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Abstract: Electro-optic modulators (EOMs) are crucial devices for modern communication enabling
high bandwidth optical communication links. Traveling wave electrodes are used to obtain high-
speed modulation in these EOMs. We present the electrode design and analysis along with the
study of effects of changing orientation on device performance for a thin-film lithium niobate tunable
Mach–Zehnder interferometer (MZI) that offers sub-THz bandwidth operations. High velocity and
impedance matching with low RF attenuation, high third-order SFDR (∼121 dB/Hz2/3) and a low
half-wave voltage length product (1.74 V.cm) have been achieved for a bandwidth of 136 GHz. High-
speed digital modulation using multi-level signal formats (PAM-2, QAM-4 and QAM-16) with low
BER for 400 Gbps data has been demonstrated to assess the digital performance of the device.

Keywords: integrated optoelectronic; electrode design; thin-film lithium niobate; higher order
modulation; optical communication; sub-THz communication; sub-Tbps communication

1. Introduction

Data from Cisco telecommunication suggests that mobile traffic users will grow to
66% of the global population by 2023 [1–4]. This growth, along with most countries opting
for green energy, advocates the shift towards the optical mode of communication, which
solves the electric bottleneck by offering high bandwidth, low power consumption and a
smaller footprint [2–4].

Over the years, scientists and research groups have investigated various techniques such
as thermo-optic effects, free-carrier plasma dispersion, micro-optoelectromechanical systems
(MOEMS) and electro-optic effects for enabling high-speed optical modulation [4–11]. Among
these, modulators based on the thermo-optic effect suffer from slow response time (5–200 µs),
while the performance of plasma-dispersion-based modulators is hindered by coupled
attenuation losses with phase change. MOEMS devices offer a small footprint and low
crosstalk; however, they require high operating voltages and are incompatible with CMOS
technology. The electro-optic effect allows a faster response with no coupled attenuation
and offers CMOS-compatible platforms. Among these platforms, x-cut thin-film lithium
niobate (TFLN) has drawn significant attention as it provides a wide transparent window,
high-temperature stability, a high refractive index contrast, a large bandwidth, low optical
losses, a large Pockel’s coefficient and narrow gap electrodes reducing the half-wave voltage
(Vπ) [2,11].

To meet the modern communication demands, modulators must be designed for high
bandwidth operations considering fabrication limitations and tolerances. In high-speed
TFLN-based modulators coplanar waveguide traveling wave electrodes allowing push–
pull configuration is used. This is due to the large length of the phase shifters compared
to the wavelength [12]. To obtain THz operation, electrode design needs to be precise,
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taking care of the three primary factors: (i) velocity matching, (ii) impedance matching
and (iii) low RF attenuation [13]. With accurate design technology and maturity in TFLN
MZI fabrication, the performance metric of the device can be predicted reliably. EOM
performance is investigated through the figures of merit (FOM) defined by half-wave
voltage and length product (Vπ L), modulation bandwidth and modulation efficiency.
Maturity in fabrication technology allows fabrication of multiple devices on a compact chip
specially for space and defence applications which require fabrication of device in various
orientations. Multiple device orientations are also common in programmable photonic
circuits. However, due to the inherent anisotropy of lithium niobate, the device performance
is bound to be affected by a change in orientation of the device, which makes analyzing the
effects of orientation on the device’s performance essential. Apart from these, assessing
the device’s intermodulation distortion and digital performance is necessary to implement
the modulator in practical communication links. Intermodulation distortions (IMD) are
unavoidable due to the inherent nonlinearity associated with the optical modulators. Thus,
the spurious free detection range (SFDR) calculation quantifying the device’s nonlinearity
becomes an important FOM. Bulky conventional lithium niobate (LN) modulators offer a
high SFDR of around 110–120 dB/Hz 2/3, compared to etched LN waveguide modulators
with an SFDR of around 97.2 dB/Hz2/3 [14]. Suppressing IMDs in optical modulators is
challenging, and various linearization techniques [15–17] are utilized to improve SFDR.
However, these are out of the scope of this article. Modern-day communication links such
as 5G/6G, satellite communication and multi-system operators in the television industry
utilize digital communication to transmit information. To keep pace with growth in data
traffic demands, future terabit links require higher order modulation (multi-level signals) to
increase the spectral efficiency and channel bandwidth compared to on–off keying (OOK) in
long-haul transmission links. Thus, it becomes necessary to analyze the digital performance
of the modulators, which is estimated by a clearly distinguishable constellation and low bit
error rate (BER).

