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Abstract

In this paper, we propose and analyse the performance of
an electrostatic doping assisted optical phase shifter loaded
push-pull Mach Zehnder modulator (MZM) suitable for
short reach optical interconnects. The proposed modula-
tor can be fabricated on standard silicon-on-insulator (SOI)
platform and is free from the requirement of highly doped
optical waveguide. Theoretical analysis as well as simula-
tion for the performance estimation for the proposed mod-
ulator have been presented in this paper. Simulation results
indicate that the proposed MZM can support upto 35.2 Gb/s
data rate with 4.7 dB of dynamic extinction ratio (ER) and
introduces only 5.1 dB of insertion loss (IL). Results also
indicates the proposed modulator supports hard decision
(HD) FEC BER of 3.8× 10−3 at 25 Gb/s data rate over
a 5 km of standard single mode fiber (SSMF) enabling it
suitable for intra-data center optical interconnects.

1 Introduction

Energy efficient high bandwidth integrated optical intercon-
nects have become the potential solution for improvement
in overall productivity and efficiency of modern data
centers, where the communication traffic has increased
exponentially in the past few years [1, 2]. Silicon photonics
(SiP) owing to its low cost, and CMOS compatibility is
the most accepted technology for the optical interconnects
[1, 3]. In these SiP interconnects, integrated silicon
modulators play an important role in converting electrical
signal into optical signal. Short reach interconnects, which
utilizes intensity modulation employs either Mach-Zhender
modulator (MZM), or electro-absorption modulator
(EAM), or microring modulator (MRM) [3, 4]. Among
these modulators, MZM suffers from large device footprint
and high power consumption [4], while the performance
of MRM largely depends on operating wavelength and
temperature [5]. On the other hand, EAM suffers from
large device footprint as electro-absorption is very weak
in Si. A highly compact and energy efficient optical phase
shifter (PS) may be a potential solution to tackle the large
footprint problem of the SiP modulators. In general,
integrated optical PS utilizes free carrier plasma dispersion
effect to achieve a refractive index perturbation in the
waveguide, which can be embedded in an interferometric

structure to achieve optical intensity modulation. To reduce
the overall footprint of the PS, light matter interaction
in the waveguide should be improved by increasing the
doping concentration in the PS.

Now at increased doping concentration, the performance of
the optical PS and thus the SiP modulator gets affected due
to random dopant fluctuations (RDF), undesired dopant ac-
tivation, variation in doping concentration along the length
of the PS [6]. To get rid of these problems, recently we
have proposed an electrostatic doping (ED) assisted optical
PS and we have utilized the ED-assisted PS to propose
MZM [5], MRM [7, 8], and EAM [9]. Such ED-assisted
PS (utilizes both work-function and bias voltage induced
doping) does not contain any chemically doped PN or PIN
junction, but still it can be operated in both carrier inversion
or accumulation mode. Hence, realization of a push-pull
modulator with help of such optical PS is also feasible.
In this paper, we propose and analyse the performance of
an ED-assisted PS loaded push-pull MZM intended for
short reach optical interconnects. In general, the push-pull
MZM finds wide applications in analog-optical links [11],
mm-wave signal generation [12], and in comb frequency
generation [13]. The outline of the paper is as follows. In
section 2, we describe the modulator structure, and present
an analytical model of the same. Section 3, comprises of
simulation methodology, simulation setup and results. In
section 4, conclusions are drawn.

2 ED Assisted Push-Pull MZM

2.1 Device Description

Fig. 1 depicts the schematic of the proposed ED assisted
push-pull MZM, which contains two ED-assisted PS in the
both the arms. The two PS are connected by an integrated
power splitter having power splitting ratio γ1/(1−γ1) at the
input, and by an integrated power combiner having power
combining ratio γ2/(1− γ2) at the output. The length of
the both PS is assumed to be ‘L’ (µm). Fig. 1(b) illus-
trates the cross-sectional view of the ED-assisted PS. The
PS comprises of a 600 nm wide rib waveguide. The device
layer is a P-type semiconductor with a doping concentra-
tion of NA = 1017 per cc. As depicted in Fig. 1(b), there
are five electrodes (three anodes and two controlling elec-
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Figure 1. Schematic of proposed ED-assisted MZM: (a)
longitudinal view; (b) cross-sectional view of the ED-
assisted PS.

