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High-Speed Modeling of Ultracompact
Electrooptic Modulators
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and Sasan Fathpour

Abstract—The technology for compact thin-film lithium niobate
electrooptic modulators has made significant advances recently.
With achieving high levels of maturity for such platforms, a model
is now required in order to accurately design the devices and re-
liably predict their performance limits. In this paper, a general
transmission-line model is developed for predicting the frequency-
dependent response of the compact modulators. The main radio
frequency (RF) parameters of the modulators, such as charac-
teristic impedance, effective index, and attenuation constant are
calculated as a function of the coplanar waveguide dimensions,
and validated by using numerical simulations. The accuracy of
the model in predicting the 3-dB modulation bandwidth of the de-
vices is verified by comparison with experimental results. Finally,
guidelines for device design with significant improvement in the
attainable modulation bandwidth are also presented by optimiza-
tion of RF and optical parameters, predicting >100 GHz modu-
lation bandwidth. The presented model is not limited to emerging
thin-film lithium niobate devices, and is applicable to any type of
ultracompact electrooptic modulator.

Index Terms—Electrooptic modulators, Thin-film lithium nio-
bate, Transmission line modeling, Photonic integrated circuits.

1. INTRODUCTION

PTICAL communication systems have been the focus of
O substantial amount of research over the past few decades
[1], [2]. Optical modulators are among the key components of
these systems for both digital and analog applications, such as
optical interconnects, datacom and telecom, and integrated RF
photonics [3]-[6]. Several platforms have been developed in
order to pursue high-performance optical modulators.
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(a) Conventional LN waveguide; (b) Compact thin-film LN waveguide.

Fig. 1.

Historically, commercial optical modulators have been made
on materials with strong electrooptic (EO) effect (e.g., lithium
niobate, LN or LiNbO3) or electroabsorption (EA) effect (partic-
ularly, III-V compound semiconductors). More recently, silicon
(Si) optical modulators based on free-carrier plasma dispersion
effect (FCA) are being widely pursued, as they benefit from
compatibility with standard Si foundry processing [6]—[8]. An-
other recent trend is heterogeneous integration of compound
semiconductors as well as silicon germanium (SiGe), on silicon
substrates that utilize EA effects such as Franz-Keldysh in bulk
semiconductors or quantum-confined Stark effect in quantum-
well structures [9]-[12]. Several modulators operating based on
FCA or EA have been demonstrated with high data transmis-
sion rates up to 50 Gb/s. However, they typically suffer from
low extinction ratios [9], [11]-[14].

On the contrary, modulators relying on linear EO or Pockel’s
effect have demonstrated modulation depth of 20 dB or more
[15] as well as up to 100 GHz modulation bandwidth (BW) [16].
With such performance, LN has been well established as the
standard material of choice for EO modulators in applications
where high BW and extinction ratio are required, e.g., in long-
haul communications [17]. Transparency in a broad range of the
electromagnetic spectrum (0.4-5 sm), and a large EO coefficient
(31 pm/V) are among other reasons which make LN a suitable
option for EO modulators [15].

However, the conventional LN EO modulators suffer from a
number of drawbacks, as proceeding to high integration levels
is demanded. Two methods are traditionally used in order to
form optical waveguides in conventional LN modulators, i.e.,
diffusion of dopants, such as titanium (Ti) [15], or the proton
exchange process [18]. The resultant waveguides are generally
several microns wide [19], [20], as shown in Fig. 1(a), and the
refractive index contrast is relatively small (An < 0.1) [21]
which leads to low optical confinement. Hence, the long Mach-
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Zehnder (MZ) arm lengths, large half-wave voltage-length prod-
uct (V1) as well as high bending loss, restrict the exploitation
of bulky LN EO modulators for desired large-scale photonic
integration.

