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Abstract

GPMWPP is a recent and innovative field for implementing
parallel processing in photonic integrated circuits. Light
distribution in these circuits is controlled via tunable MZIs
using the thermo-optic effect which increases the depen-
dencies on the high-performance blocks due to slower re-
sponse time and smaller operational bandwidths. To ad-
dress this limitation, GPMWPPs can be implemented using
electro-optic effect offered by BTO devices. However, due
to inherent anisotropy associated with BTO correct place-
ment of devices, achieving identical performance for de-
vices in various orientations becomes a challenge. In this
work we propose a solution addressing the device place-
ment problem in GPMWPP circuits.

1 Introduction

Similar to FPGA and multiprocessing cores in electron-
ics enabling the implementation of multiple function-
alities on the same chip, a paradigm shift from the
application-specific photonic integrated circuit to reconfig-
urable general-purpose microwave purpose photonic pro-
cessor (GPMWPP) have been observed in recent years
[1]-[5]. GPMWPPs find wide-scale applications in civil,
defence, aerospace and satellite operations, enabling the
implementation of LiDARS, communications links (in-
cluding modulator, filters, interrogators), high throughput
biomedical sensing units, various photonic signal process-
ing steps on the same reconfigurable circuit [1], [6], [7].
A GPMWPP consist of tunable directional couplers (im-
plemented using MZIs for enhanced fabrication tolerance)
waveguide mesh arranged in a specific geometry (trian-
gular, rectangular or hexagonal) along with external high-
performance blocks [5]. Light distribution in these circuits
is governed by manipulating the phase in the branches of
MZIs to reconfigure the circuit for implementing multiple
functions simultaneously, thus enabling parallel process-
ing. Given the advantages of hexagonal topology, a hexag-
onal architecture is utilized in the GPMWPPs [5]. How-
ever, the GPMWPPs demonstrated so far are tuned using
the thermo-optic effect, which leads to heavy dependencies
on high-performance blocks for implementing simple func-

tions such as modulation, simple filters etc., due to slower
response of thermo-optic tuning (5 µs - 200 µs).

To address this issue, GPMWP needs to be implemented us-
ing electro-optic tuning, which offers faster response time
and higher bandwidths. However, the device size should
be limited below 1 mm in these circuits to efficiently im-
plement resonant architecture with large FSR and low in-
sertion losses. Although lithium niobate on insulator is
the most commonly used electro-optic platform for pho-
tonic integrated circuits today, but it can not be utilized
directly for implementing GPMWPPs as it is limited by
large device lengths (5 mm - 20 mm) [8], [9]. Device
length can be reduced by increasing Vπ , but it will result
in high power consumption per 180o phase shift and other
nonlinear effects coming into play. Another method to re-
duce device length is to utilize material platforms offering
higher Pockel’s coefficient and being CMOS compatible.
Barium Titanate (BTO) is a ferroelectric material which
stays in a centrosymmetric cubic structure above the curie
temperature of 120oC, where it does not possess any lin-
ear Pockel’s effect. However, below Curie temperature, the
crystal changes to tetragonal structure with c lattice param-
eter stretched compared to shrinked ’a’ and ’b’ parameters
(a=b) and offers the largest Pockel’s coefficient which is
nearly 30 times the largest Pockel’s coefficient offered by
lithium niobate [10]-[12]. Due to ferroelectric behaviour,
BTO possesses instantaneous polarization aligned along the
c-axis. While film growth, the polarization domains are cre-
ated in 4 orthogonal directions as shown in Figure 1. How-
ever, on applying a static electric field in the form of voltage
bias, the polarizations are arranged in the same direction
parallel to the c-axis. Since a hexagonal topology is being

Figure 1. Two orthagonal domain formation in a-axis ori-
ented BTO layer.
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utilized for establishing the architecture of GPMWPPs, the
devices exist in 3 orientations (0, θ and −θ ), where θ is
the angle of the slanted edge of the hexagon. Since BTO
is an anisotropic material, the device performance will vary
with the change in orientation of the device due to a change
in effective Pockel’s coefficient. This opens up the chal-
lenge of device placement in GPMWPP architecture. For
efficient operation of GPMWPPs, the devices in the three
orientations must perform identically. With the maturity in
fabrication technology and accurate design technology, it is
possible to reliably predict the correct placement of devices
in GPMWPPs such that the devices in three orientations of-
fer identical operation bandwidth and Vπ L (these are also
known as FOM for MZIs). Thus, in this work, we analyze
the effect of varying orientation angles on effective Pockel’s
coefficient in detail and propose an optimized solution for
the device placement challenge in electro-optically tuned
GPMWPPs.

