
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 
1 

 

Abstract—The purpose of this paper is twofold. First, we discuss 

the efficiency-speed tradeoff in slow-light (SL) silicon photonic 

(SiP) modulators. For this, a comprehensive model for the electro-

optic (EO) response of lumped-electrode SL Mach-Zehnder 

modulators (SL-MZMs) is presented. The model accuracy is 

verified by comparing it to experiments. Our analysis shows that 

slowing down the optical wave helps to enhance efficiency by 

increasing the interaction time between the optical wave and the 

uniform voltage across lumped electrodes, but at the cost of 

limiting the EO bandwidth. Then, we investigate SL-MZMs with 

traveling-wave (TW) electrodes whose dynamic interaction is 

predicted using a distributed circuit model. Having been solved by 

the finite-difference time-domain (FDTD) method, the model 

shows that TW SL-MZMs are capable of improving both 

efficiency and speed under an optimized SL effect. We also 

compare SL-MZMs with conventional MZMs (C-MZM) 

considering a figure of merit (FOM) that combines key parameters 

such as efficiency, loss, and EO bandwidth. We show that the 

additional loss of SL waveguides significantly impacts the 

preferred modulator choice at different baudrates. The second 

aim of this paper is to examine different design strategies to reduce 

Vπ of C-MZMs in order to meet the requirement of COMS driver 

using 1) a longer phase shifter, 2) higher doping densities, and 3) 

the SL effect. It is shown that the SL effect provides the best overall 

performance among the three. Indeed, only the SL effect offers 

simultaneous improvement in Vπ, footprint, and EO bandwidth; 

the other approaches provide Vπ reduction but at the cost of 

reduced speed or enlarged footprint (or even both).   

 
Index Terms— Silicon photonic modulators, slow light effect, 

electro-optic bandwidth, modulation efficiency, Vπ reduction. 

I. INTRODUCTION 

ILICON modulators are one of the key components needed 

to provide cost-effective and energy-efficient photonic 

integration of optical transceivers [1], [2]. Tremendous efforts 

have recently been dedicated to improving the performance of 

SiP modulators. Notwithstanding, three fundamental tradeoffs 

still exist between: efficiency-stability, efficiency-speed, and 

efficiency-loss. The efficiency of modulators is described by 

either their Vπ or power consumption in energy per bit.  

Among SiP modulators, MZMs loaded with TW electrodes 

are preferred devices in commercial optical systems because of 

their stability and high-speed operation. However, they are 

generally energy-hungry and have a large footprint [3]–[6]. In 
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contrast, resonator-based modulators, for example, micro-ring 

modulators (MRMs), offer a highly efficient operation with 

energy consumption of only a  few femtojoule per bit and a 

compact footprint [7]–[12]. However, MRMs are unstable and 

sensitive to the operational wavelength. Moreover, their speed 

is limited by the photon lifetime of their cavities.  

SL-MZMs recently demonstrated outstanding potential to 

improve SiP modulator efficiency and stability, simultaneously 

[13]–[21]. Indeed, slowing down the optical waves can enable 

significant modulation enhancement over a large optical 

bandwidth while offering an operating condition insensitive to 

temperature fluctuations. For instance, using  2-D photonic 

crystal waveguides loaded into an MZM, Ref. [13] reports a 

group index of about 10 over the whole C-band with a phase 

shifter length of 200 μm. In Ref. [16], micro-ring resonators are 

used to slow down optical waves inside an MZM and the 

authors report an operating temperature range of 54 0C with a 

compact phase shifter length of 110 μm and an enhancement 

factor of γ= 8. Here, the enhancement factor is defined as 

γ=ng,SL/ ng, where ng,SL and ng ~ 3.8 are the group indices of SL 

waveguides and simple waveguides, respectively. In Ref. [20], 

an MZM based on 1-D photonic crystal (Bragg grating) 

waveguides was proposed. This modulator is characterized by 

a group index of 8 over an optical bandwidth of 1.3 nm with a 

footprint length of 500 μm. We recently demonstrated an MZM 

assisted by Bragg grating resonators, which achieved γ= 7 over 

an optical bandwidth of 3.5 nm (equivalent to an operating 

temperature range of ~ 40 0C) with a phase shifter length of 162 

μm [21].  

Although SL-MZMs are capable of enhancing both 

efficiency and stability, their operating speed is typically 

limited. Conventional SiP modulators (such as MRMs and 

MZMs) are characterized by an efficiency-speed tradeoff: 

modulation efficiency is enhanced either by increasing p-n 

junction capacitance or photon lifetime at the cost of 

compromised EO bandwidth. In the case of SL-MZMs, because 

of their short phase shifter, they are typically implemented with 

lumped electrodes and their speed is restricted not only by the 

RC time constant but also by the interaction time between the 

optical signal and the uniform voltage along electrodes ([22], 

[23]). This interaction time is increased by the low optical group 

velocity. The SL effect therefore imposes an intrinsic restriction 

on the modulator speed. Studies show that specially designed 
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TW electrodes can mitigate this issue. For example, in Ref. 

