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Abstract—We characterize the modulation linearity of a silicon
Mach–Zehnder modulator with a single-drive push–pull configu-
ration. The 3-dB electro-optic bandwidths of the modulator are
15 and 32 GHz at 0 and 6 V reverse biases, respectively. The best
spurious-free dynamic ranges (SFDRs) for the second-order har-
monic distortion and the third-order intermodulation distortion
are measured to be 97.7 dB·Hz2/3 and 85.9 dB·Hz1/2. The experi-
mental measurement demonstrates that such a drive scheme can
effectively reduce the modulation nonlinearity, especially the sec-
ond harmonic distortion. Multi-level pulse amplitude modulation
(PAM) is achieved using this high-linearity modulator with PAM-
2,3,4,5 at a symbol rate of 40 Gbaud/s and PAM-8 at a symbol rate
of 25 Gbaud/s.

Index Terms—Electrooptic modulator, microwave photonics,
silicon photonics.

I. INTRODUCTION

FOR optical modulators used in microwave photonics
(MWP) systems and telecommunications such as photonic

microwave filters [1], photonic phased array antennae [2],
analog-to-digital converters [3], [4], and advanced modulation
formats [5], [6], one of the important metrics to measure
their performances is the linearity, which is characterized
by the spurious-free dynamic range (SFDR) [7]. Though
Mach–Zehnder modulators (MZMs) based on Lithium Niobate
(LiNbO3) or III–V semiconductors have a higher SFDR (up
to 121 dB·Hz2/3 for the former [8] and 128 dB·Hz2/3 for the
latter [9]), they have a large footprint and are also difficult
to integrate with electronic circuits. Optical modulators made
on the silicon platform surpass them as they are compatible
with the complementary metal oxide semiconductor (CMOS)
techniques for low-cost fabrication and monolithic integration
with microelectronics on one single chip. In fact, silicon
modulators have been developing rapidly in recent years
[10]. For example, carrier-depletion-based MZMs have been
demonstrated with an operation speed up to 40 Gb/s [11]–[18].
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In order to improve the linearity of silicon optical modulators,
many methods have been proposed and demonstrated. Khilo
et al. have demonstrated that, under the differential detection
and push–pull drive scheme with a proper operation point for
a certain phase shifter length, the SFDR for the second-order
harmonic distortion (SFDRSHD ) and the SFDR for the third-
order intermodulation distortion (SFDRIMD ) can be canceled
and the linearity of silicon MZM can be theoretically larger
than that of conventional LiNbO3 MZM [19]. Recent research
shows that by using differential drive, the linearity of silicon
MZM can be improved to 82 dB·Hz1/2 for SFDRSHD and
97 dB·Hz2/3 for SFDRIMD [20]. Microring modulators have
been demonstrated to exhibit a SFDRIMD of 84 dB·Hz2/3, but
it is not suitable for wideband microwave systems due to the
poor SFDRSHD [21], [22]. SFDRIMD of 106 dB·Hz2/3 has been
achieved in ring-assisted MZMs [23], [24], because the phase
response of the ring resonator cancels the nonlinearity in the
MZI sinusoidal transfer function.

In this paper, we present a silicon MZM with a single-drive
push–pull traveling-wave electrode (TWE) configuration with
improved linearity. The TWE is optimized to provide impedance
match and flat electro-optic response. Compared with conven-
tional differential drive, the single-drive scheme can more ef-
fectively reduce the second-order harmonic distortion due to
the two auto-aligned push–pull signals from one RF feed. The
SFDRSHD is measured to be 85.9 dB·Hz1/2 with 3.9 dB im-
provement over the previous best result [20] and the SFDRIMD
is measured to be 97.7 dB·Hz2/3. Due to its high linearity, the
modulator can generate 2, 3, 4, 5-level pulse amplitude mod-
ulation (PAM) signals at the symbol rate of 40 Gbaud/s and a
8-level PAM signal at the symbol rate of 25 Gbaud/s.

II. DEVICE DESIGN AND FABRICATION

Fig.1(a) shows the schematic structure of our silicon MZM.
Compared to the differential drive configuration, the single-
drive features low chirp, low capacitance (two junction capaci-
tors connected in series), and simplified RF connection interface
[25], [26]. The length difference of two arms in the asymmetric
MZI is 90 μm. The 3.3-mm-long TWE uses a symmetric copla-
nar strip (CPS) structure in a ground-signal (GS) configuration
with the two metal strips connected to the p+ -doping regions
outside the MZI arms where the RF signal is applied. A dc volt-
age (Vd ) is applied to the middle n+ -doping region to set the
two p-n junctions at the reverse-bias mode. The silicon wave-
guide is 500 nm wide and 220 nm high with an etched depth of
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Fig. 1. (a) Schematic structure of the MZM. Inset shows the cross-section of
the TWE and the circuit model. (b) Optical microscope image of the MZM.

