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Abstract—In this paper, we propose a highly linear electrostatic
doping (ED) assisted dual series Mach-Zehnder modulator (MZM)
suitable for photonic integrated circuits (PICs). A complete simu-
lation study on the performance of the proposed dual series MZM
is incorporated in this paper. We have analytically formulated the
steady-state and the nonlinear performance of the proposed mod-
ulator and the simulation results using commercial grade photonic
circuit simulator are also incorporated in support of the analytical
study. Simulation results show that the proposed modulator can
offer ∼16 dB of static extinction ratio (ER) with 3.2 dB of insertion
loss (IL). The modulator offers approximately 10.2 dB of dynamic
ER at 10 Gb/s data rate. The effect on the transfer function of the
dual-series MZM due to the imbalance in the driving RF signals
is also discussed supported with simulation results. The nonlinear
performance of the proposed modulator is also estimated using
analytical method and dual-tone test method. Results indicate that
the spurious free dynamic range (SFDR) of the proposed dual
series MZM for second and third order intermodulation distor-
tions (IMD2 and IMD3) are 96.11 dB.Hz1/2, and 132.4 dB.Hz2/3,
respectively. Study of the transient performance also reveals that
the 3-dB electro-optic bandwidths are 11.39 GHz and 8.32 GHz for
single and dual-series ED-assisted MZM, respectively.

Index Terms—Electrostatic doping, intensity modulation, mach-
zehnder modulator, plasma dispersion effect, SFDR.

I. INTRODUCTION

ONE of the biggest challenges in the modern data center is
to manipulate and transport a large amount of data, which

originates primarily because of intra-data center traffic [1]–[3].
Optical interconnect technology has the potential to address the
requirements of enormous bandwidth, energy efficient and, low
cost data transmission. As a result the optical interconnects
are gradually replacing their electrical counterpart for short
haul communication [1], [4]. With the enhanced application of
optical interconnects, the search for ultra-small energy efficient
integrated modulators suitable for photonic integrated circuits
(PICs) has also soared. In PICs, two widely used intensity
modulators on silicon platforms are Mach-Zehnder modulator

Manuscript received 20 April 2022; revised 17 June 2022; accepted 22 June
2022. Date of publication 27 June 2022; date of current version 7 July 2022.
(Corresponding author: Subhradeep Pal.)

Subhradeep Pal is with the Department of Electrical and Electronics Engi-
neering, BITS-Pilani, Hyderabad Campus, Shamirpet, Telangana 500 078, India
(e-mail: subhradeep@hyderabad.bits-pilani.ac.in).

Sumanta Gupta is with the Department of Electrical Engineering, IIT Patna,
Bihta, Bihar 801 106, India (e-mail: sumanta@iitp.ac.in).

Digital Object Identifier 10.1109/JPHOT.2022.3186764

(MZM) and microring modulator (MRM) [5]–[8]. Although
silicon MRM offers a very high extinction ratio (ER) and low
device footprint, its performance is severely dependent on op-
erating wavelength (λ) and temperature [9]–[11]. On the other
hand, silicon based MZM suffers from large device footprint
and significant power consumption [12]–[14]. To reduce the
footprint of MZM, compact and highly efficient optical phase
shifters (PS) are required. To increase efficiency and scale down
the dimension of the PS, the general practice is to increase the
doping level in the active region of the PS, which is generally a
PN or PIN diode [15], [16]. It is very important to note that
the increment in doping concentration in the device’s active
region also introduces problems like random dopant fluctua-
tions (RDF), undesired dopant activation, variation in doping
concentration etc [17], [18]. To get rid of these problems in
active silicon photonic devices, recently we have proposed and
analyzed electrostatic doping (ED) assisted intensity modula-
tors [19]–[21]. We have also investigated ED-assisted optical PS
loaded MZM which utilizes the free carrier plasma dispersion
effect (FCD) [22], [23]. In these modulators, applied bias voltage
(Vbias) induces excess free charge carriers inside the device’s
active region resulting a perturbation in effective refractive index
(Δneff ) and loss coefficient (Δα). As mentioned in [20], both
Δneff and Δα changes nonlinearly with Vbias and thus the
output modulated signal from ED-assisted optical PS loaded
MZM has a nonlinear relationship with Vbias.