[24], a SL-MZM combined with meander-line electrodes was 

proposed to compensate for the velocity mismatch between RF 

and optical waves.  

In order to investigate the efficiency-speed tradeoff in SL-

MZMs, a deeper understanding of the dynamic interaction 

between electrical and optical waves in SL-MZMs is required. 

Many efforts have been dedicated to modeling lumped-

electrode modulators [22], [25]–[27], and TW MZMs [28]–

[31]; however, none of these previous models incorporated the 

SL effect. In this paper, we present and experimentally validate 

a dynamic model for SL-MZMs combined either with lumped 

electrodes or with TW electrodes. Such a model is currently 

missing from the literature. We investigate the EO response of 

SL-MZMs in comparison to C-MZMs considering efficiency, 

loss, and EO bandwidth.  

The rest of the paper is organized as follows. In Section II, 

we first develop a model to predict the EO response of lumped-

electrode SL-MZMs, as shown in Fig. 1 (a). We validate the 

model with experimental measurement. Thereafter in Section 

III, we expand the model for SL-MZMs to include TW 

electrodes as illustrated in Fig. 1 (b). The model is obtained by 

solving the coupled equations of TW electrodes using the 

FDTD method. Afterwards, we compare the three modulators: 

lumped-electrode SL-MZM, TW SL-MZM, and C-MZM 

shown in Fig. 1 (c). We consider the EO bandwidth and a FOM 

that combines performance indicators such as efficiency, loss, 

and EO bandwidth. Finally, in Section IV, we examine and 

discuss three design strategies to reduce Vπ of MZMs: 

increasing the phase shifter length (IPSE), increasing doping 

density (IDD) of p-n junctions, and using the SL effect. 

II. SL-MZM WITH LUMPED ELECTRODES 

A. EO Model 

In this section, we develop a general model of the EO response 

of lumped-electrode SL-MZMs with analysis of both RF circuit 

and optical waveguide. The model can be employed for SL-

MZMs based on different passive structures. In this paper, our 

case study is the lumped-electrode SL-MZM based on Bragg 

grating resonators (BGRs) reported in [21] (shown Fig. 1 (a)). 

In [32], we explained in detail how to engineer the SL effect 

using Bragg grating resonators.  

RF analysis: An equivalent electrical circuit for a loaded 

transmission line (TML) is required to calculate the effective 

RF power applied on p-n junctions. Fig. 2 shows the cross-

section of the modulator operated with the single-drive push-

pull configuration, as well as its equivalent electrical circuit 

[22], [26], [27]. The impedance mismatch between the TML 

and the RF source introduces a RF transmission coefficient 

(TTML) as 
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where CPN and RPN are capacitance and series resistance of a 

single p-n junction, respectively. L represents the electrode 

inductance. C0 is the pad parasitic capacitance. The 

characteristic impedance of the source is represented by Z0. 

After that, the effective voltage (Veff) on each p-n junction as a 

function of the source (VRF) is calculated as 
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Fig. 1. Schematic of a SL-MZM based on Bragg grating resonators and a) 

lumped electrodes, and b) TW electrodes.  A C-MZM with TW electrodes 

is shown in c). 
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Fig. 2. a) Schematic of a single-drive push-pull MZM with lumped 
electrodes. b) Equivalent RF circuit model. 
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Optical analysis: In this step, we derive an expression of the 

optical phase shift, produced by carrier depletion in the p-n 

junction, as a function of the effective voltage. The changes in 

the effective index due to the applied voltage is given as 
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where E is the mode electrical field, and Δn is described as [33] 
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where λ is the optical wavelength, and ΔNA and ΔND are the 

carrier densities of holes and electrons, respectively. We 

simulate the electrical field for the fundamental optical 

waveguide mode in a rib waveguide using Lumerical-Mode. 

Afterward, we numerically compute the integrals in Eq. (3) 

using MatLab to calculate the changes in the refractive index as 

a function of the effective voltage, as shown in Fig. 3 (blue line) 

[25], [31], [32]. Note that the values of all parameters are 

presented in Table II of Appendix I. 

The partial derivative of the phase shift (δΔφ) is calculated 

along a very small length of the electrode (δLSL-MZM) as 

δΔφ(V(t))=k0×Δn(V(t))×δLSL-MZM, where k0 is equal to 2π/λ. 

Considering that light speed is constant along the waveguide, 

δLSL-MZM can be expressed as δLSL-MZM=(c/γng)×δt, where c is 

the light speed in free space. Finally, the total phase shift along 

the electrode is computed as 
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The time-dependent phase shift expressed in Eq. (5) can be 

expressed in the frequency domain as (see Appendix II)  
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(6) 

 

Considering an MZM operated at the quadrature point, the 

frequency response, S21, of SL-MZMs is now derived as (see 

Appendix III) 
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where F and F-1 represent the Fourier- and inverse-Fourier 

transform, respectively, and α is the attenuation coefficient.  

