit
model, we compare the analytical modeling results with the
numerical simulation results by the commercial software
COMSOL Multiphysics, which uses the FEM to solve
Maxwell’s equations. The MZM design was described in detail
in our previous work [17]. The device parameters are
Wmt � 60 μm, Gmt � 50 μm, Tmt � 1 μm, Gvia � 51 μm,
Sdop � 0.5 μm, Wp � 20.4 nm, Wn � 16.2 nm, Hsub�500μm,
HBOX�2μm, HClad � 1.5 μm, Hslab � 90 nm, Δjun � 100 nm,
σsub � 0.13 s∕m, Lmt � 3 mm, NA � 4 × 1017 cm−3, ND �
1 × 1018 cm−3, and Vb � 4 V.

Figure 3(a) shows the calculated R and L of the TWE using
Eqs. (25) and (26). Figure 3(b) illustrates the real and imagi-
nary parts of the characteristic impedance as a function of
microwave frequency. The relative error of jZj is less than
9%. The discrepancy in Z between the calculation and simu-
lation at the low frequency end may probably come from the
errors in solving the RF eigenmode by COMSOL Multiphysics
where the electromagnetic field is weekly confined in the
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TWE at the low frequencies. At the high-frequency end, the
discrepancy is possibly due to the inaccuracy in calculating
the resistances because the skin effect becomes more severe
toward the high frequency. Figure 3(c) depicts the microwave
propagation constant and attenuation change with frequency.
We further compare the EE S-parameters between calculation
and simulation, as shown in Fig. 3(d). The overall good agree-
ment verifies the validity of the TWE model.

3. DEVICE OPTIMIZATION
The equivalent circuit model can provide us with clear physi-
cal insight into the TWE. We use the model to further optimize
the MZM. We first study the influence of metal line dimensions
Wmt and Gmt on the MZM EO bandwidth [Fig. 4(a)]. The other
parameters remain unchanged. It is revealed that Wmt should
be reduced and Gmt should be around to 30 μm in order to
have a higher EO bandwidth. We next explore the effect of
the buried oxide (BOX) layer thickness HBOX [Fig. 4(b)].
The BOX layer has a slight impact on microwave loss, char-
acteristic impedance, and microwave effective index; hence,
we will not take it into prime consideration in our optimiza-
tion. It is clear that Sdop has a significant influence on all three
parameters [Fig. 4(c)]. A lower microwave loss is achieved by
using a smaller Sdop, accompanied by reduced impedance and
increased microwave refractive index. According to Eq. (16),
a smaller Sdop leads to a lower series impedance Rp;n and,
therefore, a higher EO bandwidth as suggested by Eqs. (39)
and (40). The simulation results show the MZM with seg-
mented PN junction can have less microwave attenuation
as shown in Fig. 4(d).

Doping concentrations NA and ND of the PN junctions are
another two key parameters to affect the modulator perfor-
mance. Here we use the COMSOL software to simulate the
modulation efficiency VπL and the optical loss change with
NA and ND with the DC bias Vb � 0 V, as shown in Fig. 5.
Here the small-signal V π is calculated from the following
equation:

Vπ
2π
λ

dneffo

dV

				
V�Vb

� π; (41)

where neffo is the effective refractive index of the silicon wave-
guide. The modulation efficiency can be improved by increas-
ing the P and N doping concentrations, as shown in Fig. 5(a). It
should be noted that the overlap between the free-carrier
depletion and the optical mode determines the waveguide ef-
fective refractive index change. The donor/acceptor concen-
tration change will affect the electron/hole concentration and
the depletion width. The combined effect on the waveguide
modal index can only be solved numerically. The optical loss
also increases with the higher doping concentrations, as
shown in Fig. 5(b). The trade-off between modulation effi-
ciency and optical loss should be taken into consideration.
Here we choose NA � 4 × 1017∕cm3 and ND � 1 × 1018∕cm3.

Fig. 3. (a) Calculated L and R as a function of frequency.
Comparison between calculation and simulation results for (b) char-
acteristic impedance (Z), (c) propagation constant (β) and microwave
attenuation (α), and (d) EE S-parameters (S21 and S11).