160 nm. The p-n junction is positioned in the middle of the sili-
con waveguide with doping concentrations of ∼ 4 × 1017 cm−3

and ∼ 1 × 1018 cm−3 for the p- and n-doping regions, respec-
tively. Inverse tapers are used at the waveguide ends for optical
input- and output-coupling.

Fig. 1(b) shows the optical microscope image of the fabri-
cated device. The p-n junction is segmented with a 1-μm-long
striation un-doped in every 10 μm length to ensure that current
flows only in the metal strips to reduce the RF loss. The TWE
is made of aluminum metal strips with a width of 60 μm and a
thickness of 1.5 μm. The gap separation between the signal and
ground metal lines is 50 μm. The dc bias line is connected to the
middle n+ -doping region. In order to reduce the electromag-
netic interference between the RF and dc signals, the dc line is
designed as 10 μm wide and 2 mm long to act as an inductor to
isolate them. As shown in Fig. 1(a), the two PN junctions are
connected in series with the dc voltage applied to the common
cathode of the PN junctions to set the reverse bias at Vd . An
RF drive signal VRF is applied onto one end of the TWE (the G
and S metal lines). The other end is terminated with an external
50 Ω resistor. It should be noted that a common ground is used
for both the RF signal and dc bias and hence the dc voltage drop
is on both PN junctions. Assuming the PN junction capacitances
are equal (Cdep1 = Cdep2), then the RF voltage drop on each
PN junction is VRF/2. Because the two PN junctions are
connected back-to-back, the RF voltage drop has an opposite
sign. Therefore, the entire voltage drop is −Vd + VRF/2 on the
left junction and −Vd − VRF/2 on the right junction, resulting
in push–pull modulation at the reverse bias voltage Vd .

III. LINEARITY ANALYSIS

This section presents a mathematical analysis of the linearity
of the MZM. We assume that the MZM is composed of two
ideal multimode interference (MMI) 3-dB couplers. The output
electric field can be expressed as

Eout =
Ein

2

[
e−aA ei(φA +Δφ) + e−aB eiφB

]
(1)

where aA,B and φA,B are the optical loss coefficient and the
modulation phase shift of the MZI active arms (denoted by the
subscript A and B) and Δφ is the phase difference between the
two arms. At the quadrature and the peak transmission operation
points, the Δφ is equal to π/2 and 0, respectively. The output
powers for the two cases are given by

Pout |Quad = Pin

[
1
4
(e−2aA + e−2aB )

−1
2
e−(aA +aB ) sin(φA − φB )

]
(2)

Pout |Peak = Pin

[
1
4
(e−2aA + e−2aB )

+
1
2
e−(aA +aB ) cos(φA − φB )

]
. (3)

aA,B and φA,B can be expanded to the third order polynomial
of the RF drive voltage V as:

aA,B (V ) = a0 + a1V + a2V
2 + a3V

3 (4)

φA,B (V ) = ϕ1V + ϕ2V
2 + ϕ3V

3 . (5)

We assume the top and bottom arms have identical responses
to drive voltage in the ideal case. During the push–pull mod-
ulation, the top and bottom arms are subject to opposite drive
voltages of V and −V, respectively, and thus we have:

aA + aB = 2a0 + 2a2V
2 (6)

φA − φB = 2ϕ1V + 2ϕ3V
3 . (7)

Therefore, (2) and (3) can be rewritten as:

Pout |Quad = Pin

[
1
4

(
e−2(a0 +a1 V +a2 V 2 +a3 V 3 )

+e−2(a0 −a1 V +a2 V 2 −a3 V 3 )
)

−1
2
e−2(a0 +a2 V 2 ) sin(2ϕ1V + 2ϕ3V

3)
]

(8)

Pout |Peak = Pin

[
1
4

(
e−2(a0 +a1 V +a2 V 2 +a3 V 3 )

+e−2(a0 −a1 V +a2 V 2 −a3 V 3 )
)

+
1
2
e−2(a0 +a2 V 2 ) cos(2ϕ1V + 2ϕ3V

3) (9)

From the above equations, we see that three factors contribute
to the nonlinearity: (i) optical loss modulation in the active arms,
(ii) cubic nonlinearity of the phase modulation, and (iii) MZI
sinusoidal transfer function.
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Fig. 2. Experimental setup to perform the MZM nonlinearity measurement
and PAM-N (N = 2, 3, 4, 5, and 8) modulation.