B. Model Validation 

We verify our model using measurement results of an MZM 

assisted by BGRs reported in Ref. [21]. Each arm of the MZM 

is loaded with BGR having six-coupled resonators. Each 

resonator consists of a phase-shifted section with 45 grating 

periods on each side. The key idea in this design was to keep 

the resonance bandwidth wide by employing coupled cavities 

with a low-quality factor. The modulator demonstrates an 

enhancement factor of γ= 7 over an optical bandwidth of about 

3.5 nm with a phase shifter length of LSL-MZM= 162 μm. The 

colored dashed lines in Fig. 4 show the measured |S21| for 

different operational wavelengths with 3-dB bandwidths close 

to 28 GHz at a reverse bias of 1 V. The solid black line in Fig. 

4 illustrates the EO response of the SL-MZM predicted by our 

model, showing a good agreement with the measurement. We 

also perform a large-signal analysis and plot the optical eye 

diagram in Fig. 5 (a). These simulations considered  a peak-to-

peak voltage of 3.5 V on each arm, a reverse bias voltage of 1.5 

V, an operational wavelength of 1570 nm, and a modulation 

speed of 20 Gb/s. Comparing it with Fig. 5 (b), the model 

provides a satisfactory estimation of the measured eye diagram 

reported in [21]. 

C. EO Bandwidth of SL Modulators with Lumped Electrodes 

After obtaining a reliable model, we perform an analysis to 

understand the impact of the enhancement factor and the bias 

voltage on the EO bandwidth of lumped-electrode SL-MZMs. 

Fig. 6 shows the EO bandwidth of SL-MZMs with a phase 

shifter length of LSL-MZM= 162 μm as a function of the reverse 

bias (Vbias) for different enhancement factors. As expected, the 

EO bandwidth increases as Vbias becomes larger; however, the 

increase is inversely related to the enhancement factor. In other 

words, as Vbias changes from 0 V to -20 V, the increase for γ= 3 

is 33 GHz, whereas it is 3.1 GHz for γ= 13. Indeed, if a strong 

SL effect is exploited, the EO bandwidth saturates as it becomes 

limited by the interaction time. It is also seen that for larger 

enhancement factors, the EO bandwidth saturates at lower Vbias; 

i.e. the saturation voltage is 10 V for γ= 7, whereas it is 6 V for 

γ= 10.  

 
Fig. 3. The changes in the refractive index and the p-n junction absorption 

loss as a function of reverse voltage for a simple waveguide. 
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D. Comparing SL-MZMs to C-MZMs 

We compare the performance of SL-MZMs with lumped 

electrodes to a C-MZM with TW electrodes, by considering the 

EO bandwidth as well as a FOM introduced in  [34]. In Ref. 

[35], an MZMs with TW electrodes was designed and 

demonstrated for operation above 400 Gb/s. This modulator is 

characterized by a Vπ 7 V, a phase shifter length of LC-MZM= 

4.8 mm, and an insertion loss of 12.3 dB/cm, including the 

propagation loss (~2.5 dB/cm) and the absorption loss (~9.8 

dB/cm). Utilizing the time-domain model reported in [31], we 

estimate this MZM EO bandwidth as 15.8 GHz at Vbias of -1 V. 

We choose this modulator as a reference in our analysis. 

SL-MZMs are typically characterized by high insertion loss 

of more than 100 dB/cm, which is caused by the highly 

structured passive SL waveguides that generate loss through 

sidewall roughness and lithographic inaccuracies. This loss 

typically scales with group index. We reported an insertion loss 

of 123 dB/cm for a γ= 7 MZM assisted by BGRs [21]. In [36], 

[37], it is shown that the propagation loss in SL waveguides 

scales linearly with γ and, therefore, we assume in our 

assessment that the proportionality factor is 17.5 dB/cm (e. g., 

αSL-MZM= 35 dB/cm for γ= 2).  

To make a fair comparison, we consider an operating 

condition under which both modulators (SL-MZMs and the C-

MZM) possess similar Vπ. To this end, the phase-shifter length 

of the C-MZM must be equal to the length of SL-MZMs 

multiplied by the enhancement factor, as expressed in Eq. (8) 

or, in the following analysis, LC-MZM= 4.8 mm and LSL-MZM= 

4.8/γ mm. Also, note that we set Vbias= -1 V for all calculations.  

 

C MZM SL MZML L     (8) 

1) EO Bandwidth 

The calculated EO bandwidth of the SL-MZMs with lumped 

electrodes and the C-MZM with TW electrodes, under the 

condition of Eq. (8), are shown in Fig. 7. As mentioned 

previously, the EO bandwidth of the C-MZM is 15.8 GHz, 

while the “SL-MZM” with lumped electrode and no SL effect 

(γ= 1 and LSL-MZM= 4.8 mm) provides only a 6 GHz bandwidth. 