Integrated silicon MZM generally has a nonlinear (more
precisely sinusoidal) transfer function. For linearized operation,
these modulators are often biased at approximately the linear
portion of the sinusoidal transfer function and the input signal
amplitude is maintained to a smaller value so that the optical
modulators operate approximately linearly. The linearized sili-
con MZM finds wide applications in the area of optical analog
links [24]–[26], microwave photonics [25], [27], generation of
advanced modulation formats like PAM-4 [28], etc. However,
realizing linear MZM over silicon, which has zero linear electro-
optic coefficient, is more challenging than realizing standard
lithium-niobate (LiNbO3) based MZMs. Compared to single
MZM, dual-series MZM or dual-parallel MZM produces lower
third-order distortion [24], [25], [29]. Cascading an MZM hav-
ing higher ER with another MZM having reduced ER often offers
a highly linearized modulator. Compared to dual-parallel MZM,
dual-series MZM offers design advantages by avoiding power
splitting/combining operation in optical domain [24]. However,
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Fig. 1. Schematic representation of the proposed dual series MZM:
(a) complete schematic; (b) cross-sectional view of a single ED-assisted PS
loaded MZM.

dual series MZM requires critical control over bias voltages to
reduce intermodulation distortions (IMDs). This configuration
also introduces approximately 6 dB penalty in the noise figure
compared to a single MZM [24]. In this paper, we propose
and analyze the performance of a dual series MZM based on
ED-assisted PS loaded MZM. The nonlinear performance of the
proposed MZM is studied using both analytical and simulation
methods.

The outline of the paper is as follows. Section II, describes
the structure of the proposed dual-series MZM, the formulation
of the device transfer function, and an analytical model of the
non-linear distortion of the proposed modulator. In Section III,
we present the simulation results for the proposed modulator.
Finally, in Section IV we conclude.

II. PROPOSED DUAL SERIES ED-ASSISTED MACH-ZEHNDER

MODULATOR

A. Device Description

The schematic diagram of the proposed ED-assisted dual
series MZM is shown in Fig. 1. The input RF signal (VRF )
is first divided into two parts using an RF power splitter whose
power splitting ratio equals to r1/r2. Both the RF signals are
then provided into two bias tees where the signals are combined
with suitable DC bias voltages VDC1 and VDC2, respectively.
The two output signals of the bias tees are used to drive two
cascaded sub-MZMs (MZM-1 and MZM-2). A continuous wave
laser source with optical power Pin (field Ein) and operating at
wavelength λ is connected at the input of the proposed modula-
tor. The cross-sectional schematic of a single optical PS is shown
in Fig. 1(b). Both sub-MZMs use ED-assisted optical PS in an
interferometric structure to achieve optical intensity modulation
as per the applied electrical signal. The choice of materials for
electrodes E1, E2, and E3 is purely based on work-function

(φm) of the metals. As discussed in [30], the suitable metals
for anode and cathode electrodes are determined by the relation,
φm > χSi + 0.5Eg , andφm < χSi + 0.5Eg , respectively. Typ-
ically, χSi = 4.17 eV and, Eg = 1.12 eV resulting the required
value ofφm > 4.73 eV for anode andφm < 4.73 eV for cathode.
Thus, some of the suitable metals for anode are Au, Pt, Pd, Ni,
Co, W, Ag etc. Similarly, Gd, TiW, Zr, Al, Ta are few choices for
cathode. Among these we have chosen Al for the two controlling
electrodes present in pad region of the rib waveguide. Also, Au
is chosen for electrodes E1 and E3 and Ag for electrode E2.
Although the Au is not a CMOS-process friendly metal but the
effective r.i. perturbation as well as modal attenuation factor
due Au based electrodes is better compared to different other
metal combinations. The effect of choosing different electrode
metals will be discussed later in this paper. The dimension of
the electrodes are also optimized to have better VπL product
of each sub-MZMs as discussed in [20]. As per the Fig. 1(b),
the two Al-based controlling electrodes are connected to −2 V
DC supply, i.e. VC = −2 V, while the electrodes E1-E2-E3 are
connected to driving signal v1/v2. To achieve a highly linearized
operation we have varied the RF power splitting ratio (r1 and r2)
and length (L) of the both sub-MZMs. It is very important to note
that the proposed optical PS consists of metal electrodes on the
top of rib-waveguide making it a hybrid-plasmonic waveguide as
discussed in [31], [32]. It is assumed that the proposed modulator
will be operated only in TE mode.