The RF drive signal with two frequency tones can be writ-
ten as V = V0cos(ω1t) + V0cos(ω2t). With Taylor expansion
and Jacobi–Anger expansion, the second term in the bracket of
Eq. (8) can be rewritten as

e−2
(
a0 + a2V

2) sin
(
2ϕ1V + 2ϕ3V

3)
= A [cos(2ω1 − ω2 )t + cos(2ω2 − ω1 )t]

+B [cos(ω1 t) + cos(ω2 t)] (10)

A = e−2a 0
[
(7a2V

2
0 − 2)J1 (z)J2 (z) − 3a2V

2
0 J0 (z)J1 (z)

+2a2V
2

0 J0 (z)J3 (z) − 3a2V
2

0 J2 (z)J3 (z)
]

(11)

B = e−2a 0
[
(2 − 9a2V

2
0 )J0 (z)J1 (z) + 6a2V

2
0 J1 (z)J2 (z)

+a2V
2

0 J0 (z)J3 (z)
]

(12)

and the second term in the bracket of Eq. (9) can be rewritten as

e−2(a0 +a2 V 2 ) cos
(
2ϕ1V + 2ϕ3V

3)
= C [cos (2ω1t) + cos (2ω2t)] (13)

C = e−2a0
[
4a2V

2
0 J2

1 (z) − a2V
2
0 J2

0 (z) − 2a2V
2
0 J2

2 (z)

−2
(
1 − 2a2V

2
0

)
J0 (z) J2 (z)

]
(14)

where Jn (z)(n = 1, 2, 3) is the Bessel function, and z =
2ϕ1V0 + 3ϕ3V

3
0 /2. As pointed out in Ref. [19], at the quadra-

ture operation point, SHD is completely cancelled by using
the push–pull drive configuration. The conventional push–pull
scheme needs two input RF signals with the exactly inversed
phases. However, a slight length mismatch between the two in-
put cables can cause the two signals desynchronized, leading
to imperfect nonlinearity cancellation. The single-drive scheme
cannot improve the linearity of the modulator compared to the
push–pull scheme in theory, but it can generate the push–pull
signals free of synchronization (the two drive signals are auto-
matically matched), which can guarantee low SHD. The free-
carrier absorption modulation in active arms also induces SHD
and IMD. One approach to reduce these nonlinearities is to
shift the operation point slightly away from quadrature point, so
the quadratic term in the sine transfer function can compensate
the nonlinearity of loss [19]. If the modulator is biased at the
peak transmission point, modulation generates the SHD with the
fundamental and IMD tones eliminated as suggested by (13).
Therefore, in order to get a large SFDR, the MZ modulator
needs to operate near the quadrature bias point.

IV. EXPERIMENTS AND RESULTS

Fig. 2 shows the experimental setup to measure the SFDR
and perform the PAM-N (N = 2, 3, 4, 5 and 8) modulation.
Light from a tunable continuous wave (CW) laser first went
through a polarization controller to set the transverse electric
(TE) polarization and coupled to the MZM through an on-chip
inverse taper. The modulated light was amplified by an erbium-
doped fiber amplifier (EDFA) to compensate for MZM inser-
tion loss and followed by a 3-nm bandwidth optical filter to
suppress the amplified spontaneous emission (ASE) noise. The
light was finally received by a 100 GHz bandwidth photode-
tector (u2t XPDV4120R). The responsivity of the photodetector
is 0.5 A/W. For the SFDR measurement, the MZM was driven
by a microwave signal consisting of two tones at frequencies
1005 and 1015 MHz generated by a microwave generator (R&S
SMB100A). The microwave signal was applied to the TWE of
the MZM via a 40 GHz bandwidth microwave GS probe. The
other end of TWE was terminated with a 50 Ω resistor. The
SFDR was obtained by measuring the fundamental, SHD and
IMD components on an RF spectrum analyzer (R&S FSUP50).
For the PAM modulation, a 20-GHz arbitrary waveform gener-
ator (AWG) from Keysight (M8195A) was used as the RF drive
signal to modulate the MZM and the modulated signal was mea-
sured by a 33-GHz real-time digital signal analyzer (DSA) from
Keysight (DSAX93204A).

We first measured the MZM optical transmission spectra
with the reverse bias applied either to the top or the bottom
arms. Fig. 3(a) shows the typical spectra at 0 V and 6 V reverse
biases. The spectra are all normalized to a passive straight
waveguide. The on-chip insertion loss of the modulator is
around 9 dB. The free spectral range (FSR) is 6.3 nm.