The heterogeneous integration of thin films of LN on oxidized
Si substrates, has been recently demonstrated and pursued to-
wards satisfying the requirement of large-scale integration, e.g.,
compact waveguide cross-sections, and low bending loss [22].
Our method has been to load the LN thin films with a rib wave-
guide made out of a refractive-index-matched material (such
as tantalum pentoxide (Tay O5) [22], chalcogenide glass (ChG)
[23], or silicon nitride (SigNy) [24]-[27]) in order to circumvent
the LN etching issues and the associated high loss. It should be
noted that low-loss LN etching has been recently demonstrated
on LN thin films [28], [29]. Our team has also recently exploited
direct etching of thin-film LN for highly efficient nonlinear-
optic applications [30]. In any case, high optical confinement
and low bending loss have been achieved by rib loading or di-
rect etching, and as shown in Fig. 1(b), typical waveguide core
dimensions have been significantly reduced by almost 30 times,
i.e., from ~2 x 6 um? for half-intensity widths in conventional
LN waveguides [20] to 0.4 x 1 um?.

As a result of these submicron waveguides, the gap between
the electrodes of the MZ modulator can be decreased signifi-
cantly compared to the conventional LN devices without intro-
ducing additional loss due to absorption of the optical mode by
metallic electrodes. By utilizing this platform, we have previ-
ously demonstrated compact thin-film LN MZ EO modulators
on Si substrates with a 3-dB modulation BW of 33 GHz and
operating up to 50 GHz [24].

Compact LN modulators are not limited to the rib-loading
and thin-film method described above. A variety of other
approaches have been pursued [31]-[39]. A detailed review of
different approaches and advances in thin-film LN modulator
technology is beyond the scope of this work and has been
recently published [40].

With achieving this level of maturity for these emerging plat-
forms, an accurate model is now required in order to design
high-performance devices and predict their performance limits.
Despite some early work in recognizing the effect of frequency-
dependent impedance mismatch in travelling-wave EO modu-
lator [41], the commonly employed models in the literature for
conventional LN modulators do not consider this effect. In these
models, impedance matching is typically assumed between the
MZ EO modulator’s transmission line characteristics and the
terminating resistive load at all frequencies [42], [43].

In this paper, we report on a much improved model in
order to design, analyze and optimize the optical and RF
device parameters of these compact (submicron) LN EO
modulators. Electrical-optical modeling of the modulator
based on coupled-mode theory is presented in Section II. In
Section III, RF transmission-line modeling and calculation
of its parameters by utilizing COMSOL™ simulations as
well as conformal mapping technique is discussed. Moreover,
calculations based on the transfer function which is developed
by taking the impedance mismatch between the transmission
line and the terminating load into account, are presented.
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Fig. 2. Two dimensional schematic of a typical thin-film LN MZ EO
modulator.

Simulation results are presented in Section IV, and design
guidelines are discussed. By comparing the developed model
with experimental results, the accuracy of the model in predict-
ing the frequency-dependent response of the EO modulators
is verified. In addition, design optimizations for both RF and
optical parameters of the EO modulator are investigated. The
results predict significant improvement in the 3-dB BW of such
devices. Finally, concluding remarks are given in Section V.

II. ELECTRICAL-OPTICAL MODELING

Fig. 2 depicts the schematic cross-section of a generic thin-
film LN MZ modulator in the push-pull configuration. The slab
region of the optical waveguide is a X- or Y-cut thin-film of
LN bonded to a layer of SiOs on silicon or LN substrate. As
mentioned before, the thin-film LN is rib-loaded with an index-
matched material, or directly etched, to provide lateral con-
finement for the optical mode. The applied RF electric field is
aligned along the z-axis of LN. Hence, the strongest EO coeffi-
cient of LN crystal, i.e., r33 ~ 31 pm/V [44], will be efficiently
utilized.

Although this paper chooses the structure shown in Fig. 2 as
a working example, the model developed here is more general
and, in principle, can be applied to the other aforementioned
compact LN platforms [31]-[39].