B. Analytical Formulation of neff and Δneff for the
ED-Assisted Optical Phase Shifter

The proposed dual-series MZM has one ED-assisted optical
PS embedded in each sub-MZMs. It is imperative to formulate
an analytical expression for estimating the perturbation in neff

in the ED-assisted optical PS. Assuming the unperturbed r.i. of
the Si waveguide is nSi and the uniform doping concentration
inside the rib waveguide, neff can be written as [33],

neff =

∫∫
WG n(x, y) |E(x, y)|2 dS

E2
0

+ C1 (1)

where E0 denotes a normalizing constant; C1 represents the
integral outside the rib-waveguide and it is independent of
voltage and doping concentration. Typically the guided optical
TE mode in the proposed ED-assisted optical PS has the highest
intensity at the center and decaying as the distance from the
center increases. Such king of modal distribution of the elec-
trical field inside the rib-waveguide can be approximated as
E(x, y) = cos(kxx) cos(kyy) [see Fig. 2(a)]. Here kx and ky
are the optical propagation constants in transverse directions.
Assuming the origin point at the center of the waveguide as
depicted in Fig. 2(c), (1) can be extended as,
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1
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Fig. 2. Schematic illustrating optical TE mode profile inside the rib-waveguide of the proposed ED-assisted optical PS: (a) modal profile used for analytical
formulation of neff of the rib-waveguide; (b) geometrical dimensions and co-ordinate system used for the analytical formulations. Note, the yellow region with
height Δh at the bottom of the electrodes E1, E2, E3 indicate the inversion layer due to electrostatic doping.

neff =
1

8E2
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(
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where Δh is the region where carrier are accumulated due
to ED effect, nPN is the average r.i. of P-type and N-type
Silicon. The value of Δh changes with the applied bias volt-
ages in the electrodes E1, E2, and E3. Solving (2), yields the
compact expression for neff which is mentioned in (3). In
(3) it is assumed that, Δn = nSi − nPN , h′ = h−Δh and,
h′′ = h− 2Δh. Collecting terms related with h from (3) also
yields,

neff ∝ Δn

(
2h′ +

sin(kyh)

ky
+

sin(kyh
′′)

ky

)

+ 2nPN

(
h+

sin(kyh)

ky

)
(4)

Since neff term depends strongly with the applied bias voltage
v, the perturbation in neff estimated w.r.t v can be calculated
as,

Δneff (v) = K1(A1N
1.011
D +B1N

0.838
A )

×
(
h′(v)−h′(0)+

sin(kyh
′′(v))−sin(kyh

′′(0))
ky

)
(5)

where A1 = 5.4× 10−22 cm3, and B1 = 1.53× 10−18 cm3 at
1550 nm, and the constant term K1 can be obtained from fitting.
Likewise the optical absorption can also be estimated.

C. Estimation of Device Transfer Function

Refer to Fig. 1. The transfer function of the two sub-MZMs
can be expressed as,

Eout1 = Ein

[√
1− γ1e

−jφ0e−α0L +
√
γ1e

−jφ(v1)e−α(v1)L
]

(6a)

Eout = Eout1

[√
1− γ2e

−jφ0e−α0L +
√
γ2e

−jφ(v2)e−α(v2)L
]

(6b)

where α(v) and α0 are the loss coefficients at biased and
unbiased conditions, respectively. Similarly, φ(v) and φ0 are

the phase associated with electric fields in the upper arm and
the lower arm of the sub-MZM, respectively. In the above
expressions, the output electric field after MZM1 and MZM2
are considered as Eout1 and Eout, respectively. For the proposed
dual series MZM, the input driving voltage in the two MZMs
can be expressed as,

vi = riVRF + VDC,i,where i = 1, 2 (7)

Simplifying (6b), and assuming γ1 = γ2 = 0.5, we find the
output field of the proposed modulator as,