Fig. 4. (a) Calculated EO 3 dB bandwidth as a function of metal line
width Wmt and gap separation Gmt. (b) Effect of BOX layer thickness
HBOX on the TWE characteristics. (c) Effect of doping separation Sdop
on the TWE characteristics. (d) Microwave attenuation of the MZMs
designed with a single or a segmented PN junction.
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The simulation results show that VπL � 1.05 V · cm and the
doping-induced optical loss is 5.54 dB for the 3 mm long
active arm.

4. EXPERIMENT
We designed three MZMs with different design parameters, as
shown in Table 1. The design of MZM-1 follows the previous
work reported in [17]. The three key parameters of the TWE
(Wmt, Gmt, and Sdop) are further optimized using our model, as
described in the previous section, and the resulting device is
denoted as MZM-2. In order to investigate the effect of the seg-
mented PN junction, we also designed a modulator MZM-3
with the same set of parameters as MZM-1, but the PN junction
is segmented with a 1 μm long striation undoped in every
10 μm long PN junction.

Figure 6 shows the experimental setup to characterize the
modulators. A pulse pattern generator (PPG N4975A) was
used to generate a pseudo-random binary sequence (PRBS)

drive signal with a 215–1 pattern length. The drive signal
was amplified and fed into the TWE via a 40 GHz microwave
probe. The other end of the TWE was terminated with exter-
nal 50 ohm resistors via another microwave probe. A bias volt-
age was applied to the heavily N�� doping region via a DC
probe. A tunable continuous wave (CW) laser was used as
the light source. The light was set to the transverse electric
(TE) polarization by using a polarization controller before
launching into the chip. On-chip inverse tapers were used
for optical input and output coupling. The modulated optical
signal from the chip was fed into an optical modulation ana-
lyzer (OMA N4392A) for constellation diagram measurement.
Alternatively, it was first amplified by an erbium-doped optical
fiber amplifier (EDFA) followed by a 3 nm bandwidth optical
filter and then collected by a Keysight digital signal analyzer
(DSA-X 93204A) for eye diagram measurement.

A. Characterization of the Modulators
The measured optical transmission spectra of the MZM-2 at 0
and 4 V reverse bias are shown in Fig. 7(a). The optical re-
sponses of the other two designs are similar. The free spectra
range (FSR) is 6.4 nm. The peak transmission of 9.5 dB rep-
resents the on-chip insertion loss of the modulator, including
about 8 dB waveguide loss and 1.5 dB loss from the two multi-
mode interferometers that compose the MZI. The V π is 5.4 and
4.95 V for the top and bottom arms, respectively. The mea-
sured modulation efficiency is shown in Fig. 7(b). VπL at Vb �
0 V is 1.1 and 1.19 V · cm for the top and bottom arms, respec-
tively. The measured VπL agrees well with the simulation
result, as presented in Section 3. The modulation efficiency
is dependent on the DC bias voltage, so the DC bias needs
to be carefully set in order to balance the modulation effi-
ciency and speed. A low DC bias results in a small VπL

and hence low microwave drive voltage, but the junction
capacitance is also high, which is unfavorable for high-speed
modulation. On the contrary, a high DC bias improves the
modulation speed, but the modulation efficiency is low; there-
fore, a large microwave voltage swing is required.

Before characterization of the TWE, the microwave probe
and coaxial cables were calibrated by using the standard
short-open-load-through method. Figures 7(c) and 7(d) show
the characteristic impedance Z of the TWE for three different
designs. Low microwave reflection requires the characteristic
impedance close to 50 Ω. The measured EE S-parameters of
the TWE at Vb � 4 V are shown in Figs. 7(e) and 7(f).
According to [11], when the RF phase velocity is well-matched
with the optical wave group velocity, the 3 dB EO bandwidth

Fig. 5. (a) Modulation efficiency VπL and (b) optical loss versus PN
junction doping concentrations at Vb � 0 V.

Table 1. Design Parameters for Three MZMs

Device
PN

Junction
Wmt

(μm)
Gmt

(μm)
Wn

(μm)
Wp

(μm)

MZM-1 Regular 60 50 16.2 20.7
MZM-2 Regular 40 28 14 10.8
MZM-3 Segmented 60 50 16.2 20.7