Recently, many authors have proposed a variety of (different) designs for high-speed
MZI electro-optic modulators (EOM) [12,18–23]. However, most of these designs have
bandwidths limited to below the sub-THz domain, and do not discuss the effects of device
orientation, distortion analysis and digital performance of the device. They also do not
provide an option for microvia connections, which become essential for thin electrode
designs. In this work, we propose the ultrathin-film electrode design along with the
study of the effects of orientation on device performance, SFDR and digital performance
calculation for high bandwidth and low Vπ L EOMs, targeting futuristic applications in
aerospace, photonic RADAR, telecommunication and satellite communication industries.
This paper is divided into five sections; the effects of various design parameters have been
analyzed in detail in the design section, and the study of alteration in material and electro-
optic parameters with change in orientation of the device has been described in the effects
of orientation section. The theory of intermodulation distortion has been presented in the
distortion calculation section. Electro-optic and radio frequency (RF) responses, along with
modulation efficiency, Vπ L, SFDR and digital performance of the proposed novel design
have been analyzed in the results section. A comparison with recently proposed devices in
the literature and a summary are conferred in the discussion.

2. Design

The electro-optic modulator uses a coplanar waveguide (CPW) traveling wave electrode
design in the push–pull configuration on the x-cut TFLN platform. Based on the market
specifications of available lithium niobate on insulator (LNOI) wafers, a substrate with a buried
oxide layer (SiO2) thickness of 4.7 µm is selected. Directly etched lithium niobate (LN) ribs on
the LN layer are used for light propagation, and the RF field is applied via gold electrodes
deposited on a SiO2 buffer layer, such that the applied field aligns along the z-axis to utilize the
strongest Pockel’s coefficient (r33 = 30 pm/V). A cladding is provided to guard the device
against environmental damage and support microvia connectors [14,24]. Figure 1 shows the
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cross-section and the top view of the device, and Table 1 enlists the different dimensions
displayed in the figure.

Table 1. Dimensions of various layers displayed in Figure 1.

tLIN hrib wrib tBu f f er tAu hclad hBOX hSi

0.3 µm 0.4 µm 1.25 µm 0.2 µm 0.5 µm 2.75 µm 4.7 µm 500 µm

(a)
(b)

Figure 1. (a) Cross section and (b) top view of the proposed electro-optic modulator.

Parameters deciding the performance metric of the electro-optic modulator depend
on the regular coplanar waveguide line’s characteristic impedance, effective indices and
RF losses, which are decided by dimensions listed in Table 1. Among these dimensions,
BOX thickness, and silicon layer thickness are fixed by the manufacturer (in our case).
Dimension of rib and the LN layer are decided to obtain single mode operation and
electrode thickness is fixed at 0.5 µm. Buffer thickness is kept at 0.2 µm, as a thicker buffer
will affect the elecrtric field distribution and a thinner buffer layer leads to increase in
metal-induced optical losses. Thus, we are left with hclad, trace width (wc), electrode gap
(wg), rib distance (D) and electrode thickness (tAu). These parameters should be optimized
for a high bandwidth operation at a low half-wave voltage (Vπ) to achieve maximum
velocity matching (∆n = neff–nop), impedance matching (R = (Zin–ZL)/(Zin + ZL)) and low
microwave losses. Here neff, Zin and nop are the effective RF refractive index, input line
impedance and optical group index, respectively. Microwave losses are governed by three
types of losses in CPW traveling wave electrodes: conductor losses, dielectric losses and
radiation losses [12,25,26]. Conductor losses are decided by skin depth and vary as a square
root function of frequency; dielectric losses are calculated using loss tangent and vary as a
linear function of frequency. Radiation losses depend on the surface roughness of the metal
electrodes. Optimized fabrication techniques allow the RMS surface roughness value to
be constrained within a few nanometers [27,28]; thus, the effects of surface roughness are
neglected in device modeling considering the plain electrode deposition [12,21,22]. At an
RF frequency of 100 GHz, wc and wg are varied for different hclad to study the variation
in neff, Zo and RF losses of CPW using COMSOL multiphysics solver. Equivalent optical
mode group index for different values of hclad were obtained. After a critical optimization,
hclad was decided to be 2.75 µm, and corresponding results are shown in Figure 2.