Eout=Ein
[
1+e−Δα1Le−jΔφ1+e−Δα2Le−jΔφ2

]
e−2jφ0e−2α0L

+ Ein

[
e−(Δα1+Δα2)Le−j(Δφ1+Δφ2)

]
e−2jφ0e−2α0L

(8)

where Δαi and Δφi are the optical loss and phase perturbations
due to FCD effect and are defined as,

Δαi = α(vi)− α0 (9a)

Δφi = φ(vi)− φ0 (9b)

Generally in MZMs are operated at their quadrature transmission
points and to have a strong electro-optic response, the amplitude
of the RF signal and DC bias voltages should be made equal [29].
However, if such a condition is maintained, the nonlinear de-
pendence of Δneff and Δα with the Vbias will also result in
significant IMD in the output signal.

D. Nonlinear Performance Analysis

Generally to study the nonlinear performance of the mod-
ulator experimentally, one has to perform dual-tone test [34],
[35]. In this sub-section we also employ a similar method to
estimate the nonlinear performance of the proposed modula-
tor analytically. A detailed mathematical analysis of the used
method is well discussed in [29] and thus we have not included
the same in this paper. Intrinsic loss of the Si-waveguide is
almost 3 dB/cm at 1550 nm [36]. The proposed ED-assisted
phase shifter with tox = 60 nm will offer a modal attenuation
of 14.23 dB/cm at 2 V for TE mode. Thus, loss introduced by
the FCD effect in the ED-assisted PS of length 500 μm and
775 μm are 0.71 dB and 1.10 dB, respectively. However, it is
important to note that such a loss can be further compensated
with the proper adjustment of power splitting ratios (i.e. γ1 and
γ2) of the MZM. This is also confirmed from the simulation
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results as shown in the Section III. Furthermore in dual series
combination we have another parameter RF power splitting ratio
(γ) that can be controlled to get even lesser IL. If we consider vi
and L to be small enough then, we can safely neglect the optical
loss coefficients due to the FCD effect and intrinsic loss of the
silicon waveguide. Typically, the driving RF signal power level
lies within the range of 10 dBm to 14 dBm, which corresponds
to a peak-to-peak amplitude level in between 2 V to 3.2 V for a
50Ωmatched load at 28 Gb/s. In such cases (8) can be simplified
as,

Eout � Ein

4

[
1 + e−jΔφ1 + e−jΔφ2 + e−j(Δφ1+Δφ2)

]
e−2jφ0

(10)

Now assuming the input RF signal comprises of dual tone signals
i.e. VRF (t) = v0(cosω1t+ cosω2t), the amplitude coefficients
of the fundamental and third harmonic components are given
by,

CFH =
k0k1L

4
(r2 − r1) (11)

CIMD3 =
3v30
16

[
(k0k1L)

3

6

(
r31 − r32

)− k1k2
(
r21r2

+ r1r
2
2

)
(k0L)

2

]
+

3v30
16

[
k3
(
r32 − r31

)
k0L

]
(12)

where k0 = 2π/λ is the free space wavenumber. The coefficient
k1, k2, k3, and k4 are the fitting polynomial coefficients as
described below,

Δn(v) = k4v
4 + k3v

3 + k2v
2 + k1v =

4∑
l=1

klv
l (13)

From (12), it is clear that the IMD3 component of the proposed
modulator is a function of RF power splitting coefficients (r1 and
r2), the length of the modulator (L), input RF signal amplitude
(v0) and, operating wavelength (λ). For a given modulator length
L with a known relation of Δn(v), it is possible to minimize or
even nullify the IMD3 component of the output modulated signal
substantially using the following relation.

k31k
2
0L

2 − 6k0k1k2L

[
r21r2 + r1r

2
2

(r1 − r2)(1 + r1r2)

]
− 6k3 = 0 (14)

The corresponding power of the fundamental and IMD3 compo-
nent are calculated using the relation, PFH = 0.5P 2

inC
2
FH , and

PIMD3 = 0.5P 2
inC

2
IMD3, where Pin is the launched power of

the continuous wave (CW). We have used these analytical for-
mulations to predict the nonlinear performance of the proposed
modulator.