When slowing down the light (γ > 1), the EO bandwidth first 

improves and then saturates. Up to γ= 5 (LSL-MZM= 960 µm), the 

EO bandwidth is increased to 9 GHz and, thereafter, it remains 

almost unchanged.  Indeed, larger enhancement factors (γ ≥ 5) 

allow a reduction in the phase shifter length and, consequently, 

a decrease in the RC time constant; however, this comes at the 

cost of an increase in the interaction time. The reduction in the 

RC constant and the increase in the interaction time compensate 

each other, resulting in an EO bandwidth that remains fixed.  

It is also observed in Fig. 7 that the C-MZM offers an EO 

response with a smooth roll-off, which is a key advantage to 

operate modulators at much larger baudrate than their EO 

bandwidth. In the present case, the 10-dB bandwidth is 33 GHz 

for the C-MZM, whereas it is only 14.5 GHz for SL-MZM with 

γ= 9 (LSL-MZM= 533 µm). 

2) FOM 

A SiP modulator FOM grouping efficiency, loss, and EO 

bandwidth was derived in [34]. A classical FOM is 

FOM=VπαLPS, where LPS is the phase shifter length. This FOM 

is derived considering the static transmission power penalty 

(TPP) generated by the modulation loss and the propagation 

loss. In addition to this static TPP, a dynamic TPP occurs due 

to intersymbol interference (ISI) resulting from the finite EO 

bandwidth. The impact of ISI is particularly important when 

modulators operate at baudrate exceeding their EO bandwidth. 

 

Fig. 4. Normalized S21 of SL-MZM with lumped electrodes (γ= 7, Vbias= -

1 V and LSL-MZM= 162 μm). Dash-colored lines are measurement results for 

different operational wavelengths. The solid black line is the EO response 

predicted by the model.  

 
Fig. 5. Eye diagram of SL-MZM with lumped electrodes at 20 Gb/s a) 

simulation b) measurement with Vpp=3.5 V on each arm, Vbias=1.5 V and 

=1570 nm. 

 

Fig. 6. The EO bandwidth as a function of reverse voltage for different 

enhancement factors and LSL-MZM= 162 μm. 
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The classical aforementioned FOM does not take this into 

account. In Ref. [34], it was theoretically shown that the 

normalized optical modulation amplitude (OMA) is a more 

reliable means to represent the dynamic and static TPPs. From 

the definition of OMA, the authors add another term to the 

FOM, that is now as expressed as  

 

2
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(9) 

 

where BWEO is the EO bandwidth, BR the target baudrate, and 

M is the modulation level of the modulation format. For future 

discussion, note that smaller FOM indicates better performance.  

We carry out our FOM analysis with and without loss in 

order to examine its impact on the performance of SL-MZMs. 

Fig. 8 illustrates the FOM for the C-MZM (dash line) and 

lumped-electrode SL-MZMs (solid lines) with different γ as a 

function of baudrate without including loss (α= 1 dB/cm for 

both cases). As depicted, lumped-electrode SL-MZMs 

demonstrate superior performance if the light is slowed down 

enough (γ ≥ 4). Indeed, larger enhancement factors (γ ≥ 4) make 

phase shifter more compact (LSL-MZM ≤ 1.2 mm), which leads to 

a drastic reduction in the FOM’s value. Including the excess 

loss due to the SL waveguide in the evaluation has an important 

impact in the lumped-electrode SL-MZMs FOM, as shown in 

Fig. 9 (i.e., α= 12.5 dB/cm for C-MZM and α= 17.5×γ dB/cm). 

The SL-MZM no longer presents a better performance, even 

with strong SL effects. The two FOMs are diverging rapidly for 

baudrates >20 Gbaud and, for example, at baudrate of 80 

Gbaud, the FOMC-MZM is 8.7, whereas the FOMSL-MZM is 36 

under with γ= 9 (LSL-MZM= 533 µm).  

E. Discussion: Lumped-Electrode SL-MZMs vs C-MZMs 

The C-MZM offers a larger EO bandwidth than lumped-

electrode SL-MZMs (under the condition of Eq. (8)). 

Furthermore, the EO response of C-MZM is more suitable to 

push the operation to high baudrate due to its smooth frequency 

response roll-off. As a result, lumped-electrode SL-MZMs 

enhance efficiency but at the cost of reduced speed. These 

modulators therefore do not present a solution to the efficiency-

speed tradeoff. One way to improve the performance of SL-

MZMs is to optimize their passive structures and the fabrication 

processes to reduce the excess loss of SL waveguides, which is 

out of the scope of this paper. Another way is to manipulate the 

electrodes in order to improve the EO bandwidth, which will be 

discussed in the following section. 

III. SL-MZMS WITH TW ELECTRODES 

In this section, we investigate SL-MZMs with TW electrodes 

(Fig. 1 (b)) and examine whether TW electrodes enable SL-

MZMs to address the efficiency-speed tradeoff and present an 

improved performance compared to C-MZMs.  