(a) (b) (c)
Figure 2. Color maps of (a) neff, (b) Zo and (c) RF losses for varying wc and wg at tAu = 0.5 µm and
hclad = 2.75 µm.
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An optical mode group index (nop) of 2.238 was obtained based on the dimensions
used in the simulations. In order to have high velocity and impedance matching, neff and
Zo should be kept near nop and 50 Ω, respectively. As evident in Figure 2, the neff varies
around an obtained nop between 2.228 and 2.24, while Zo varies between 44 Ω and 56 Ω.

Another critical factor deciding the performance metric of the MZI is Vπ L which
depends on wg, overlap factor (τ), the extraordinary refractive index of LiNbO3 (ne = 2.138),
and optical wavelength (λo) and is given by

Vπ L =
λowg

2πn3
e r33τ

(1)

where τ is given by

τ =
wg

V

∫∫
| Eop |2 Er f dS∫∫
| Eop |2 dS

(2)

τ depends on the RF and optical field along the z-axis and the rib distance D from the
trace electrode. Using the RF and optical fields, the overlap integral is calculated using
Equation (2) for varying rib distance from the trace electrode and is plotted in Figure 3a.
Results suggest that as we move away from the trace electrode, the value of τ decreases
toward the center of the electrode gap, and then starts increasing gradually as we move
towards the ground due to the increase in RF field toward the ground electrode. As we
place the rib closer to the trace electrode, the metal-induced losses in the optical mode
increase. This issue is addressed by depositing a SiO2 buffer layer between the electrodes
and the LN layer. Variation of Vπ L with D is plotted in Figure 3b. From the results, the value
of D was determined to be 1.6 µm; at this position, the value of τ is 0.87.

(a) (b)

Figure 3. (a) τ and (b) Vπ L for varying rib placement for wc = 8.25 µm and wg = 5.75 µm.

3. Effects of Orientation

Due to the inherent anisotropy of the LiN material, the RF dielectric constant, optical
refractive index and effective Pockel’s coefficient change with the orientation of the device.
Change in the RF dielectric constant and effective refractive index results in the change in
RF electric field distribution and optical mode distribution within the structure, affecting
the overlapping factor.

In order to quantify the effects of orientation on the effective Pockel’s coefficient of the
device, the device is rotated by an angle θ as shown in Figure A1. An x-cut LiN has axes
given by x, y and z, with unit vectors denoted as x̂, ŷ and ẑ. Under the effect of rotation the
new axes are represented as x’, y’ and z’, with unit vectors x̂′, ŷ′ and ẑ′. The rotation matrix
for the transformation is thus given by

Rθ =

1 0 0
0 cos(θ) sin(θ)
0 −sin(θ) cos(θ)

 (3)
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Since dielectric (ε) and perturbation (∆ε) are tensors, under the effect of rotation new
dielectric and perturbation tensors are given as

[ε′] = Rθ

ε11 0 0
0 ε22 0
0 0 ε33

R−1
θ (4a)

[∆ε′] = Rθ

∆ε11 0 0
0 ∆ε22 0
0 0 ∆ε33

R−1
θ (4b)

∆ε11 = −ε2
11(r13Er f )

∆ε22 = −ε2
22(r23Er f ) (4c)

∆ε33 = −ε2
33(r33Er f )

Combining the Equations in (4a) and (4b), the new perturbation is written as

∆ε33 = sin2(θ)∆ε2
22 + cos2(θ)∆ε2

33 (5)

Using the above relations the change in effective refractive index as a function of θ is
given by

∆ne f f (θ) = ne f fo

(
ε2

33r33cos3(θ) + ε2
22(r22sin(θ) + r23cos(θ))sin2(θ)

)
(6)

Similar equations are derived for the y-cut LiN platform using the same concept as
described in Equations (3)–(6). The normalized change in refractive index with orientation
angle while neglecting the effects of change in RF and optical field distribution are plotted
in Figure 4a.