III. SIMULATION RESULTS

In this section, we briefly describe the methodology used to
estimate the performance of the proposed modulator. We also
present the estimated DC transfer function along with its steady
state performance, nonlinear performance and, the transient
performance of the proposed modulator.

Fig. 3. Simulated modal profiles of the proposed ED-assisted optical PS at
different bias voltages: (a) 0 V; (b) 2 V; (c) 4 V. Design parameters are tox = 20
nm, W = 600 μm, electrode combination is Au-Ag-Au.

A. Simulation Methodology

For simulating the performance of the proposed device, we
have used the same design parameters of the noble electrode
based MZM as discussed in [20]. Also, we have ensured that
both MZM-1 and MZM-2 are identical. The carrier information
inside the rib waveguide is numerically extracted at different
bias voltages using a commercial-grade device simulator, which
self-consistently solves the Poisson and drift-diffusion equations
(ANSYS Lumerical Device CT R2022) [37]. Using the carrier
information, change in refractive index (Δn) and change in loss
coefficient (Δα) at 1550 nm can be obtained from the modified
Soref’s relation [22],

Δn = −5.4× 10−22ΔN1.011
e − 1.53× 10−18ΔN0.838

h (15)

Δα = 8.88× 10−21ΔN1.167
e + 5.84× 10−20ΔN1.109

h (16)

where ΔNe and ΔNh are the changes in electron and hole con-
centration per cc, respectively. Using the estimated value of Δn
and Δα, and (6b) we have estimated the static transfer function
of the proposed modulator. Fig. 6 illustrates the variation of Δn
and Δα with VDC . For the estimation of nonlinear performance
of the proposed modulator we have used (11) and (12).

B. Choice of Electrode Metals and Modal Analysis of
ED-Assisted Optical PS

As shown in Fig. 1(b), three electrodes (E1, E2, and E3) are
placed on the top of rib waveguide and a thin oxide layer is
present between the electrodes and rib waveguide. The structure
will exhibit plasmonic behaviour due to these metallic elec-
trodes. The simulation results also confirms the same. The modal
profile for the ED-assisted optical PS with electrode combination
Au-Ag-Au is shown in Fig. 3. It is important to note that in
hybrid plasmonic waveguide structures, guided TE mode offers
small modal attenuation coefficient compared to the guided TM
mode. This is because the guided TM mode lies inside the thin
oxide layer whereas the guided TE mode lies inside the rib
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Fig. 4. Estimated modal neff and αeff for the proposed ED-assisted optical PS with different tox and different metal combinations for the electrodes E1, E2,
and E3.

Fig. 5. Estimated value of Δneff and αeff of the guided TE mode in the
ED-assisted optical PS with waveguide width = 600 nm and tox = 20 nm for
different metals in electrodes E1-E2-E3. Al: Aluminium. W: Tungsten.

Fig. 6. Variation of Δn and Δα inside the rib waveguide with varying DC
voltage. Fitting coefficients as mentioned in Section II is also listed.

waveguide. Also from the simulation results as illustrated in
Fig. 3, the modal loss-coefficient is found to be significantly
higher in TM mode compared to the guided TE mode. Thus in
this paper, it is assumed that the proposed dual-series MZM will
be operated only in TE mode to avoid significant modal loss due
to the localized surface plasmonic resonance (LSPR) around the
rib waveguide. However, it is interesting to note that the modal
loss-coefficient changes significantly with the dimensions of the
rib waveguide (W ), oxide layer thickness (tox). As discussed

in [20], modal loss coefficients decreases with increasing values
of W and tox. A similar optimization analysis as mentioned
in [20], reveals the optimized value of W is 600 nm.

The choice of metal for the electrodes E1, E2, and E3 has
a direct impact on the device footprint and, the performance
metrics of the proposed dual-series MZM. A low perturbation
inneff would lead to larger device footprint, while higher values
of α will lead to high device insertion loss (IL). Also, from the
standard CMOS fabrication technique point of view, some met-
als are not compatible with the CMOS process flow despite of
their excellent potential in ED. Thus, choosing the metals for the
electrodes E1, E2, and E3 for the ED-assisted optical PS should
be done carefully. Among the various potential metals for the
electrodes, we had chosen the controlling electrodes to be made
of Al. As Al offers φm = 4.28 eV making suitable for piling up
the electrons underneath the both controlling electrodes. As the
electrons pile up under the controlling electrodes, the refractive
index under the controlling electrodes reduces (since electron
pile up forces the hole concentration to decrease and thereby
reduces the refractive index under the controlling electrodes).
This perturbation in refractive index helps the guided optical
mode to be confined within the central rib region even with the
applied bias voltages on the electrodes E1-E2-E3.