Based on Fig. 2, the effective refractive index along the
z-direction is

n. =n, + An, ey

@)

where 7, is the extraordinary refractive index of LN, and Ef*¥
is the total electric field applied along the z direction. Based
on the coupled-mode theory, the change in the amplitude of the
optical field inside the waveguide can be calculated as

An = —nlrs EIT /2,

B (z) = E2(0)e 7017, 3)

where superscript op indicates the optical field, C1 is the com-
plex self-coupling coefficient defined as [44]
o ffs A&(y, 2)(EP EP)ds |
Pt (BT x HYY + EYP x H{P")ds’
“

C~\(1 1= ABop
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and E}” and H;” are the transverse electric and magnetic field
components of the optical wave propagating across the trans-
verse surface S of the optical waveguide. U, is the unit vector
along the direction of wave propagation. € is the complex per-
mitivity of the optical waveguide, and Bop is the complex phase
constant of the optical wave. Since

€= e, )
and with 7 = n + jn/, the change in the permitivity is
A€ =~ 2negAn, (6)

if the perturbation of the imaginary part of the refractive index
is ignored. Then, equation (4) can be written as

[[s 2neo An(E{? E{*")ds
ffs , ( E°P* Hop +E0p < Hop*)d .

For TE polarization

ABop = Wop (7)

// i, (B x H? + B x H")ds
S

2601)

_ 2Py / / B B )
Wop [0 S

—krsand [[g ERF (B EPP")ds
2B0p [ EP EP ds
Since we have neglected the change in the imaginary part of the

refractive index, Af,, is approximately a real value, expressed
as

and

ABoy = ©)

AByy = AntH ky, (10)

where k is the vacuum wavenumber. By using equation (2) and
(7), the perturbation to the optical effective index is

—kontrss [[g EFT (B E{"")ds

Antll = : 11
’rlop Qﬁop ffs E?p .E?p*ds ( )
In general, the RF field can be written as
Vv
EfF(y,z) = Ef(y,z) (12)

The voltage V' is a DC voltage for the lumped modulators, and
it is a time-varying signal for traveling-wave EO modulators. d
is the distance between the two metallic electrodes. f(y, z) is
the normalized spatial distribution of the electric field applied at
the optical waveguide transverse plane. By defining the overlap
of the electrical and optical fields as

ffé Eop Enp*)d
A= ” Eup g (13)
g t
equation (11) can be written as
e —koT‘ggnéA
An()[j;f = A’I’LO‘/, Ano = W (14)
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Fig. 3. Schematic of a general transmission line model. V; is the source
voltage with the impedance Zg. The transmission line is terminated with a
load with impedance Z,. Z and ~ are characteristic impedance and complex
propagation constant of the transmission line, respectively. The transmission
line is along the z-axis.

III. RF TRANSMISSION LINE MODELING

As shown schematically in Fig. 2, the RF transmission line
employed in the EO modulators is a symmetric coplanar wave-
guide (CPW) structure [15]. The signal is applied to the mid-
dle conductor and the other two conductors are ground planes
(Ground-Signal-Ground (GSG) configuration). The main trans-
mission line parameters of a CPW structure are the characteristic
impedance (Z)), attenuation constant (o ) and effective phase
constant (5 ). The standard lumped-element model of a trans-
mission line [45] can be used to model the RF performance
of the travelling-wave EO modulator, as depicted in Fig. 3.
~ is the complex propagation constant, Z; is the characteris-
tic impedance of the transmission line, and Z;,, is the input
impedance seen at the input of the transmission line with length
[. I';, is the reflection coefficient due to the mismatch between
Z and the terminating resistive load (Z1), and is defined as
[45]

I, = M. (15)
Z1 + Zy
Based on general transmission line theory, the voltage at each
point of the transmission line is

Viz) =V, e’ + Vye 7" =V, (e +Tre™ ™). (16)
The voltage at the beginning of the line is calculated as
V(=L) =V, (" +Tpe ") = Vs o ay
Zin + Zs~
Then, we can find V" in terms of the source voltage as
Vot = Vs Zin ! (18)