A. Small Signal Model for TW SL-MZMs 

In Ref. [31], a comprehensive time-domain model for C-MZMs 

with TW electrodes is reported. We now expand this model 

such that it also incorporates the SL effect. The model is based 

 

Fig. 7. Normalized S21 for SL-MZMs with lumped electrodes and the C-

MZM. LC-MZM= 4.8 mm, LSL-MZM= 4.8/γ mm, and Vbias= -1 V. 

 

Fig. 8. FOM for OOK modulation format (M= 2), without considering loss 

(α=1 dB/cm for both cases), as a function of baudrate for lumped-electrode 

SL-MZMs and the C-MZM. LC-MZM= 4.8 mm, LSL-MZM= 4.8/γ mm, Vbias= -

1 V. 

 

Fig. 9. FOM for OOK modulation format (M= 2), considering loss (α= 

12.5 dB/cm for C-MZM and α= 17.5×γ dB/cm), as a function of the 

baudrate for lumped-electrode SL-MZMs and the C-MZM. LC-MZM= 4.8 

mm, LSL-MZM= 4.8/γ mm, and Vbias= -1 V. 
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on coupled propagation equations of the forward and backward 

RF waves along the TML [31]. Solved by the FDTD method 

(see Appendix IV), the model records the forward and 

backward RF signals on the finite-difference mesh with a step 

size of ΔZRF in time steps of Δt. To consider the velocity 

mismatch between optical and electrical waves in the 

simulation, the following conditions should be satisfied. 

 

,
g g

RF Opt Opt

RF

n n
Z Z t Z

n c

 
       

(10) 

 

where ΔZOpt is the optical mesh size and nRF is the RF index, 

which is taken as 2.7 for TW electrodes [5], [31].  

Fig. 10 shows the EO response of a TW SL-MZM with a 

fixed phase shifter length of 1 mm for different enhancement 

factors. As can be seen, the TW MZM with no SL effect (γ = 1) 

provides an EO bandwidth of about 40 GHz, while the TW SL-

MZM with γ = 5 presents a bandwidth of around 20 GHz. This 

reduction in the EO bandwidth comes from the increased 

velocity mismatch between the electrical and optical signals 

when the light is slowed down.   

B. Comparing TW SL-MZMs with C-MZMs 

In this section, similarly to the section II-D, we compare a 

TW SL-MZM to the C-MZM considering the EO bandwidth 

and the FOM. As was done previously, the respective lengths 

of the MZM structures are chosen in accordance to Eq. (8). 

1) EO Bandwidth 

Figure 11 shows the EO bandwidth estimated for lumped-

electrode SL-MZMs and TW SL-MZMs as a function of the 

enhancement factor. We also plot the 3-dB bandwidth of the C-

MZM as a reference value (black dash line).  As can be seen, 

the TW SL-MZM offers a larger EO bandwidth compared to C-

MZM in a specific range of the enhancement factor. In this 

range, TW SL-MZM require shorter electrodes to operate with 

the same V, which leads to a reduction in the RF attenuation. 

The small length and the reasonable SL effect ( 9) also limit 

the EO velocity mismatch.   

Fig. 11 also indicates that the EO bandwidth reaches a 

maximum at an optimum enhancement factor of γ = 9 (LSL-MZM= 

533 µm). The optimum γ represent a compromise between the 

two limiting factors of the EO bandwidth (RF loss and EO 

velocity mismatch), for γ < 9 the EO bandwidth is limited by 

the RF loss and while its limited by the EO velocity mismatch 

γ > 9. In Fig. 12, we examine the EO bandwidth for different 

Vbias, showing that the optimum γ is voltage-dependent and 

shifts to larger value with increasing Vbias, i.e., the optimum 

values are γ= 9, 12, 14, and 16 at Vbias= -1 V, -2 V, -3 V, and -4 

V, respectively.  

Finally, Fig. 11 illustrates that the substitution of lumped 

electrodes by TW electrodes allows a significant improvement 

in the EO bandwidth of SL-MZMs. For example, at γ= 9 (LSL-

MZM = 533 µm), the TW SL-MZM offers a 23 GHz bandwidth, 

while it is only 9 GHz for the lumped-electrode SL-MZM. 