(a) (b)

Figure 4. Change in (a) refractive index (neglecting the change in τ) and (b) τ for varying D.

However, due to the anisotropic behaviour of LiN, the RF dielectric constant and
optical refractive index changes with the orientation of the device. This results in a change
in the distribution of RF and optical field, varying the overlap factor τ. Variation in the (τ)
for an orientation of 30◦ is depicted in Figure 4b. The results in the figure suggest that τ
reduces by a factor of 0.91 (at the previously determined value of D) due to the change in
field distribution within the structure.
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4. Distortion Calculation

When the photodetector is illuminated with light from EOM, the resulting photocur-
rent is given as

Idetect = e−αL PInRd
2

(
1− cos

(
To +

π

Vπ
vr f (t)

))
(7)

Here α, Pin, Rd, To and vrf(t) are the waveguide attenuation constant, input optical power,
photodetector responsivity, bias point and modulator driving voltage, respectively. Since the
output is in terms of cosine, the nonlinearity which gives rise to higher order distortions,
in this case, is sinusoidal. The distortion performance of an electro-optic modulator in an
optical link can be measured and compared using a commonly employed two-tone test,
which applies two equal amplitude signals at two closely spaced RF frequencies (ω1 and ω2).
For small signal RF input, the first order terms grow linearly while the third order term
grows cubically with the input RF power. Output power in all the orders can be predicted
by rewriting Equation (7) using Bessel function expansion while applying input RF signal
vr f (t) = v1sin(ω1t) + v2sin(ω2t).

Idetect = e−αL PInRd
2

(
1− cos

(
To +

π

Vπ
(v1sin(ω1t) + v2sin(ω2t))

))
(8a)

= Re
{

exp(jTo)∑
n

∑
m

Jn

(
πv1

Vπ

)
Jm

(
πv2

Vπ

)
exp(j(nω1t + mω2t))

}
(8b)

where n,m = 0, ±1, ±2 . . .

=



cos(To)J0

(
πv1
Vπ

)
J0

(
πv2
Vπ

)
for n = 0, m = 0

(±1)n2cos(To)Jn

(
πv1
Vπ

)
Jm

(
πv2
Vπ

)
cos(nω1t + mω2t)

for n + m = even

(±1)n+12cos(To)Jn

(
πv1
Vπ

)
Jm

(
πv2
Vπ

)
sin(nω1t + mω2t) for n + m = odd

(8c)

The maximum magnitude of the fundamental signal (Pmax(i)) that a link can convey
without any measurable distortion of a particular order (i) is when the power of modulation-
produced distortion of that order is equal to the noise power. This is termed as SFDRi and
can be expressed as

SFDRi = Pmax(i) − N |dB (9)

Noise at the detector of an optical link is given as the addition of noise generated at
the RF input of the modulator, additional noise at the detector (generally given by shot
noise) and relative intensity noise (RIN) of the laser. Noise in dB is given as

N = Nin + Nadd + NRIN

= 10log10

(
GiKT+ < ishot >

2 RLOAD + I2
DRd10

NRIN
10

)
(10)

= 10log10

(
e−αL PinπRs

2Vπ
RdKt + 2qIDRLOAD + I2

DRd10
NRIN

10

)
Here Gi is the gain of the link, Rs is the input resistance, K is Boltzman’s constant, T is

the temperature (290 K), ID= PinRd/2, RLOAD is the load resistance and NRIN is the laser
intensity noise mentioned by the manufacturer.