Zin + Zg el + e

In the ideal case, in which both source and load impedances are
matched to the line impedance (Z; = Zy , Z;,, = Zy),

Zy

'y =0,V =V
k 0 SZ(H-ZS

19)
However, this ideal case is almost impossible to achieve in
practice across a broad RF band, as discussed later in Section III.
Hence, it is necessary to introduce the effect of the impedance
mismatch into the modeling.
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As derived in the Appendix, the frequency-dependent transfer
function of any EO modulator is

Zin 1
H(LL)RF) Zin + Zs el +T e 71
[sinh(Al/2)e”‘”/2 sinh(Bl/Q)e’Blm}
A/2 L B/2 ’
(20a)
A= —app — jwrr(Nrr — Nop) /¢, (20b)
B = + agp + jwrr(ngp +n0p)/c. (20c¢)

where nrr and n,, are the RF and optical wave refractive
indices, respectively.

Equation (20) accounts for the RF attenuation coefficient, the
phase velocity mismatch of the RF and optical traveling waves
and the impedance mismatch between Zg and Z,. Moreover,
unlike the conventional models [43], the impedance mismatch
between the transmission line and the terminating load for the
operating range has been taken into account.

In comparison, the commonly employed model for predicting
the RF frequency response of the EO modulators is [43]

Zl/l
Zzn + ZS
sinh? (arpl/2) + sin® (Wrr (nrF — Nop )1 /2¢)11/2
(aRFl/2)2 + (WRF(nRF — n(,p)l/Qc)Z

H(pr) €7GRF1/2

2y

In this conventional model, impedance matching between Z
and Zp is assumed at all frequencies. As shown later in this
work, this assumption is not valid for compact EO modulators,
and leads to overestimation of the 3-dB BW. The comparison
between these two approaches are presented in Section IV.

Next, the main parameters of the RF transmission line, i.e.
Zy, nrr,and agp are calculated as follows.

A. Characteristic Impedance

The characteristic impedance of the modulator is calcu-
lated by using COMSOL™ simulations. Based on the quasi-
Transverse Electromagnetic analysis of the CPW structure, RF
electric and magnetic fields (denoted by Er » and Hp r respec-
tively) are used to calculate the resistance (R), inductance (L),
conductance (G), and capacitance (C) circuit parameters per
unit length for the CPW structure. The standard elements are
calculated as [45]

RS * 1o *
R = IT/ZHRF.HRFCZZ,LZ ﬁ/gHRF'HRFdS’
wRFEN - .
G: V2 /ERF ERFdS C—W/ERF~ERFdS

(22)

where Rg is the surface resistance of the metal electrodes, € is
the imaginary part €, V' is the potential difference between the
CPW electrodes, and I is the current flowing in the electrode.
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Then, the frequency-dependent 7, is calculated as

P R+ jwgrL
0 G+ jwrrC’

The characteristic impedance of a CPW with a GSG configu-
ration and multilayered substrate can be also obtained by using
the conformal mapping technique as [46]

K'(k)
deocK (k)

(23)

Zy = 24)

il

where c is the velocity of electromagnetic waves in free space,
e}’;f is the effective dielectric constant of the transmission line
and k = z,/xzy,, where z, = W, /2, z, = W./24+ W, z. =
We/2+ W, +W,;. K(-) and K'(-) are the complete elliptic
integrals of the first kind and its complement, respectively. The
effective dielectric constant is

3
?{f}f :1+ZQ77
1

where ¢; is the filling factor, and 1, 2, and 3 correspond to
LN, SiO; bottom cladding and substrate layers, respectively, as
shown in Fig. 2. For ¢ = 1 and 2, ¢; is defined as [46], [47]

1 K (k)K (k)
i(er,i - €r,i+1)m,

(25)