As we want to achieve a perturbation in theneff of the guided
optical mode, the metals of the electrodes (E1, E2, E3) should be
chosen such a way that it should be able to create strong inversion
layer underneath the electrodes in the p-type rib waveguide.
Therefore the considered metals for the electrodes should have
φm > 4.73 eV and few of the plausible choices for the same
are Pt, Pd, Au, Ag, W etc. We have considered various metal
combination of the electrodes and studied the performance of the
ED-assisted optical PS in terms of Δn and Δα as a function of
VDC with tox = 20 nm. From the simulation results as depicted
in Fig. 4, it is clear that αeff in TM mode is significantly
higher compared to TE mode and the losses of the both the
modes increase as tox reduces. The result also reveals that the
noble metal (Au, Ag) based electrodes in optical PS offers
significantly lower modal attenuation coefficient in both TE and
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Fig. 7. Estimated DC transfer function of MZM-1 with varying γ1 at the input
section. Inset: zoomed transfer function of the sub-MZM for γ1 = 0.5.

TM modes compared to other metal combinations. Similar kind
of results are also reported in [31], [32], [38]–[40]. Apart from
the lower modal attenuation, the perturbation in r.i. for the noble
metal based electrodes offer significant improved performance
compared to Al or W-based electrodes (refer to Fig. 5). Thus, we
have chosen the metal combination for the electrodes E1-E2-E3
is Au-Ag-Au. Also, many active silicon photonic devices are
being recently reported with electrodes made of noble metals
like Au [41]–[46] and Ag [47]–[52] making our proposed device
suitable for future CMOS fabrication process if not now.

C. Steady State Performance

At first, we have estimated Δn and Δα as a function of
applied bias voltage (VDC) and then fitted 4th order polynomials
to obtain Δn(V ), and Δα(V ) as shown in Fig. 6. Using the
fitted polynomials, and (6b), we have then estimated the steady
state transfer function of a single sub-MZM. For simulation, we
have considered the following simulation parameters: L = 400
μm, λ = 1550 nm, Pin = 0 dBm. The steady state transfer
function of a single MZM (MZM-1) with the varying values
of γ1 (coupling coefficient of input coupler) is illustrated in
Fig. 7. From the Fig. 7, it is evident that the transfer function
of the single-MZM is almost sinusoidal and thus it will produce
IMD components in the modulated output signal as predicted
in Section II. Now to linearize the transfer function, another
identical MZM is connected in series as shown in Fig. 1(a). The
power splitting ratio of the RF power splitter and the transfer
function of the cascaded structure is estimated. It must be noted
that, the applied DC bias voltages (VDC,i) are not varied. As a
result, imbalance in the driving RF signals will produce different
operating points of the two sub-MZMs. These different operat-
ing points of both sub-MZMs will cause one of the sub-MZM to
offer higher ER compared to the other sub-MZM. As mentioned
in Section I, this will force the cascaded structure to offer a
linearized transfer function. In this study, we have varied the
power imbalance in two sub-MZMs from 0 dB to 6 dB in a
step of 1 dB. The obtained simulation result is shown in Fig. 8.
As per the simulation results depicted in Fig. 8, the proposed
cascaded modulator can offer approximately 16 dB of static

Fig. 8. Estimated DC transfer function of the proposed dual-series MZM with
varying RF power imbalance between the two sub-MZMs.

Fig. 9. Estimated power of (a) fundamental or first harmonic (FH) component;
(b) IMD3 component with varying L, and γ. Note that the color legend is kept
same.