From the spectral shift, we can get the relative phase shift (φ)
versus reverse bias as shown in Fig. 3(b). The small-signal π
phase change voltage Vπ is obtained according to the following
equation:

Vπ
dφ

dV

∣∣∣∣
V =Vd

= π. (15)

Therefore, the modulation efficiencies of the top and bot-
tom arms at Vd = 0 V are Vπ L = 0.98 V·cm and 1.23 V·cm,
respectively.

One sees from Fig. 3(a) that the extinction ratio (ER) of the
interference fringe increases when the bias is applied to the top
arm while it decreases when the bias at the bottom arm. Thus, it
is inferred that the top arm has a higher loss than the bottom one,
i.e., aA > aB . The loss imbalance of the two arms is probably
caused by the fabrication imperfection. The ER (in dB unit) of
the interference fringe is expressed as

ER = 20 log10

(
e−aB + e−aA

e−aB − e−aA

)
. (16)

Therefore, we have

e−aB + e−aA

e−aB − e−aA
= 10

E R
2 0 ≡ k (17)

aA − aB = ln
k + 1
k − 1

. (18)
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Fig. 3. (a) Optical transmission spectra at 0 V and 6 V reverse biases. (b) Phase
shift of top and bottom arms versus reverse bias. (c) Relative loss coefficient
change with reverse bias. The dots are measured data and lines are polynomial
fitting curves. (d) Loss reduction of top and bottom arms versus reverse bias.

From the measured ER change with bias on the top or bottom
arm, we can get aA (V ) − aB (0) or aA (0) − aB (V ) as a func-
tion of reverse bias voltage V, respectively, as shown in Fig. 3(c).

The optical phase shift and loss versus voltage for each arm
are fit with a third-order polynomial. The fitting parameters for
each arm of the MZM are listed in Table I.

We can convert the loss coefficient change into waveguide
loss change by using the following formula:

ΔLossA,B (dB) = 20 [aA,B (V ) − aB,A (0)] log10 e. (19)

Fig. 3(d) shows the loss reduction as a function of reverse bias
for the top and bottom arms. The loss reduction rate is similar
for the two arms.

The TWE was optimized to achieve a large electro–electro
(EE) bandwidth [26]. The measured S-parameters (S21 and S11)
under various bias voltages are shown in Figs. 4(a) and 4(b). The

TABLE I
FITTING PARAMETERS FOR EACH ARM OF THE MZM

Coefficients Top Arm Bottom Arm

ϕ 1 (deg/V) 54.7313 43.8448
ϕ 2 (deg/V2) −6.5610 −2.6713
ϕ 3 (deg/V3) 0.4945 0.1664
a1 (/V) −0.04891 −0.03194
a2 (/V2) 0.0071 6.21E-4
a3 (/V3) −4.67E-4 3.38E-5

Fig. 4. (a) EE transmission response S21 of the TWE. (b) EE reflection
response S11 of the TWE. (c) EO transmission response S21 of the MZM.

microwave probe and coaxial cables were calibrated before mea-
surement using the standard short-open-load-through (SOLT)
method. The 6-dB EE bandwidth increases from 14.2 GHz at
Vd = 0V to 23 GHz at Vd = 4V , as observed from the S21
curves of the TWE. The microwave reflection at the entrance of
the TWE due to impendence mismatch is represented by the EE
S11 curves. The measured S11 is below−15 dB, suggesting very
low reflection in the frequency range from 10 MHz to 26.5 GHz
and hence good impedance match with 50 Ω. We also measured
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Fig. 5. (a) Measured transmission spectra and the ratios of F/SHD and F/IMD
as function of wavelength. (b) SFDR of the MZM at the quadrature operation
point (1551.5 nm). The dots represent the measured data. The straight lines are
the linear fitting lines. Inset shows the SFDRIM D and SFDRSHD measured at
various bias voltages.

the small signal EO response of the modulator by using a
lightwave component analyzer (LCA) which covers the fre-
quency range from 100 MHz to 40 GHz. As shown in Fig. 4(c),
the measured EO 3-dB bandwidth is 15 GHz at Vd = 0 V and
increases to 32 GHz at Vd = 6 V. The EO response is relatively
flat from 3 GHz and 13 GHz when Vd ≥ 2 V, which is useful
for the wideband microwave photonics applications such as
analog-to-digital converters.