4 = (26)

where

ke — sinh(wz./2h;) \/sinh2 (may /2h;) — sinh? (7x, /2h;)

sinh(may, /2h;) sinh? (wz. /2h;) — sinh? (12, /2h;)

K=\ 1- k2,

27)
and for the substrate layer
1 K (k) K (k3)
=—(¢3— 1)/~ 28
Q3 2(6&3 )K(kl)K(k;)7 ( )
where
2
f= 2, |5 “k;’—\/l—k2 (29)
T 2 — a2
The frequency variation of the e”’f ! is calculated as
fff
eff eff Ve — yerr (0
€ = € 0 ) (30)
= |Vl o+ g
where
G = exp(uln(W./W,) + v),
u=0.54 — 0.64p + 0.015p%,
v =0.43 — 0.86p + 0.54p?,
= In(W,./h),
fre = c/4h/e, — 1, (31)
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Fig.4. Comparison between the calculated real part, and imaginary part of the

characteristic impedance (Zy) of the example electrooptic modulator (EOM)
using conformal mapping (CM) and COMSOL™ simulations vs. the conven-
tional bulk modulator for the operating frequency range.

and h = hy + hs + hy in the current structure and €, =
Zf;l €r.;/3. It is worth mentioning that the values of the char-
acteristic impedance and the effective permitivity obtained here
are valid for infinitesimally thin CPW metallic strip conductors.
As shown in Fig. 2, in practice, the metallization has a finite
thickness ¢ that affects the characteristics. It has been observed
that as the metal thickness is increased, characteristic impedance
and effective permitivity are both decreased consequently, but
in the case t/w. << 1, the effect of metal thickness can be
neglected [46].

The structure shown in Fig. 2 is used as an example with
I = 8 mm. The characteristic impedance of the modulator with
dimensions W, = 5.5 yum, W, = 12 ym, W; = 8.5 um, W;
=12 pym, t = 2 pm, hy = 400 nm, hy = 2 pm, and hg
= 500 pm for Si substrate is calculated using COMSOL™
simulations and the conformal mapping method described above
with calculated filling factors of 0.35, 0.01, and 0.001 for ¢,
@2, and g3, respectively, for Si substrate. For the case of LN
substrate, €, 3 in Eq. (28) is about three times higher than that of
Si, but g3 is still a small factor. The results agree with negligible
difference, i.e., ~5% of each other (For example Z;, = 48.38 )
using COMSOL™ simulations (Eq. (23)), and Z, = 50.7
calulated using the conformal mapping method (Eq. (24)), both
calculated at 1 GHz frequency). The trends versus RF frequency
(0to 50 GHz) are presented in Fig. 4, and Fig. 5 for Zy and np p,
respectively.

Itis evident that the Z; of the compact modulator in the exam-
ple varies from ~ 50 Q to ~ 35  as the frequency is increased
from DC to 50 GHz, whereas the characteristic impedance of
the conventional bulk LN modulators remains almost invariant
for the most part of the operating frequency range [48]. This is
confirmed through our COMSOL™ simulations by using struc-
ture in Fig. 2 with W, = W; = W, =20 ym, and ¢ = 5 ym on
bulk LN substrate which resembles a typical conventional LN
modulator. Shown also in Fig. 4, this clearly shows the impor-
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Fig.5. Calculated RF refractive index (n g r ) of the example modulator using

conformal mapping and COMSOL™ simulations, and o, oy, and app by
using conformal mapping method.

tance of impedance matching between the modulator and the
terminating load, in the case of the compact modulators.

B. RF Attenuation Constant

The RF attenuation constant is another important design pa-
rameter which should be carefully studied. As discussed later in
Section IV, it plays an important role in predicting the frequency
response of the EO modulator and its BW. The attenuation con-
stant of the CPW structure is generally defined as

QRp = Q¢ + Qg + Qp, (32)

where o, is the ohmic or metalic conductor attenuation con-
stant, «y is the dielectric attenuation constant and . is the
radiation attenuation constant. The dimensions of «., oy and
«, are dB per unit length. Here, with smooth metal deposition
for electrodes, «, is neglected. The expressions for the attenua-
tion constant due to dielectric loss in CPW structure is the same
as that for a microstrip, which is [46]

e ff
EPRF

et !

where tan ¢ is called the dielectric loss tangent, and it is taken
from [49], [50], and [51] for SiN, LN, and SiO,, respectively.

