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Abstract

In this paper, a high-performance electro-optical tunable grating-assisted directional coupler (GADC) is proposed and dem-
onstrated experimentally. Our proposed GADC consists of a two-mode waveguide (TMW) and a single-mode waveguide
(SMW) formed with lithium niobate (LN). By introducing a long-period waveguide grating into the side-wall of the TMW
to compensate for the phase mismatch of the fundamental modes of the SMW and TMW, the fundamental modes of the two
waveguides can be coupled efficiently each other at a specific wavelength. Furthermore, push—pull electrode structure is
introduced to achieve the electro-optic (EO) tuning function featuring high speed, low driving voltage, and large tuning range.
The best LN GADC we fabricated on x-cut LN substrate using annealing proton exchange process shows a high isolation
of ~34 dB at 1532.9 nm wavelength, quite large EO tuning efficiency of 1.195 nm/V (1526.4-1549.1 nm) or 1.736 nm/V
(1576.1-1602.2 nm), and a thermo-optic tuning efficiency of 0.128 nm/°C (22-60 °C). Our proposed LN GADC can find
applications in the fields of high-speed tunable wavelength filtering, mode filtering, and EO modulation.

1 Introduction

Grating-assisted directional coupler (GADC) is an important
optical waveguide device because it is capable of achiev-
ing efficient coupling between the two modes having mis-
matched phase [1, 2]. The two same-order modes of the two
waveguides with different widths are not synchronized, in
another words, are phase mismatched because they have dif-
ferent velocity and momentum due to their different effective
refractive indices. This fact leads to that efficient evanescent
coupling between the two same-order modes is impossible
by employing an asymmetric directional coupler (ADC)
because the conservation of momentum cannot be satis-
fied when one mode is coupled to another, no matter how
close the two waveguides are. To solve this phase mismatch
issue, it is suggested to introduce a grating into the ADC to
compensate the phase mismatch between the two modes so
as to achieve efficient mode coupling [2]. According to the
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grating type and the propagation direction of the coupled
modes, GADC can be divided into Bragg grating-assisted
contra-directional couplers [3—16] and long-period gratings
(LPG)-assisted co-directional couplers [17-24].

GADC is developed on basis of single-waveguide grat-
ing coupler. As early as the 1970s, many researchers such
as Paek [25] and Yariv [26, 27] et al. analyzed periodic
structures formed on a straight waveguide and developed
single-waveguide gratings that can be used as a filter [28]
or a reflector in distributed feedback laser [29]. Although
the single-waveguide grating can achieve quite narrow
bandwidth, the application of this dual port device is rela-
tively narrow. In 1985, Syms proposed a four-ports device
combining grating and directional coupler [1], i.e., GADC.
GADC provides a new way to improve the performances of
the coupler and the grating. Due to its compact structure,
easy integration, versatility, and good wavelength selectiv-
ity, GADC is now widely used in various scenarios, such as
co-directional coupler [3, 4], optical add-drop filter [5-8,
18], polarization splitter [9], microring resonator [10], mul-
timode resonator [11], tunable delay line [12], wavelength
division multiplexer [13, 14, 19], mode division multiplexer
[15, 16, 23], filter [17, 20, 21], mode filter [22], optical sens-
ing [23], and so on.

Tunability is the key for improving the performance of
optical waveguide devices, realizing reconfigurable optical
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waveguide devices, and reducing the process requirements in
the fabrication of optical waveguide devices. Up to now, the
tunability of optical waveguide devices are usually realized
based on the electro-optic (EO) and the thermo-optic (TO)
effects, where the EO effect includes linear EO effect (i.e.,
Pockels effect) and plasma dispersion effect. Among them,
EO tuning is more fascinating due to its high tuning speed
and low power consumption. Nowadays, different types of
EO tunable single-waveguide grating have been realized
based on different EO materials, such as EO polymer [30],
silicon on insulator (SOI) [31], lithium niobate (LN) [32],
and hybrid glass waveguide/liquid crystal [33], their low
tuning efficiency (usually less than 100 pm/V), however,
would limit their practical applications.