Fig. 6. (a) Measurement setup to characterize the modulators.
(b) Optical microscope image of the MZMs.
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is given by the 6.4 dB EE bandwidth. The 6.4 dB EE bandwidth
of all MZMs are above 25 GHz. Compared with MZM-1, MZM-3
presents a higher EE bandwidth, indicating that the seg-
mented PN junction can effectively reduce the microwave
loss. Return loss (S11) of the TWE indicates the microwave
reflection at the entrance of the TWE due to impedance mis-
match. The S11 of all MZMs are below −12 dB, suggesting very
low reflection from the 10 MHz to 32 GHz frequency range.
Figure 7(g) shows the measured EO response of the modula-
tor by using a lightwave component analyzer (LCA), which
covers the frequency range from 100 MHz to 40 GHz. The elec-
trical ports of the LCA were calibrated by the standard SLOT
method. The EO 3 dB bandwidth of MZM-1 at Vb � 4 V is
29 GHz. The MZM-2 has an improved EO bandwidth of
33 GHz due to the optimization of the TWE. Comparing
MZM-1 and MZM-3, we notice that the latter one with a seg-
mented PN junction exhibits a slower roll-off, due to the
low microwave attenuation [see Fig. 4(d)]. To further improve
the modulator performance, the TWE in MZM-2 could also be
segmented.

B. High-Speed OOK and BPSK Modulations
We first performed the OOK modulation using the three
modulators. The RF drive signal was a 56 Gb/s PRBS signal
amplified to a 7.8 V peak-to-peak voltage. A 6 V DC bias was
simultaneously applied to the MZM. The input laser wave-
length was set at the quadrature point of the MZI. The mea-
sured 56 Gb/s OOK modulation eye diagram of these MZMs
are shown in the Figs. 8(a)–8(c). The top curves in each graph
are the clock signal and the modulated optical waveforms. It
can be seen that MZM-2 presents a better eye diagram than
the other two. The measured ER is 4.0 dB, and the Q-factor
is 3.73.

Fig. 7. (a) Optical transmission spectra of MZM-2 at 0 and 4 V reverse
biases. (b) Modulation efficiency VπL of MZM-2. (c) Real part
of the characteristic impedance. (d) Imaginary part of the character-
istic impedance. (e) Microwave transmission response EE S21.
(f) Microwave reflection response EE S11. (g) Modulator frequency
response EO S21.

Fig. 8. Measured 56 Gb/s OOK modulation eye diagrams for
(a) MZM-1, (b) MZM-2, and (c) MZM-3.
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We next carried out the BPSK modulation. The laser wave-
length was tuned to the minimum transmission point, and the
DC bias was set to Vb � 4 V. Figure 9 shows the eye diagrams
of the 40 Gb/s BPSKmodulation. Themeasured BER of MZM-2
is shown in Fig. 10(a). The inset shows the constellation dia-
gram when the optical signal-to-noise-ratio is 15.56 dB. The
BPSK signal magnitude and phase errors are 18.9% and
6.9°, respectively, and the error vector magnitude (EVM) is
around 22%. The Q-factor is 6.6. The BER deduced from
the measured EVM is 1.96 × 10−15. The BER can be decreased
by increasing the received optical power. All the measured
BER are below the requirement in forward error correction
techniques. The measured BER and constellation diagram
of MZM-3 are shown in the Fig. 10(b). It has a similar modu-
lation performance with MZM-2.

A low drive voltage is required in order for the modulators
to be compatible with CMOS drive circuits. The drive voltage
can be lowered with an improved modulation efficiency either
by increasing the doping concentration or designing a PN
junction that can provide more depletion overlap with the
waveguide mode. Interleaved PN junctions [4] or L-shaped/
U-shaped PN junctions [28] could be used to ensure a low
V πL. In order to obtain a high EO bandwidth, the silicon
substrate can even be etched off to give a better phase match
between the RF mode and the optical mode [29].

5. CONCLUSION
We have established an equivalent circuit model for the
CPS-TWE in a single-drive push–pull silicon modulator. The

partial-capacitance technique and conformal mapping were
used to calculate the capacitance contributed by each layer.
Fringe capacitances were taken into consideration to accu-
rately model the PN junction. The accuracy of the equivalent
circuit model was justified by comparing with numerical
simulations. Based on this model, we optimized the key
parameters in TWE design to achieve a large EO bandwidth.
The segmented PN junction design was proved to be efficient
in reducing the microwave loss. The doping concentrations
were chosen to make a compromise between modulation ef-
ficiency and optical loss. The 3 dB EO bandwidth of the opti-
mized 3 mm long MZM was measured to be 33 GHz at 4 V
reverse bias. 56 Gb/s OOK and 40 Gb/s BPSK modulations
have been successfully demonstrated.
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