ER with 3 dB of insertion loss (IL). In such an operation, the
voltage across the modulator should be varied between 2 V
to 8 V approximately. Also, in the presence of RF signal, the
performance of the modulator will improve if a suitable DC bias
voltage (�2V) is applied with the RF signal. From the simulation
result, it is evident that the nonlinear behaviour of DC transfer
function of the proposed modulator structure reduces with an
increasing power imbalance between the two sub-MZMs. This
reduction in nonlinear behaviour comes at the cost of a reduction
in static ER. However, for a more improved performance we
need to optimize L, γ1, and γ2 for the proposed dual series
MZM. Optimization of L, γ1, and γ2 w.r.t. nonlinear perfor-
mance of the cascaded modulator will be discussed in the next
section.

D. Nonlinear Performance

For the simulation of the nonlinear performance of the pro-
posed modulator, we have utilized the 4th order polynomial
betweenΔn andVDC as described shown in Fig. 6. The fitted co-
efficients are k1 = −9.737× 10−5, k2 = −3.972× 10−5, k3 =
3.653× 10−6, and k4 = −1.524× 10−7. We have then esti-
mated power of the fundamental component and IMD3 com-
ponent of the modulated output signal using the (12) assuming
v0 = 1 V and Pin = 10 dBm. In Fig. 9, we have plotted the
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Fig. 10. Contour maps of (a-c) first-order harmonics (FH) and (b-d) IMD3 powers as a function of γ and L for the dual-series MZM. Parameters in the calculation
are: λ = 1550 nm, Pin = 10 mW, v0 is 0.2 V for (a-b) and 1 V for (c-d).

power of the fundamental and IMD3 component as a function
of L, r1, and r2. It is important to note that r1 and r2 can be
expressed in terms of power coupling coefficient as, r1 =

√
γ

and r2 =
√
1− γ where γ is the power splitting ratio of the

RF power splitter. In Fig. 9, we have varied γ between 0.05
to 0.55 in a step of 0.05. As evident from Fig. 9, we have
estimated PFH = −82.93 dBm and PIMD3 = −206.1 dBm
for the proposed modulator with L = 404 μm and γ = 0.20.
However, for γ = 0.25 and L = 606 μm, the estimated power
of FH and IMD3 component of the modulated signals are −81.2
and−186.8 dBm, respectively. In Fig. 10, the contour plot of the
RF power for fundamental or first-order harmonic and IMD3 are
shown with varyingL and γ. Two different RF signal amplitudes
i.e. 0.2 V and 1.0 V is considered to depict the effect in FH
and IMD3. The results show that the IMD3 component gets
enhanced with increased v0. However, such an increment in
IMD3 strength can be tackled by choosing the proper values
of γ and L.

In the previous analysis, we underestimated the nonlinear
performance of the proposed modulator as the optical loss
coefficient was neglected. However we have also performed
the dual-tone test to estimate the SFDR for the second and
third harmonics of the proposed modulator considering the loss
coefficient. For simulation, two tones are located at 10 GHz
and 10.00001 GHz (10 kHz of spacing), and the noise floor

of the spectrum analyzer is assumed at 156 dBm/Hz. The
optical-to-electrical (OE) conversion is done by 30 GHz PIN
photodetector with a responsivity of 0.85 A/W, while the dark
current of the PIN PD is assumed to be 10 nA. The simulation
is carried out using a commercial grade photonic integrated
circuit simulator (ANSYS Lumerical Interconnect R2022). The
simulated SFDR of a single MZM with L = 775 μm and the
cascaded structure of the same MZM is shown in Fig. 11.
As per the results shown in Fig. 11(a), the estimated SFDR
of IMD2 and IMD3 for the single MZM are 92.65 dB.Hz1/2

and 100.6 dB.Hz2/3. Similarly from Fig. 11(b) the estimated
value of IMD2 and IMD3 for the proposed dual-series MZM
are approximately 96.11 dB.Hz1/2 and 132.4 dB.Hz2/3, re-
spectively. The estimated SFDR results confirm the efficacy of
the cascaded structure in terms of linearized operation of the
proposed modulator.