Compared with the single-waveguide grating, GADC, a
composite structure of the coupler and the grating, has the
potential to achieve quite high tuning efficiency. Among the
above GADC-type devices, the devices fabricated with SOI
adopt plasma dispersion effect [3] or TO effect [7, 12, 14]
to achieve the tunability, and the devices fabricated with
polymer [6, 23] also adopt TO effect to realize this goal.
Although the devices in [20] and [21], fabricated with semi-
conductor material InGaAsP/InP and EO polymer, respec-
tively, adopt linear EO effect to achieve the tunability, the
former has low tuning efficiency due to its small EO coef-
ficient of InP, while the latter has depolarization and stability
problems. In comparison with InP and EO polymer, lithium
niobate (LN) is the most promising material platform to
fabricate these tunable GADC-type devices due to its wide
transparent window, large EO coefficient, stable physical and
chemical properties, and mature optical waveguide fabrica-
tion technology [34, 35]. Therefore, it is of great signifi-
cance to combine the advantages of LN crystal and GADC
structure to develop GADC-type devices that have stable
performance, low loss, and high tuning efficiency.

Previously, we have realized asymmetric directional cou-
pler [36] and cascaded three-dimensional directional cou-
pler [37] in LN. The former can realize efficient and tunable
coupling between the E ;g mode in single-mode waveguide
(SMW) and the E,; mode in two-mode waveguide (TMW)
and, hence, switchable mode multiplexing; and the lat-
ter further realizes the switchable mode (de)multiplexing
functions for the E, |, E,,, and E,, modes by cascading two
asymmetric directional couplers. In addition, we have also
successfully developed the GADC-type mode filter based
on LN material to meet the needs of some special applica-
tion scenarios where the fundamental E,;; mode in TMW
needs to be filtered [22]. Our previous GADC-type mode
filter achieved an isolation of 29 dB at the wavelength of
1551.7 nm. However, its EO tuning efficiency is low (only
0.182 nm/V) because only one coupled waveguide is
tuned. To improve the EO tuning efficiency of LN optical
waveguide GADC, in this paper, we further introduce and
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fabricate successfully a set of push—pull electrode to tune
the two coupled waveguides. We also improve the wave-
guide fabrication process to reduce the propagation loss.
With these innovations, we designed and fabricated dozens
of GADCs with somewhat different periods on a single x-cut
LN chip using annealing proton exchange (APE) process,
the best one of them shows maximum isolations of ~34 dB
(1532.9 nm) and ~29 dB (1533.1 nm) for the TMW and
SMW channels, respectively. We further package the best
one and investigate its EO tuning and modulation features
as well as TO tuning feature, which gives an EO tuning effi-
ciency of 1.195 nm/V (1526.4-1549.1 nm) or 1.736 nm/V
(1576.1-1602.2 nm), and a thermo-optic tuning efficiency of
0.128 nm/°C (22-60 °C). At least six times enhancement of
EO tuning efficiency is achieved compared with our previ-
ous result. Our proposed LN GADC can find applications in
the fields of high-speed tunable wavelength filtering, mode
filtering, and EO modulation.

2 Device structure and design

As shown in Fig. 1a, our proposed LN GADC consists of an
asymmetric directional coupler (ADC), an LPG, and a set of
push—pull electrode. The ADC is composed of an SMW and
a TMW with a spacing of S. The LPG is formed on the inner
side of the TMW. In this work, these optical waveguides and
the LPG are formed with APE process simultaneously. To
employ the maximum EO coefficient y;; of LN, the x-cut
LN wafer and y-propagation layout are adopted. Because
the LN waveguides formed with APE process support only
the light wave whose electric field is along z direction [35],
the SMW here only supports the fundamental mode E| g
polarized along the z direction, while the TMW only sup-
ports the fundamental mode E; ;1 and the first-order mode
E, 1, both polarized along the z direction. The chromium
gold electrodes are placed between the SMW and TMW and
both sides of the two waveguides, as shown in Fig. 1. Such
an electrode structure can utilize the opposite electric field in
the SMW and TMW to realize the push—pull tuning function
and, hence, reduce the tuning voltage and improve the tuning
efficiency. In addition, to avoid the light absorption induced
by the metal electrode, a silicon dioxide (SiO,) buffer layer
is formed on the LN waveguides to isolate the waveguides
from the electrodes, as shown in Fig. 1b. Obviously, if the
widths of the SMW and the TMW are quite different, the
propagation constants of the E,;5 and E;;+ modes in the
two waveguides are also quite different; thus, the coupling
between the E, g and E,;1 modes is impossible. However,
the introduction of the LPG can compensate for the differ-
ence of the propagation constants of the two fundamental
E, ;s and E,;;+ modes so as to realize efficient mode coupling
based on phase matching.
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Fig.1 a Schematic diagrams showing a the top view of the proposed GADC and b cross-sectional view of the coupling region of the proposed