2) FOM 

We evaluate the FOM expressed in Eq. (9) for the TW SL-

MZMs and the C-MZM. Fig 13 (a) shows the results without 

including loss in the analysis (α= 1 dB/cm for both cases). The 

TW SL-MZM, for all , outperforms the C-MZM in terms of 

efficiency and EO bandwidth. This is because the TW SL-

MZM requires a shorter length for the same Vπ (e.g., LSL-MZM= 

0.96 mm at γ= 5 vs. LC-MZM = 4.8 mm), and provides a larger EO 

bandwidth (for example, fSL-MZM = 20.7 GHz at γ= 5 vs. fC-MZM = 

15.8 GHz). 

In Fig. 13 (b), showing both FOMs in the presence of the loss, 

when the light is not slowed down enough (γ= 3) or is slowed 

down too much (γ= 15), the C-MZM still outperforms TW SL-

MZMs at all baudrates. The reason is that for γ= 3, the long 

length of the phase shifter results in a high RF loss; and for γ= 

15, the velocity mismatch between the RF and optical waves is 

too large. On the other hand, if the light speed is reduced by 

factors of 5 to 13 (5 ≤ γ ≤ 13), the best modulator depends on 

the target speed (baudrate); for example, considering γ= 9, the 

C-MZM operates better at lower speed (<35 Gbaud), while it is 

the TW SL-MZM for higher speed (>35 Gbaud). Indeed, for 

baudrates below 35 Gbaud, the additional loss associated with 

 

Fig. 10. EO response of SL-MZMs combined with TW electrodes with 

LSL-MZM = 1 mm at a reverse bias of 1 V.    

 

Fig. 11. The EO bandwidth as a function of enhancement factor at the 

reverse voltages of 1 V. LC-MZM= 4.8 mm, and LSL-MZM= 4.8/γ mm. 
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SL waveguides does not allow the total TPP of the SL-MZM to 

become smaller than the one of the C-MZM. On the other hand, 

for high-speed operations (>35 Gbaud), the EO bandwidth is 

the determining factor to minimize the total TPP, and thus the 

TW SL-MZM demonstrates superior performance.  

Finally, Fig. 13 (b) shows that the optimum γ defined in the 

previous section (= 9), demonstrates the lowest FOM for high 

baudrates in this case as well. Considering now a modulation 

speed of 100 Gbaud, which is being targeted for designing the 

next generation of SiP transmitters, the C-MZM presents the 

FOM of 13.25, whereas the TW SL-MZM reduces this value by 

3.75, i.e., FOMSL-MZM= 9.5.  

C. Discussion: TW SL-MZMs vs. C-MZMs 

TW SL-MZMs can exhibit significant improvement in both 

efficiency and speed. At the optimum enhancement factor, they 

improve the EO bandwidth by 7.5 GHz due to their much 

reduced length for the same V. Therefore, SL-MZMs with TW 
electrodes offers a solution to the efficiency-speed tradeoff. As 

shown in Fig. 13 (b), the TW SL-MZM under an optimum 

design is a promising candidate to substitute the C-MZM. 

Indeed, despite the additional loss associated with SL 

waveguides, TW SL-MZMs reduces the total TPPs compared 

to C-MZMs because of their large EO bandwidth.  

IV. VΠ REDUCTION IN SIP MZMS 

Due to constraints in CMOS drivers and electrical interfaces, 
the required swing voltage for driving SiP modulators should 

be as low as possible [38]. Indeed, implementation of CMOS 

drivers with swing voltages of more than 2.5 V is very 

challenging because of the reliability concerns although there 

are some demonstrations on co-design SiP modulators with a 

high-swing CMOS driver [39]–[41]. In addition, the high RF 

propagation loss at high-speed operations (>50Gbaud) is an 

important limitation to bandwidth scaling that can be somewhat 

relaxed by a reduction in the electrical power budget [38]. It is 

therefore of high interest to reduce the energy per bit 

consumption (Eb) of SiP modulators, which scales with the 

peak-to-peak voltage (i.e., Eb ∝ Vpp
2).  

Improvement in SiP modulators Vπ requirements is thus 
necessary for high-performance integration system. The C-

MZM in our study was characterized by a Vπ of 7 V with a 

length of LPS= 4.8 mm, which is not compatible with current 

CMOS drivers. For example, in [42], the authors have reported 

a modulator driver with a peak-to-peak voltage of 2.5 V using 

a partially depleted SOI 45-nm process. In order to meet this 

voltage range, the aforementioned Vπ should reduce by a factor 

of 3 (i.e., Vπ= 2.33 V). Three design strategies are examined 

below. 

A. Design Strategies to Reduce Vπ  

1) Increasing phase shifter length (IPSL) 

Considering the phase shift equation (π=k0×Δn(Vπ)×LC-

MZM), the easiest way to reduce the Vπ is to make phase shifters 

longer. According to the index variation versus the applied 

voltage shown in Fig. 3, the C-MZM will offer a Vπ of 2.33 V 

if its length increases by a factor of about two (i.e., LC-MZM= 10 

mm). 

2) Increasing doping density (IDD) 

Increasing the doing level allows an enhancement in the 

efficiency of phase shifters [12]. For example, our studied 

devices (the lumped-electrode SL-MZM and the C-MZM) have 

 

Fig. 12. EO bandwidth of SL-MZMs with TW electrodes as a function of 

the enhancement factor for different Vbias. LSL-MZM= 4.8 mm, and LSL-MZM= 

4.8/γ mm. 