The ohmic loss is calculated by evaluating the power dissi-
pated in the line through conformal mapping of the current den-
sity in the finite metal thickness structure [52] as ., = .o/ f,
where . is defined as

2.73 €,
Qg =

(tan o) f, (33)

il 8, (1

eo = 4807TK1([ZS)0K ’(EIS)F(l —k?) |z <7T+ . <t(1+k)k))>

(i)

)

(34)
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Fig. 6. (a) Simulated RF mode profile of MZ modulator with 5.5 pm gap
between the electrodes at 10 GHz.; (b) Simulated optical mode profile of the
hybrid ridge waveguide with SizNy rib.

where Ry is the surface resistance of the strip conductor at
low frequencies. The transformation rule used for calculating
elliptic integrals is

14 ks

K(k) = (1 + k‘s)K(k‘s),K(k‘/) = D) K(k‘g), (35)
where
ks = xo /s, k. = /1 — k2, k = 2vk, po= Lok (36)

1+k 14k

The RF attenuation and both parts of it, i.e., o, and oy, are
depicted in Fig. 5 for the example modulator discussed in the
previous section | = 8§ mm. Clearly, oy cannot be neglected at
high frequencies.

IV. SIMULATION RESULTS AND DISCUSSIONS

RF and optical mode profiles of the EO modulator structure
of Fig. 2 are simulated using COMSOL™ and presented in
Fig. 6. In this structure, more than 70% of the optical mode is
confined within the LN thin film for SigNy rib with an index of
1.93 at 1550 nm. The evident high lateral optical confinement
compared to conventional LN devices allows for reduced elec-
trode gaps of 5.5 pm, and reduction in device’s overall footprint,
without introducing additional absorption of the optical mode
by metallic electrodes. Meanwhile, the high lateral confinement
of the electric field in LN provides negligible optical loss at the
sharp Y -junctions of the MZ modulator, and more importantly,
a desired overlap of the RF and optical field, which leads to
lower drive voltages compared to traditional bulky LN modula-
tors, and consequently a lower V. .[, which is an important figure
of merit for EO modulators. By further increasing the optical
mode overlap in LN, the drive voltage can be reduced. However,
this simultaneously results in lower lateral confinement and can
potentially increase the electrode-induced optical loss, and con-
sequently degrades the overall performance of the device [40].
Therefore, this trade-off should be considered carefully in the
design procedure.

It is observed that the effective refractive index of the optical
waveguide plays an important role in the final RF performance
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Fig. 7. Calculated effective refractive indices of optical waveguide of the

modulator for 3 different rib-loading materials as examples. The height and
width of the rib is varied. The thin-film LN thickness is 400 nm. The inset table
shows the assumed refractive indices of rib-loading materials.

of the modulator, i.e., in the frequency-dependent velocity mis-
match between the RF and optical modes (see Eq. (20)). Since
the effective refractive index of the RF guided mode (npr)
decreases with RF frequency, as depicted in Fig. 5, while the
optical refractive index (nf;{; 7y remains constant, the mismatch
between these two indices should be minimized as much as pos-
sible, by using the n,.;; value to tune nf// (see Figs. 7 and 8(a)).