trodes) present in an ED assisted PS. Among these three
anodes, two 50 nm wide electrodes (E1 and E3) are placed
on the top at the edges of the waveguide, while a 100 nm
wide electrode (E2) is placed centrally on the top of the rib
waveguide. A 20 nm thin layer of SiO2 between the anodes
and the top of the rib waveguide is present to prohibit the
flow of tunnelling current even at high bias voltages. The
optimization of W and tox are well discussed in [5]. All
the three anodes are electrically connected, and these form
three different MIS structures on the rib waveguide. There
are two aluminum based controlling electrodes present on
the clearance region of the rib waveguide forming MS junc-
tions. Both controlling electrodes are 24 nm wide and 90
nm high. Detailed optimization study of the electrode di-
mensions and spacing between the electrodes is well ad-
dressed in [8] and hence skipped here. The controlling elec-
trodes being 500 nm away from the side walls of the rib, do
not contribute significantly to the overall modal loss coeffi-
cient of the rib. The device layer apart from the rib region
is etched down to 50 nm to make the structure compatible
with standard input-output grating couplers. The top of the
device layer is assumed to be covered with SiO2. Electri-
cal data is applied on both of the PS after a DC shift (VDC)
as shown in Fig. 1(a). In push-pull configuration the two
voltages on the two PSs are made complimentary in nature.
The operating principle of the ED-assisted PS is explained
in [5, 9] and thus not included here.

2.2 Analytical Model

Referring back to Fig. 1(a), the output electric field of the
modulated signal (Eout ) can be expressed as,

Eout =
[√

γ1γ2e− j∆φ(v1)e−∆α(v1)L
]

e− jφ0e−α0LEin

+
[√

(1− γ1)(1− γ2)e− j∆φ(v2)e−∆α(v2)L
]

e− jφ0e−α0LEin

(1)

Figure 2. Change in carrier concentrations across the rib
waveguide at three different anode voltages: (a) 0 V, (b) -5
V and, (c) +5 V.

where ∆φ(v) = 2π∆n(v)Lλ−1, and ∆α(v) represents the
voltage dependent phase and loss coefficient introduced by
the PS. φ0 and α0 are the phase and loss of the PS at zero
voltage. Assuming γ1 = γ2 = γ = 0.5, eqn. (1), can be
rewritten as,

Eout = 0.5e−(α0L+ jφ0)
[
e− j∆φ(v1)e−∆α(v1)L + e− j∆φ(v2)e−α(v2)L

]
Ein

(2)
Optimizing γ1 in eqn. (1), higher dynamic extinction ratio
(ER) of the proposed modulator can be achieved.

3 Simulation Results

3.1 Simulation Methodology and Test Setup

For estimating the performance of the proposed device, we
have used the similar design parameters of the noble elec-
trode based MZM as discussed in [5]. The carrier informa-
tion inside the rib waveguide is numerically calculated at
different anode voltages (VA) using a commercial-grade de-
vice simulator, which self-consistently solves the Poisson
and drift-diffusion equations (Lumerical Device CT) [14].
Fig. 2 depicts the carrier concentration for different values
of VA. Using the carrier information, change in refractive
index (∆n) and change in loss coefficient (∆α) at 1550 nm
can be obtained from the modified Soref’s relations [15] as,

∆n =−5.4×10−22
∆N1.011

e −1.53×10−18
∆N0.838

h (3)

∆α = 8.88×10−21
∆N1.167

e +5.84×10−20
∆N1.109

h (4)

where ∆Ne and ∆Nh are change in the electron and hole
concentration per cc, respectively. For the determination
of modal effective refractive index and loss coefficient at
different VA, we have used a commercial grade simulator,
Lumerical Mode Solutions [16]. Using the estimated value
of ∆n, ∆α , and the system depicted in Fig. 3 we have es-
timated the performance of the proposed modulator using
Lumerical Interconnect [17].



PRBS NRZ

Pattern: 2 -1
11

+

+

VDC1

VDC2

G = -1

DFB Laser
OFC

Length = Lf

VRF1

PIN PD

VOA

P = 0 dBmin

l = 1550 nm

Eye Diagram Analyzer

Sampling Scope

Electrical Path
Optical Path

Push-Pull
MZM

VRF2

Figure 3. Simulation test setup utilized to estimate the tran-
sient and BER performance of the proposed modulator.
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Figure 4. Performance of the proposed modulator in terms
of (a) dynamic ER, (b) IL, with varying L and γ1. For sim-
ulation, we have utilized a 25 Gb/s, 211−1 PRBS signal.