 

 

Fig. 13. FOM for OOK modulation format (M= 2) a) without b) with 

considering loss of the SL waveguides as a function of baudrate for TW 

SL-MZM and the C-MZM. LSL-MZM= 4.8 mm, LSL-MZM= 4.8/γ mm, and 

Vbias= -1 V. 
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been fabricated under an estimated doping concentrations of 

NA= 5×1017 cm-3 and ND= 3×1017 cm-3 for holes and electrons, 

respectively [34]. When the doping level increases as shown in 

Fig. 14, an enhancement in the phase modulation is achieved 

but at the cost of significantly increased loss and reduced RC-

bandwidth. According to Fig. 14, in order to reduce the Vπ from 

7 V to 2.33 V, the doping density of the C-MZM with TW 
electrodes should increase by a factor of 6, which would 

increase the phase modulation by a factor of 2 (i.e., NA= 30×1017 

cm-3 and ND=18×1017 cm-3).  

3) SL effect 

As discussed in this paper, the SL effect is another means to 

decrease the Vπ. According to the phase shift equation 
(π=k0×Δn(Vπ)×γ×LSL-MZM), a SL-MZM loaded by TW 

electrode with an optimized enhancement factor of γ= 12 and a 

phase shifter length of LSL-MZM = 833 µm offers a Vπ of 2.33 V.  

B. Discussion 

Table I compares the performance characteristics of these 

various approaches considering EO bandwidth, loss, and phase 
shifter length. As shown, the IPSL is not an effective way to 

lessen the Vπ because it leads to a significantly reduced 

bandwidth. Indeed, with exploiting this approach, the EO 

bandwidth shrinks due to the RF loss, moreover the footprint is 

increased.  The IDD approach provides a low Vπ of 2.33 V with 

the same phase shifter length as the C-MZM, but at the cost of 

introducing a significant loss (33 dB) mainly originated by the 

absorption loss of p-n junctions, as well as a dramatically 

shrunk EO bandwidth due to the heavy doping that increases 

the conductor loss and the dielectric loss considerably, resulting 

in increased RF loss [35]. On the other side, the SL-MZM 
combined with TW electrodes is capable of reducing Vπ from 7 

V to 2.33 V, improving the EO bandwidth from 15.8 to 17.6 

GHz, as well as shortening the phase shifter from 4.8 mm to 

833 µm. Compared to the IDD scheme, the SL design also 

offers a better compromise on loss (17 dB vs. 33 dB). Finally, 

we examine the three approaches considering the FOM 

expressed in Eq. (9). The simulation results are shown in Fig. 

15. As can be seen, the SL approach presents the optimum FOM 

compared to the other approaches. For example, at the 80 

Gbaud, the FOM’s values are 35.34, 238.5, and 21 for the IPSL, 

the IDD, and the SL effect approaches, respectively.  

 Recently, the IDD approach was used to bring down VπLPS 

of SiP C-MZMs [38]. However, according to our assessment, 

using the SL waveguide with an optimized enhancement factor 

is a better solution for this purpose. As discussed, the SL 

approach not only improves significantly efficiency under a 
stable operation but also provides a larger EO bandwidth. On 

the other hand, the slight improvement in the efficiency using 

the IDD approach is provided at the expense of a dramatic 

reduction in EO bandwidth and severe increment in the 

absorption loss of p-n junctions. 

The next generation of the integrated SiP platform should 

leverage TW SL-MZMs to enable a new class of SiP 

transmitters that feature best-in-class performance in key 

parameters such as high stability, low power budget, high EO 

bandwidth, and compact footprint. These modulators are 

capable of providing a very low Vπ (< 2.5 V) with a compact 

phase shifter length (<1mm). Therefore, the requirements on 
the RF amplification and the thermal control are significantly 

relaxed, leading to reduced cost and complexity of control 

circuits and CMOS drivers. The additional loss associated with 

SL waveguides can be compensated by high-performance 

optical amplifiers. 

V. CONCLUSION 

We have presented an investigation of the benefits and tradeoffs 

of SL-MZMs with either lumped electrodes or TW electrodes. 

 
Fig. 14. Phase modulation multiplication factor, total loss, and RC constant 

of a simple p-n junction as a function of the normalized doping density 

factor (a normalized doping density factor of 5 means doping 

concentrations of 5×NA and 5×ND with NA= 5×1017 cm-3 and ND= 3×1017 

cm-3). 

Table. I. Comparing different design strategies based 

on their operating parameters  

 
Reference 

MZM [35] 
IPSL IDD SL effect 

Vπ (V) 7 2.33 2.33 2.33 

EO bandwidth 

(GHz) 
15.8 11.8 6.9 17.6 

Phase shifter 

length (mm) 
4.8 10 4.8 0.833 

Loss (dB) 5.9 12.3 33 17 

 
Fig. 15. FOM of the different approaches for V reduction through phase 

modulation enhancement as a function of the baudrate. 
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We compared these two SL modulators to the C-MZM through 

calculation of their EO bandwidth and FOM, the latter being 

derived from the reduction of the static and dynamic TPPs. To 

this end, we developed a RLC circuit model to simulate the 

dynamic behavior of lumped-electrode SL-MZMs. Our model 

was validated with experimental measurement of an SL-MZM. 