5. Results and Discussion
5.1. Electrode Design

Based on the results obtained in Figure 2, optimization was performed to maximize
the performance metric of the MZI (Detailed in Appendix A), and values of wg and wc
were found to be 8.25 µm and 5.75 µm. Using the optimized dimensions for electrodes neff
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(and ∆n ) and Z0 (Zin and R) versus RF frequency are plotted in Figure 5a,b, respectively.
Here, Zin is the input line impedance calculated using the Equation in [12]. It is evident that
neff and Zo decrease sharply in the sub-GHz region and remain very close to nop and 50 Ω,
respectively, in the sub-THz region, providing high velocity and impedance matching. ∆n,
Zin and R further verify the results plotted in figures.

(a) (b) (c)

Figure 5. (a) neff (and ∆n), (b) Zo (Zin and R) and (c) RF response of the CPW for the design parameters
versus RF frequency.

Apart from velocity and impedance matching, the MZI bandwidth also depends on
the RF response of the electrode lines. As the length (L) increases, the RF losses increase,
which hinders the performance of the MZI. The result in Figure 3b suggests that Vπ L for the
proposed design is 1.74 V.cm. Using this result, the RF response of the designed electrodes
for L = 2.9 mm is plotted against the RF frequency in Figure 5c. The figure shows that S21
remains moderately above −10 dB at 200 GHz and S11 remains around −30 dB for the
complete RF frequency range.

The electro-optic and RF responses are plotted together in Figure 6a. The figure also
displays the electro-optic and RF bandwidths of the proposed device. The 3 dB electro-
optic bandwidth for the proposed device is 136 GHz. Modulation efficiency and phase
error (refer to Appendix A Equations (A5)) are plotted in Figure 6b, and it remains at
−1.24 dB at the maximum bandwidth, while phase error remains below 0.08 rad (4.6◦).
Due to deterioration of electro-optic transmittance with frequency, Vπ L also changes with
frequency. Variation of Vπ L against the RF frequency is plotted in Figure 6c. The figure
shows that Vπ L increases with the RF frequency. Since L is fixed, it means that the Vπ of
the device changes with the frequency. The performance of various CPW-based TFLN
modulators has been listed in Table 2.

(a) (b) (c)

Figure 6. (a) RF (S21) and electro-optic response, (b) modulation efficiency and phase error and
(c) Vπ L versus RF frequency.
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Table 2. Performance comparison of various CPW-based TFLN modulators.

Paper Vπ L (V.cm) Electrooptic Bandwidth (GHz) L (mm) Vπ (V)

[12] (theo.) 2.93 <100 3 9.76
[18] (exp.) 2.2 100 5 4.74
[19] (exp.) 2.5 70 5 5.1
[20] (exp.) 6.7 106 5 13
[21] (theo.) 3.7 29 24 1.3
[22] (exp.) 1.75 40 5 3.5
[23] (theo.) 2.32 81 30 1.16
This work 1.74 136 2.9 6

5.2. Orientation

Effective RF index for varying frequency and optical mode index is calculated for
the two orientations (0◦ and 30◦). Using Equations (3)–(6), values for effective Pockel’s
coefficients are calculated, and using the results in Figure 4, Vπ L is calculated by substituting
the values in Equation (1). Vπ L and ∆Vπ L are plotted against the D and RF frequency for
the two orientations in Figure 7. The results obtained in Figure 7a show that ∆Vπ L increases
initially with D toward the center of wg and then reduces. These results are consistent
with the results obtained in Figure 4b. It is evident from the results in Figure 7b that to
maintain the same order of performance in the device rotated by an angle of 30◦, the Vπ

increases. ∆Vπ L also increases due to increase in the difference between effective RF and
optical mode index with the frequency.

(a) (b)

Figure 7. Vπ L and ∆Vπ L for 0◦ and 30◦ versus (a) D and (b) RF frequency.