3.2 Steady State Performance

At first, we have estimated the value of Vπ Lπ for PS1 and
PS2. For λ = 1.55 µm, the estimated value of Vπ Lπ for PS1
and PS2 are 0.36 V.cm and 0.74 V.cm, respectively. PS1
exhibits better performance compared to PS2 as ∆Nh is high
in carrier inversion mode. For the optimization of L and γ1,
we have varied L from 200 µm to 500 µm in a step of 100
µm, while γ1 is varied from 0.5 to 0.95 in a step of 0.05. In
the simulation, we have also assumed an excess loss of 0.36
dB for the both power coupler and splitter. Since the two PS
are operating in two different conditions, losses in the both
arms of the MZM will be different. For L = 200 µm, PS1
and PS2 introduces 3.34 dB, and 0.85 dB of IL, respectively.
Hence, an asymmetric power splitter at the input section
will enhance the dynamic ER of the modulator. Simulation
results depicted in Fig. 4 supports the same. The estimated
dynamic ERs of the 400 µm long MZM for γ1 = 0.5, and
0.9, are approximately 8 dB and 18.6 dB, respectively. For
γ1 = 0.9, the proposed modulator with L = 200 µm, 300
µm, and 500 µm offers approximately 4.8 dB, 9.3 dB, and
19.2 dB, respectively. Evidently, the dynamic ER increases
with the length of PS (refer to Fig. 4(a)). However, this
improvement comes in the cost of IL and 3-dB electro-optic
(EO) bandwidth [5].
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Figure 5. Simulated optical eye diagram of the modulated
optical signal at: (a) B2B, after (b) 0.5 km, (c) 1 km, and
(d) 5 km. Input data rate is selected at 10 Gb/s.

3.3 Transient Performance

To study the transient performance of the modulator, we
have provided a 211−1 PRBS signal of amplitude 5 V with
a 3 V DC offset at 10 Gb/s to drive the modulator with
L = 200 µm and γ1 = 0.9. The corresponding optical eye
diagram of the modulated signal at back-to-back condition
(B2B), and after L f = 0.5, 1, and 5 km are shown in Fig.
5. The estimated dynamic ER is found to be approximately
4.8 dB. At 25 Gb/s, the modulator with L = 200 µm and
γ1 = 0.5 offers approximately 3.8 dB of dynamic ER
and 3.6 dB of IL (refer Fig. 4) which is higher even for
the specified ER of 3.5 dB for short reach interconnects
[18]. Using the method described in [5], we have found
that the proposed modulator of L = 200 µm, and 400
µm will offer approximately 28 GHz and 22.7 GHz of
3-dB EO bandwidth, respectively. For such modulators,
the estimated maximum operating speed ( fmax) are 35.2
GHz and 30.3 GHz, respectively. As discussed in [5],
for large values of L, the modulator suffers from the high
capacitances originating at the three MIS junctions. Thus,
for high speed operation it is absolutely essential to choose
the value of L as low as possible.

For the estimation of BER performance, we have se-
lected the modulator with L = 400 µm. We have driven
the modulator at 25 Gb/s data rate with a 211 − 1 PRBS
signal. For the test link, we have varied L f from 0.5
km to 5 km and at the receiver end we have used a PIN
photodetector (PD) (refer to Fig. 3). For the PIN diode,
we have considered a thermal noise of -410 dBm/Hz and
responsivity of 0.85 A/W. Also, 5 nA of dark current for
the PIN PD is considered. The simulated BER performance
for the proposed modulator at 25 Gb/s data rate is shown in
Fig. 6. From the results, we can conclude that the proposed
modulator can achieve the HD-FEC BER limit easily even
for a 5 km long SSMF link. The estimated power penalty
of the SSMF link at 0.5, 1, and 5 km for pre-FEC BER
are 2.5 dB, 5 dB, and 13 dB, respectively. However, it is
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Figure 6. Simulated BER performance of the proposed
modulator at 25 Gb/s.

Table 1. Performance comparison of the proposed MZM.

Reference Year Material L
[mm]

ER
[dB]

IL
[dB]

fmax
[GHz]

Vπ Lπ

[V.cm]

[10] 2019 Si 3 3.6 9.1 32 0.55
[11] 2019 Si−LiNbO3 3 5.0 2.5 112 2.20
[19] 2019 AlGaAs 10 3.0 7.5 - 1.00

This work 2020 Si 0.2 4.7 5.1 30.3 0.36-0.74

worthy to note that the power penalty of the link may be
reduced further by using DSP based dispersion mitigation
algorithms at the receiver end. Also, we have compared
the performance of the proposed MZM with some recently
reported push-pull MZMs in Table-1. From the compari-
son, we can conclude that the proposed modulator offers
significant improvement in terms of length. Although the
proposed modulator offers a similar dynamic ER but it has
a limited maximum operating speed.

4 Conclusions

An ED-assisted optical PS loaded push-pull MZM is pro-
posed and its performance is analyzed in this paper. An an-
alytical model of the proposed MZM is also presented here.
Simulation results indicate that, a 200 µm long push-pull
MZM offers almost 4.7 dB of dynamic ER at 10 Gb/s data
rate with 5.1 dB of IL. We have also optimized the value of
γ1 and L as a function of the dynamic ER and IL. From the
results, we can also conclude that asymmetric power split-
ting in the input section of the modulator will increase the
dynamic ER of such modulators. For 200 µm long modula-
tor, the estimated value of fmax and 3-dB EO BW are 35.2
GHz, and 28 GHz, respectively. BER performance analy-
sis confirms that, the proposed modulator based SSMF link
can achieve HD-FEC BER limit at 25 Gb/s data rate.
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