Key findings are summarized below: 

1) Due to the high loss and low bandwidth of the SL 

waveguides, the lumped-electrode SL-MZMs did not show any 

performance improvement over C-MZMs. In addition to the RC 

time constant, the interaction time between the lumped 

electrodes and the optical signal also limits the modulator 

speed. Simulations show that a C-MZM with a Vπ of 7 V and a 

phase shifter length of LC-MZM= 4.8 mm is characterized by an 

EO bandwidth of 15.8 GHz, while the lumped-electrode SL-
MZM with the same Vπ (LSL-MZM= 4.8/γ mm) demonstrated a 

maximum EO bandwidth of 9 GHz.  

2) SL-MZMs can offer remarkable benefits when implanted 

with TW electrodes. In this case, their EO bandwidth reaches 

23 GHz at the optimum SL value of γ= 9 (LSL-MZM= 533 µm). 

The FOM calculations show that the optimum SL-MZMs can 

then outperform C-MZMs at high-speed operations.  

3) Furthermore, compared to the other strategies currently 

considered to reduce Vπ of C-MZMs, employing the SL effect 

is the best-in-performance solution. Compared to the C-MZM, 

the optimized SL design allowed reducing the Vπ from 7 V to 
2.33 V, compacting the MZM arm length from 4.8 mm to 833 

µm, improving EO bandwidth from 15.8 GHz to 17.6 GHz. 

These good performances are reached despite the additional 

loss of waveguides that can be compensated by an optical 

amplifier. Future progress in the design and fabrication process 

of SL waveguides should further reduce the propagation loss 

and make these modulators even more attractive for 

applications requiring arrays of high-speed, compact and 

energy efficient modulators.     

APPENDIX I 

The parameters of the lumped electrode, such as C0, RPN, CPN, 

L, can be estimated using the measured S11 that is an all-

electrical process. Indeed, these parameters can be extracted 

with curve fitting of the measured S11 and the back reflection 

formula of the TML, which is equal to RTML=TTML -1. In addition 

to that, there are numerical models to estimate their values. 

Under the reverse-bias operation, the capacitance and the series 

resistance of a p-n junction have been modeled in [25], [31], as 

shown in Fig. 16. The per-unit-length inductance  of CPS is also 

approximated as [43], 
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where sTML and wTML are the distance between two metals and 

the width of the metals in a coplanar strip (CPS) TML, 

respectively. Moreover, C0 is estimated to be around 26 fF [26]. 

All parameters with their vales that have been used in the 

simulation are listed in Table II. 

APPENDIX II 

Eq. (5) gives the phase shift in the time domain that is rewritten 

and solved in the frequency domain as  
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Table. II. A list of the parameters used in the simulation 

Parameters Notation Values 

Electrode inductance [nH] L 0.167 

Pad parasitic capacitance [fF] C0 26 

impedance characteristic of the 

source [Ω] 
Z0 50 

Characteristic impedance of the 

unloaded TML [Ω] 
Zunload 50 

Capacitance of the TW electrode 

[pF/cm] 
CU 1.30 

Inductance of the TW electrode 

[nH/cm] 
LU 6.33 

p-n junction capacitance [pF/cm] CPN Fig.16 

p-n junction resistance [Ω.cm] RPN Fig.16 

Doping for n-dopants [cm-3] ND 3×1017 

Doping for p-dopants [cm-3] NA 5×1017 

Group index ng 3.8 

Loss per enhancement factor for 

SL-MZMs [dB/cm] 
αSL-MZM 17.5 

Loss for the C-MZM [dB/cm] αC-MZM 12.3 

Optical wavelength [nm] λ 1550 

 

 
Fig. 16. Capacitance and resistance of PN junction as a function of the 

reverse bias. 
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After some algebra, the Eq. (6) will be derived that represents 

direct expression of the phase shift as a function of the 

refractive index change in the frequency domain. 

APPENDIX III 

The amplitude response of MZMs at the quadrature point is 

given as  
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By excluding the DC component, Eq. (7) will be derived. 

APPENDIX IV 

The coupled equations of the forward and backward RF waves 

described in Ref. [31] is solved using the FDTD method as  
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where VF and VR are the forward and the backward voltages, 

respectively. ΔzRF and Δt are the RF mesh size and the time step, 

respectively. The other terms are described as 
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where Zunload, CU, and LU represent the characteristic 

impedance, capacitor, and inductor of the unloaded TML, 

respectively. Zcon(t) is the inverse Fourier transform of Zcon(f) 

that represents the frequency-dependent conductor impedance 

[29], [31]. Also, the optical waves is numerically described as 

[31], [44] 
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where Δα and Δβ represent respectively the changes in the 

attenuation coefficient (Fig. 3, red line) and the propagation 

constant, due to the applied voltage. 
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