E. Transient Performance

To estimate the transient performance, we have provided a
231 − 1 pseudorandom bit sequence (PRBS) as the electrical
message signal in the proposed modulator with 2 dB imbal-
ance in the electrical signal (refer to Fig. 8). The 20 Gb/s RF
signal driving the proposed modulator with L = 775 μm has a
peak-to-peak amplitude and DC offset voltage of 3 V and 2 V,



6638510 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

Fig. 11. Estimated SFDR of the proposed MZM: (a) single MZM; (b) dual-
series MZM. Other simulation parameters are: VDC = 2V , Pin = 0 dBm, λ =
1550 nm, RF signal frequency = 10 GHz.

respectively. Modulated output optical signals after MZM-1 and
MZM-2 are shown in Fig. 12(a)–(b). The eye diagrams after
each MZM are shown in Fig. 12(c) and (d). From Fig. 12(a), we
have estimated the dynamic ER at 20 Gb/s data rate offered by
the modulator is approximately 4.06 dB. As we have cascaded
two modulators for linearized operation, it is expected that the
cascaded structure will offer decreased 3-dB electro-optic (EO)
bandwidth compared to a single sub-MZM. We have performed
EO simulation for a 775 μm long single MZM and found the
3-dB EO bandwidth to be 11.39 GHz. The cascaded structure
offers a 3-dB EO bandwidth of 8.32 GHz (refer to Fig. 13). This
reduction in 3-dB EO bandwidth can also be confirmed using
the following relation.

f3−dB =

(
1

f2
3−dB,MZM−1

+
1

f2
3−dB,MZM−2

)− 1
2

(17)

EO simulation using Ansys Lumerical Interconnect also reveals
the 3-dB EO bandwidth of the cascaded structure to be approx-
imately 8.32 GHz, while the estimation from (17) is approxi-
mately 8.05 GHz. Therefore we conclude that the analytical and
simulation results closely match.

Fig. 12. Transient performance of the proposed modulator with L = 775 μm
in the presence of 231 − 1 PRBS signal at 20 Gb/s data rate: amplitude vs. time
after (a) MZM-1; (b) MZM-2; corresponding eye-diagram after (c) MZM-1;
(d) MZM-2.

Fig. 13. Simulated electro-optic response of single MZM and dual-series
MZM structure. The length of the both sub MZMs are 775 μm.

IV. CONCLUSION

In this paper, we have analyzed a dual series MZM based
on two ED enabled MZMs. Detailed mathematical analysis
on the transfer function and nonlinear performance of such a
cascaded modulator is presented in this paper. Linearization of
the proposed MZM based on electrical power imbalance is also
discussed in the paper. The proposed modulator’s operation is
also supported by analysis. From the results, we can conclude
that one can significantly improve the nonlinear performance of
the proposed modulator by adjusting γ and L of the modulator.
As an example we have shown that a significant suppression
as high as 120 dB between the FH and IMD3 component is
achievable for 404 μm long sub-MZM with γ = 0.20. Steady
state simulation shows that the proposed modulator can offer
17 dB of ER for a DC voltage change of 6 V, approximately. A
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2 dB electrical power imbalance between the two sub-MZMs is
required to achieve the mentioned ER. The proposed modulator
is found to offer offer 3.2 dB IL with 10.2 dB of dynamic
ER at 10 Gb/s data rate. The dual tone test method estimated
the SFDR of a single MZM with L = 775 μm for IMD2 and
IMD3 are 92.65 dB.Hz1/2 and 100.6 dB.Hz2/3, respectively.
Similar analysis for the dual-series MZM is carried out and
the estimated SFDR for IMD2 and IMD3 are 96.11 dB.Hz1/2

and 132.4 dB.Hz2/3, respectively. Hence, the improvement in
SFDR for IMD2 and IMD3 in the case of dual-series MZM are
3.46 dB and 31.8 dB, respectively. From the transient analysis,
we have estimated the 3-dB EO bandwidth of the single MZM
and dual-series MZM (both hasL= 775μm) are 11.39 GHz and
8.32 GHz, respectively. Thus, the linearisation of the dual-series
MZM comes at the cost of 3-dB EO bandwidth. As the proposed
dual series MZM offers high dynamic ER even at high data rates,
it can be used as an silicon photonic PAM-4 modulator suit-
able for intra data centre communications. Also, the proposed
linearized dual-series MZM can be used for analog-photnic
link.
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