2 Theoretical Background

2.1 Device Structure

The proposed device structure utilizes coplanar waveguide
electrodes in a push-pull configuration on an a-oriented
BTO (c-axis in the plane of the device’s top view) on the
SOI hybrid platform. An a-oriented BTO layer of thick-
ness 0.1 µm over Si layer of 0.1 µm on SiO2 buried oxide
layer of 4.7 µm is considered. The rib of amorphous sil-
icon is considered for light confinement and propagation.
RF field is applied using gold electrodes deposited on BTO
directly. A cladding of SiO2 is also provided to allow micro
vias connections and safeguard the device against environ-
mental damage. The device structure is shown in Figure 2.

Figure 2. Cross section view of the device proposed

Table 1. Dimensions of various layers in Device

tAu wc wg wrib tclad
0.5 µm 8.25 µm 2.5 µm 0.75 µm 3 µm

Dimensions of various layers and parameters in Figure 2
are summarized in Table 1. Here tAu, wc, wg and tclad are

(a) (b)

Figure 3. (a)Dispersion curve and (b) Light confinement
dactor (τ) in BTO for varying rib height hrib.

electrode thickness, trace electrode width, electrode gaps
and cladding thickness. Rib height decides the number of
propagation modes and light confinement factor within the
BTO. Since silicon does not have its own electro-optic ef-
fect, the phase shift on the application of RF field occurs
only due to the light confined within the BTO layer. To
analyze the effects of varying hrib, the dispersion curve and
light confinement factor in BTO are plotted in Figure 3a and
3b, respectively. The figure depicts that for a single mode
operation hrib should be kept below 0.17 µm and the mode
confinement factor reduces as the rib height increases.

2.2 Effect of Device Orientation

Since BTO is an anisotropic material, with spontaneous po-
larization along c-axis its electro-optic performance can be
modelled using index ellipsoid equation given by:
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Here ne and no are extraordinary and ordinary refractive
index of BTO whose values are calculated using Sell-
meier Equation (ne=2.27 and no=2.3) and rmn represents the
Pockel’s coefficient. Since BTO has 4mm space group its
Pockel’s coefficient tensor is given as:

0 0 r13
0 0 r13
0 0 r33
0 r42 0

r51 0 0
0 0 0

 (2)

Here r13= 8 pm/V, r33 = 28 pm/V and r42 = r51 = 800
pm/V [?]. For an a-oriented BTO device if electric field is
applied along z-axis, the electro-optic performance will be
determined by r33. However, if the device is rotated by an
angle φ , then the index ellepsoid will follow rotated coor-
dinates given by:

x = x′cos(φ)+ z′sin(φ) (3a)
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z =−x′sin(φ)+ z′cos(φ) (3b)

Substituting equations (3a) and (3b) in equation (1):(
1
n2

o
+ r13Ez′cos(φ)

)
z′2sin2(φ)+

(
1
n2

e
+ r33Ez′cos(φ)

)
×

z′2cos2(φ)+2(r51sin(φ)Ez′)z
′2sin(φ)cos(φ) = 1

(4)

From the above equation effective Pockel’s coeffiecient as
a function of roatation angle φ can be given as:

re f f (φ) = r33cos3(φ)+(2r51 + r13)sin2(φ)cos(φ) (5)

Refractive index for rotated cordinates is given by:

nz′(φ) =
none√

nocos2(φ)+nesin2(φ)
(6)

Since BTO is a ferroelectric material with certain sponta-
neous polarization which will be oriented in 4 orthagonal
direction, above equation are valid only if all the domains
are oriented along c-axis. However, considering two do-
mains 0o and 90o are present in the waveguide region then
above equations for effective Pockel’s coefficient and re-
fractive index are modified to:

r′e f f (φ ,α) = (1−α)re f f (φ)+αre f f (90−φ) (7)

n′z′(φ ,α) = (1−α)nz′(φ)+αnz′(90−φ) (8)

here α represents the polarization factor. For considering
all the possible domains the same equation can be modified
with four polarization factors.