5.3. SFDR Calculation

For SFDR measurement, we consider Rs and RLOAD to be 50 Ω, waveguide attenuation
and Pin to be 0.2 dB/cm and 25 mW, respectively, and Rd as 0.85 A/W. Vπ is taken from
the calculations in the electrode design section. Laser relative intensity noise is 165 dB/Hz,
according to the laser data sheet [29]. Operating temperature T is 290 K. Using these values,
a noise floor of −179 dB is obtained at 1 Hz. RF output power in fundamental, IMD2
and IMD3 signals is calculated for v1 = v2 = 1 V with varied biasing voltage and plotted
against the biasing angle in Figure 8a. The figure depicts at quadrature biasing that IMD2
is eliminated as suggested in Equation (4c). As the biasing angle increases towards 180◦,
a decrease in IMD3 output power is also observed. To eliminate IMD3, the biasing point
can be kept near 180◦ if the signals are wide apart so that IMD2 can be filtered out using a
low-power RF filter. However, using the quadrature bias point, RF output of fundamental
and IMD3 signals are plotted with NF for varying inputs of RF power in Figure 8b. Using
Equation (5), SFDR3 is calculated and depicted in the figure as 121 dB/Hz2/3.



Photonics 2023, 10, 301 9 of 14

(a) (b)

Figure 8. (a) Fundamental, IMD2 and IMD3 RF output at the detector versus biasing angle and
(b) fundamental, IMD3 and noise floor RF output versus RF input power.

5.4. Digital Modulation Performance

To assess the digital modulation performance, the proposed device is tested with
pulse amplitude and quadrature amplitude modulations (PAM-2, QAM-4 and QAM-16).
Pseudo-random binary signals varying from 10 Gbps to 400 Gbps with 100 samples per bit
are generated (considering bitrate equal to twice the bandwidth of operation) and mapped
to PAM-2, QAM-4 and QAM-16 to form modulating signals. Pulse shaping is performed
using a raised cosine filter with a roll-off factor of 0.01, and the peak-to-peak voltage
of 4 V is maintained for all the signals. These signals are passed through the traveling
wave electrode, whose filter response is estimated from the obtained frequency response
(see Appendix A.4) and then given to the proposed EOM, operating at the quadrature
biasing point (Vπ/2). Biasing voltage is varied with regard to the bit rate from 3 V to 4.2 V.
For PAM-2 modulation, a single MZI is used, while for QAM-4 and QAM-16 modulations,
a dual-parallel Mach–Zehnder scheme is followed [30,31]. An OSNR of 25 dB is considered
while obtaining the output from the downsampled signal at the detector to generate the
constellation diagrams shown in Figure 9. The figure shows the reference point (red),
received signal constellation at the output of EOM (green) and received signal constellation
at the output of detector (blue). A slight deviation and scattering in the constellation at the
output of EOM (green) can be observed; this is due to the low-pass filtering effect induced
by the traveling wave electrodes (which induce ripples in the waveform) and velocity
and impedance mismatch. In this case, the filtering effect is the dominating factor for this
deviation. The output signal is applied to a decision maker to recover the transmitted bits
after eliminating eight samples from the start and the end. For BER estimation, bitrates
equal to the bandwidth are considered and applied to the device. The BER of 0 is obtained
at all the data rates for PAM-2 and QAM-4 modulation. BER for QAM-16 modulations is
presented in Figure 10 (blue). The figure shows that the BER increases for lower data rates
as well due to reduced Vπ , which causes an imbalance of applied voltage between the outer
and the inner constellations. BER, in these cases, can be improved by manipulating the
applied voltages for the inner constellation such that these constellations move towards
the center while keeping outer constellations intact at their positions. Values of improved
BER by scaling the voltages of the inner constellation by 0.83 are also plotted in the figure
(orange). As observed in the figure, the BER increases rapidly as the device’s bandwidth
(136 GHz) is crossed, and at 150 Gbps (150 GHz), the BER increases to 1.8× 10−3 . At the
bitrate of 400 Gbps (100 GHz), a BER of 1.8× 10−3 is obtained, which is below the hard
decision forward error correction (HD-FEC) threshold.
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(a) (b) (c)

Figure 9. Constellation diagram for (a) PAM-2, (b) QAM-4 and (c) QAM-16 signals. Red is the
reference, green is received signal without OSNR and blue is received signal with OSNR at 200 Gb/s
(100 GHz).

Figure 10. BER performance for varying bit rates with and without manipulated voltages.