In order to study the range of achievable values for nS//, the
optical waveguide region of the compact EO modulator in Fig. 6
is simulated using COMSOL™ and the results are presented in
Fig. 7. The height and width of the rib is varied for three different
rib-loading materials with optical refractive indices of n,;;, =
1.9,2.0, and 2.2, as an example (the case n,.;; = 2.2 corresponds
to LN). The height of the thin-film LN is fixed at 400 nm in the
simulations. The acquired values for nf;[ff are utilized in Eq. (20)
for [ = 8 mm, and the EO frequency response of the modulator
is depicted in Fig. 8(a). With the same waveguide cross-section,
increasing n,; results in higher BW and lower W, as observed
in Fig. 8(a), and Fig. 8(b). For example, an all-LN platform,
achieved by direct etching of LN (n,;;, = 2.2) has higher BW
compared to rib-loaded LN with rib indices lower than 2.2,
while rib-loading with a material with a higher index of 2.3
would offer the highest BW.

It is evident that by employing the appropriate rib-loading
material and optical waveguide dimensions, the 3-dB BW of
the modulator can be improved significantly. It is observed that
these degrees of freedom in using waveguide index, and di-
mensions are not easily attainable in traditional diffused LN
modulators. As discussed later, the device length is also an im-
portant parameter, and 100 GHz BW is predicted with | = 3 mm
(see Fig. 9(b)).

It should be noted that these simulation results are for the
particular CPW electrode structure of Fig. 2. Other configura-
tions for electrodes will vary the npr of the device and hence,
require appropriate re-designing of the optical parameters. It
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is also important to mention that by changing the rib-loading
material or the optical waveguide dimensions, the lateral
confinement of the optical mode will vary. Therefore, the gap
between the electrodes has to be designed accordingly in order
to avoid the metal-induced additional loss.

Fig. 8(b) presents optical loss vs. W, for different rib-loading
materials to show the trade-off between loss and confinement.
It is stressed that optical loss values only account for the metal-
lic electrodes and ignore the material loss of LN and the rib-
loading materials, as well as any fabrication-dependent sidewall
scattering loss. Fig. 8(b) suggests that employing a rib-loading
material with higher refractive index yields shorter gaps and
consequently more compact and lower-voltage devices. With
large enough W, metal-induced absorption loss is negligible,
and the overall transmission of the EO modulator is maximized.
Meanwhile, the optical propagation loss does not affect the fre-
quency response of the modulator, and its 3-dB BW. On the
other hand, the RF loss plays a key role in determining the per-
formance limits of the modulator, and as mentioned before, it
should be carefully studied.
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Here, a comparison between the driving voltage of rib-loading
versus direct etching of LN is presented. Directly-etched LN
waveguides clearly have higher optical mode overlap with the
active region and the mode is more confined. Also, with an index
of 2.2 for LN, directly-etched devices can afford smaller W,
compared to n,;;, < 2.2 for the same metallic loss. For example,
the data in Fig. 8(b) suggests that for a loss of 1 dB/cm, W, =
3.7 pm for n,;; = 2.2 (LN) and W, = 5.1 pum for n,;;, = 2.0.
However, as also pointed out elsewhere [40], the RF electric field
drops in both the rib and the LN active region, as the dielectric
constant of the rib material increases. Consequently, the overlap
of the electric and optical fields, A in Eq. 13, drops and to
some extent counteracts the shorter W, in V.l calculations.
For instance, in the same example described above, A is 64%
for n,;;, = 2.2 (LN) and 67% for n,;;, = 2.0. Accordingly, the
final V.l values are 2.93 and 3.82 V.cm, respectively.

As discussed earlier, one important issue neglected in tradi-
tional models is the impedance mismatch between the charac-
teristic impedance of the modulator (Z) and the terminating
50-€2 resistive load. This mismatch has been taken into account
in our developed model as denoted by I'; in Eq. (20). While
Zy varies with RF frequency, the CPW elecrodes structure of
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the modulator is designed in such a way to maintain character-
istic impedance as close as possible to 50 Q2. Fig. 8(c) shows
the variation of Zy versus W, for different widths of the center
electrode, denoted by W, in Fig. 2.