3 Results and Discussions

Figure 4. Effective mode index nop versus roataion angle.

Based on results obtained in Figure 3 hrib is decided to be
0.1 µm to attain single mode operation while maintaining
a high confinement factor of τ = 0.35. Using these values
optical mode profile was calculated (TE00 and TM00 mode
profiles are plotted in the inset of Figure 3). However, due
to the inherent anisotropy of BTO, the mode index will vary
with the device’s orientation. T00 mode index against vary-
ing rotation angle is plotted in Figure 4. The figure shows
that the optical mode index increases with rotation angle till

90o and then decreases. This value is vital in calculating the
phase shift due to the applied field for the device.

Since the expected device size is smaller than 1 mm,
lumped electrodes are considered and RF response is cal-
culated using a commercial FEM solver for varying RF fre-
quency, and depicted in Figure 5. For the purpose of RF
simulation BTO’s dielectric constant is taken to be 1200
and 56 along a-axis and c-axis, respectively [13]. Figure 5a
depicts the S21 response of the device from which the 3 dB
RF bandwidth is calculated to be 46 GHz, and S11 response
is shown in Figure 5b. The figure depicts S11 for the device
remains fairly low, thus ensuring efficient power delivery to
the electrodes. Changes in RF characteristics of the device
with changing orientation were found negligible.

(a) (b)

Figure 5. RF responses (a)S21 and (b) S11 for the proposed
device.

(a) (b)

Figure 6. (a) Effective pockel’s coefficient (reff) and (b)
Vπ L for different polarization factors (α) versus orientation
angle.

The electro-optic effect is applicable only in the BTO layer;
thus, the confinement factor calculated in Figure 3 plays
a significant role in determining the electro-optic perfor-
mance of the device and limits the maximum possible reff
to re f f max = τ × r51 = 280p pm/V. To analyze the electro-
optic response, effective Pockel’s coefficient is calculated
for varying device orientations and plotted in Figure 6a.
The figure shows th at the maximum effective Pockel’s co-
efficient of 218.53 pm/V is obtained at 54o orientation for
single domain device. For a push-pull configuration, the
applied field in the second branch of the MZI will be 180o

rotated compared to the field in the first branch; thus, the
magnitude of reff remains the same with the opposite phase.
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Thus Vπ L is given using equations (6), (7) and (8) as:

Vπ L =
λwg

2τn′3
z′ (φ ,α)r′e f f (φ ,α)

(9)

Using equation (9), Vπ L is plotted against varying orienta-
tions for different polarization factors in Figure 6b. From
the figure, it can be observed that Vπ L remains constant for
most of the orientation range for all the polarization factors,
which ensures that by changing polarization factor, Vπ L is
not affected for different device orientations.

Figure 7. Unit hexagonal cell optimized geometry.

4 Conclusion

Since in a hexagonal GPMWPP we encounter three device
orientations (0o, θ and −θ ), it is essential to select the pa-
rameters φ and θ such that all the devices in the three orien-
tation perform equally in terms of reff. In order to find opti-
mum placement for the hexagonal architecture GPMWPPs,
an optimization is run across the values obtained in Figure
6a to find three equally spaced angles at which reff remain
the same. Three angles obtained after optimization was 26o,
78o and -26o, at these angles reff were found to be 105 pm/V
and results in Figure 6b it is ensured that the Vπ L at the ob-
tained angles remain same. This means that the hexagon
cell has slanted branches at angle −56o and 56o, and then
the whole geometry is rotated by 26o giving rise to three
orientations 26o,78o and −26o as shown in Figure 7.
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