6. Conclusions

A compact TFLN modulator maintaining high bandwidth, high modulation efficiency,
low phase error and low Vπ L meeting the fabrication limits has been proposed. The results
suggest that the change in orientation of the device majorly impacts the electro-optic response,
while effects on RF response are negligible. To meet the performance of a non-rotated device,
Vπ L of the rotated device increases. SFDR calculations have been performed for varying
bias voltage and input RF power to quantify the nonlinearity. An SFDR3 of 121 dB/Hz2/3 is
obtained, which is comparable with the high SFDR of conventional LN modulators. SFDR
performance of the device can be further enhanced as high as 135 dB/Hz2/3 by using various
linearization techniques available in the literature. The digital performance of the proposed
device is analyzed at varying bit rate random binary signal for multi-level higher order
modulation schemes. A BER well below the HD-FEC threshold is obtained for 400 Gbps at
100 GHz enabling 400 G communication. Thus, the proposed device shows great potential
for applications in state-of-the-art communication technology (5G/6G, satellite downlink,
RADAR, etc.) by offering a bandwidth >100 GHz with a high SFDR and low BER for a
sub-terabit link. The design and analysis method used in this article is not limited to the
LNOI platform only but can also be extended to other hybrid platforms. Currently we are
working on the process optimization for complete fabrication of the device for verifying our
simulation results.
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Appendix A

Appendix A.1. Optimization Method

The MZI performance is measured mainly by velocity matching, impedance matching
and RF losses. Velocity mismatch decides the response of electro-optic modulator in terms
of the cosine of mismatch factor and is given by Equation (A1). Impedance mismatch
causes the reflection of an RF wave from the load and thus degrades the power delivery to
the phase shifter and is given by Equation (A2). RF loss is decided by the imaginary part of
the RF effective refractive index, which defines the decay of power towards the end of the
electrode, and is given by Equation (A3).

αvel.mismatch = cos

2π
(

ne f f − nop

)
λr f

L

 (A1)

R =
Zin − ZL
Zin + ZL

(A2)

αr f = exp

(
−

2πimag{ne f f }
λr f

L

)
(A3)

The results for the first equation are squared and subtracted from the maximum value
and added to the square of the second and third equations for defining the target function
given by

Target =
((

1− α2
vel.mismatch

)2
+ |R|2 + (α2

r f )

)
(A4)

To optimize the value of wc and wg, optimization is run across values obtained in
Figure 2 to find the minimum value of the target function.
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Appendix A.2. Modulation Efficiency

Modulation efficiency and phase error (∆θ) are calculated using the following equa-
tions to assess the EOM performance:

H
(

ωr f

)
=

Zin
Zin + ZL

1
eγl + Re−γl ×Sinh

(
Al
2

)
e−

Al
2

A
2

+ R
Sinh

(
Bl
2

)
e−

Bl
2

B
2

 (A5a)

A = −αr f − j
(

βr f − βop

)
(A5b)

B = αr f − j
(

βr f + βop

)
(A5c)

∆θ = θ − πn3
e r33τLVπ

λo

where

θ =
πn3

e r33τLVπ

λo
H
(

ωr f

)
(A5d)

Modulation efficiency (m) is thus given by

m =
H
(

ωr f

)
H(0)

(A5e)

Appendix A.3. Rotated Coordinates

Considering an x-cut lithium niobate, the coordinates of an unrotated device are given
by y and z in Figure A1, while for the device rotated by an angle θ, the rotated coordinates
are represented as y’ and z’.

Figure A1. Cross section view of the proposed electro-optic modulator.

Appendix A.4. Electrode Filtering Characteristic

CPW electrodes acts as a low-pass filter on the RF data given to the electrode. Based
on RF response obtained in the simulation, filter coefficients are generated for the CPW
electrodes, and the spectrum is calculated. Figure A2a shows the power spectrum of the
filter. For comparison, the power spectrum of an ideal filter with bandwidth 159 GHz is
also shown in the figure. Generated bit stream was passed through the designed electrode,
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and the output stream is shown in Figure A2b. The effects of filtering are clearly visible on
the bit stream in the figure.

(a) (b)
Figure A2. (a) Power spectrum of Ideal (blue) and CPW Electrode Filters (orange). (b) Input and
output bitstream.
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