In order to find the optimal operation point to achieve the
highest SFDR, we measured the output power ratio between
the fundamental tones and the distortions (F/SHD and F/IMD)
versus wavelength as shown in Fig. 5(a). The power of the funda-
mental tone at each wavelength was set to –50 dBm. Both traces
F/SHD and F/IMD have two peaks at the positive and negative
slopes of the optical transmission spectrum close to the quadra-
ture operation points. Because of the nonlinearity of free carrier
absorption loss and the fact that loss and phase responses of the
two arms are slightly different due to fabrication imperfections,
the SHD cannot be fully cancelled when the modulator is biased
at quadrature. The input laser wavelength was set at the quadra-
ture point (1551.5 nm) for the following linearity measurement.
The optical power received by the photodetector was 12 dBm
and the photodetector current was 8.58 mA. The bias voltage
was set to Vd = 0 V. We measured the output signals including
fundamental, SHD, and IMD with 10 Hz resolution bandwidth
and the noise floor observed from the RF spectrum analyzer was
–146 dBm, mainly contributed by shot noise, thermal noise and
source laser intensity noise. SFDR was obtained by measuring

Fig. 6. Measured BER as a function of OSNR. (a) The BER of PAM-3,4 at
32 Gbaud/s and the BER of PAM-8 at 25Gbaud/s. (b) The BER of PAM-3,4,5
at 40 Gbaud/s.

the fundamental, SHD, IMD tones when the power of two input
tones varies, as shown in Fig. 5(b). Ten data points were used
to fit the curves of the fundamental, SHD, and IMD. The funda-
mental tone has a linear response to the input power with a slope
of 0.996. The SHD has a quadratic response to the input power
with a slope of 1.997. The IMD power has a cubic response
to the input power with a slope of 2.987. The noise floor is at
–156 dBm with 1 Hz resolution bandwidth. The SFDRSHD and
SFDRIMD for this single-drive push–pull MZM at 0 V bias are
hence 85.9 ± 0.45 dB·Hz1/2 and 97.7 ± 0.55 dB·Hz2/3, respec-
tively. Compared with the modulator with a differential drive
configuration [20], a 3.9 dB improvement for SFDRSHD has
been achieved. The input intercept points (IIP2: 36.9 dBm, IIP3:
12.2 dBm) and the output intercept points (OIP2: 15.22 dBm,
OIP3: –9.4 dBm) represent the input and output powers re-
spectively when the fundamental tone curve intersects the SHD
and IMD curves. We also measured the bias dependence of the
SFDR. The inset of Fig. 5(b) shows that the SFDRSHD is sen-
sitive to the bias while the SFDRIMD is almost independent of
the bias [7].

The high linearity property of the modulator can be exploited
to generate PAM modulation signals. The input laser wavelength
was set at the quadratic point to ensure the modulator was op-
erated in the linear response regime. The RF drive signal from
the AWG was amplified to a voltage swing of 7 Vpp . The bias
voltage was set at 6 V. The bit error rate (BER) of the PAM sig-
nals as a function of optical signal-to-noise ratio (OSNR) was
used to evaluate the modulation performance as shown in Fig. 6.
Compared to a commercial LiNbO3 modulator [27], this modu-
lator shows about 3 dB OSNR penalty to achieve 1e-6 BER for
40 Gbaud/s PAM-2 modulation. Fig. 7(a) – 7(f) show the eye
diagrams for PAM-N (N = 2, 3, 4, 5) modulations at symbol
rates up to 40 Gbaud/s. The PAM-3 and PAM-4 modulations ex-
hibit clear eye diagrams at 32 Gbaud/s yet slightly deteriorated
at 40 Gbaud/s, partially limited by the low bandwidth of the
DSA (33 GHz bandwidth). PAM-8 modulation was achieved at
25 Gbaud/s as shown in Fig. 6(f). A clearer eye-diagram could
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Fig. 7. Measured eye-diagrams of the PAM-N (N = 2,3,4,5, and 8) modulated
optical signals.

be obtained by using a higher bandwidth DSA assisted with post
signal processing, such as pre-emphasis and equalization.

V. CONCLUSION

We have presented experimental measurement on the linear-
ity of a carrier-depletion-based silicon MZM with a single-drive
push–pull drive configuration. The single-drive scheme can ef-
fectively reduce the second harmonic distortion due to the two
strictly aligned push–pull signals from the one input RF feed.
The MZM possesses a 3-dB EO bandwidth of 15 and 32 GHz
at 0 and 6 V reverse biases, respectively. The SFDRSHD and
SFDRIMD were measured to be 85.9 dB·Hz1/2 and 97.7 dB·Hz2/3

at the quadrature operation point, respectively. PAM modulation
was realized using the high-linearity modulator. Eye-diagrams
were measured for the PAM-2, 3, 4, and 5 signals at a symbol rate
of 40 Gbaud/s and the PAM-8 signal at a symbol of 25 Gbaud/s.
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