Finally, for the purpose of verification, the developed model is
utilized to compare with the frequency-dependent response of a
fabricated device in our previous work [24], i.e., the device with
the cross-section shown in Fig. 6 and with [ = 8 mm. As shown
in Fig. 9(a), the proposed model follows the experimental data
and is capable of accurately predicting the 3-dB BW of the mod-
ulator. However, it can be observed that the characterization data
and the frequency response resulted from the developed model
do not match at low frequencies. One possible reason is that
the wavelength of the RF signal is much greater than the trans-
verse dimensions of the EO modulator in this frequency range.
Hence, the peripheral apparatus such as the metallic holders or
the optical test bench below can potentially affect the measured
RF response of the device. Since these parasitic elements are
not considered in this model, the accuracy of the model at lower
frequencies could have been compromised. Further investiga-
tion of this attribution requires more detailed modeling, which
is beyond the scope of this work.

The discrepency between the conventional [43] and the pro-
posed model (see Eq. (20)) is clearly apparent in Fig. 9(a). The
result from conventional modeling considerably overestimates
the 3-dB BW of the modulator. It is also observed that if oy
is neglected in the models, the performance predictions are no
longer valid.

Accurate calculation of RF loss and refractive index, as well
as taking the mismatch between Z and Z, into account are both
required in order to properly predict the frequency response of
the compact EO modulators.

Finally, in order to further improve the 3-dB BW of the
modulator, the optimized device length is studied. As shown
in Fig. 9(b), shorter electrode lengths provide larger BW for
the same designed structure of Fig. 6 [24], but with different
[ values. The results predict the potential for achieving 3-dB
BW of 100 GHz for [ = 3 mm. However, it should be noted
that larger BW is attainable at the cost of increased half-wave
voltage (V). The variation of V;; vs. RF frequency (DC to 3-dB
BW) is depicted in Fig. 9(b) for different values of [.

V. CONCLUSION

In summary, we have developed a general transmission-line
model that accurately predicts the frequency-dependent
response of ultracompact (submicron) and high-speed elec-
trooptic modulators. The major RF parameters of such devices
are calculated as a function of coplanar waveguide dimensions.
The design procedure of these compact modulators in terms
of RF, as well as optical parameters are presented, and the
model is utilized to analyze and optimize the high-speed
performance of such devices. Finally, the accuracy of the model
is verified by comparing the results with the characterization
data obtained from fabricated devices. Unlike conventional
models, the developed model presented in this work, is capable
of accurately predicting the 3-dB bandwidth of ultracompact
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LN EO modulators. By utilizing this model, and with proper
design of such compact EO modulators, the 3-dB modulation
bandwidth can be improved to >100 GHz, which is an important
attribution for advanced optical communication systems.

APPENDIX

Formulations for calculating the proposed frequency-
dependent transfer function of the EO modulator, Eq. (20), are
developed in the following.

The complex propagation constant of the RF transmission
line is defined as

v = apr + jBRrF- (A1)

where the real part of the propagation constant, apr, is the
attenuation constant and the imaginary part, S, is the phase
constant of the transmission line.

In general, the total phase shift of the optical field along the the
electrode length [ which the RF transmission line is presented
is

0

AD,, = AD(wpp,t) = [ AB,ydr, (A2)
-1
where Af,, is defined as
AByy = koAngll. (A3)
Then, using Eq. (14)
ABoy = ko AngV (x t :,f ) : (A4)
op

where v7, is the phase velocity of the optical wave and is defined

as
vh, = Wop [ Bop = c/nf)g;f (A5)

The voltage of the transmission line in Fig. 3 which is time- and
frequency-dependent can be written as

v

op
(A06)
If we define the transfer function, H (wg ), via
A®,, = ko AngH(wrp)e!" ' Vs, (A7)
then, H(wrp) is
H(wgp) = /0 %+/VS [e—a“ze—jw“ (nRrF—nop)r/c
- (A8)

+ FL (efaﬁpzeJrijF(an +nn,,)z/c):|dx.

After integration, Eq. (20) is derived.
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