GADC

To design the proposed GADC, we need to know the
effective refractive indices of the E, ;5 and E;; modes,
determined by the width of the SMW and the TMW. For
this purpose, we fabricated many sets of trial LN wave-
guides with different widths through the APE process.
Each set of waveguides includes ten optical waveguides
with the same width so as to measure the effective refrac-
tive index of the waveguide easily [36, 38]. Different
from our previous work [22, 36], here, we used the mixed
solution of benzoic acid and lithium benzoate for proton
exchange. We fabricated several groups of optical wave-
guides with widths of 5-7 pm and 10-13 pm (step size
0.5 pm) using the same exchange temperature of 250 °C
and annealing temperatures of 350 °C, but slightly dif-
ferent exchange and annealing times. We then measured
the effective refractive index of these waveguides at the
wavelength of 1538.3 nm with prism-coupler system (Met-
ricon, Model 2010. The nominal uncertainty is +0.0003).
According to the measured results, after exchange of 4.0 h
and annealing of 3.6 h, the effective refractive index N,
of the E| ;g mode in a 6.0-pm-width SMW is 2.14114,
while the effective refractive indices Nyt and N, of
the E;;1 and E,;1 modes in a 10.0-pm-width TMW are
2.14320 and 2.13950, respectively. Obviously, the effec-
tive refractive indices of these three modes are quite dif-
ferent, which means the phase-matching mode coupling
between them can be avoided. Therefore, the width w of
the SMW is set to 6.0 um. Further, considering the impact
of the grating on the modes of the TMW, the width of the
TMW should be (10 +d/2) pm [39]. At the same time,
considering that the LPG is also fabricated simultaneously
with the waveguide through the APE process, its refractive
index contrast is small. Thus, to increase the coupling effi-
ciency and reduce the difficulty of the grating fabrication
but not to increase the propagation loss of the waveguide,

the grating depth d is set to 1.2 pm, about one-tenth of the
width of the TMW. Based on the above analysis, the width
w, of the TMW is set to 10.6 pm.

The period A of the grating can be calculated using the
formula [19]:

4o Ao

A: = 1
NllT_Nlls A}Vll ()

with the measured N, and N, g in our trial, the calculated
A 'is 752.4 pm at the resonant wavelength of 1550 nm. To
place the tuning electrode between the SMW and TMW
but not to increase the length of the device significantly, a
moderate space S of 4.0 pm between the two waveguides
is chosen. Finally, with the above parameters, the grating
length of 13,572 pm, corresponding to 18 grating periods, is
obtained using the beam propagation method (Rsoft BPM)
to simulate the light propagation through the grating when
the grating duty cycle is set to 50%, which just like we did
in our previous work [22]. Figure 2a, b presents the simu-
lated propagation dynamics when the z-polarized E;; mode
at 1550 nm was launched into the SMW and the TMW of the
designed GADC, respectively, which clearly show efficient
coupling between the E; ;g mode and the E,;; mode. While
Fig. 2c presents the simulated propagation dynamics when
the z-polarized E,; mode at 1550 nm was launched into the
TMW of the designed GADC, which shows that the excited
E,,r mode almost stays in the TMW and there is almost no
mode coupling between the SMW and the TMW.

A simple lumped tuning electrode structure is adopted
in this work. According to the waveguide structure shown
in Fig. 1 and the above waveguide parameters, the central
electrode width w,, is set to 4 pm. The electrode width
w, on both sides is set to 30 pm. The electrode spacing
W and wy, are set to 12 pm and 8 pm, respectively. The
electrode length is 13.95 mm.
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Fig.2 Simulated propagation dynamics when the z-polarized E,;
mode at 1550 nm was launched into a the SMW and b the TMW of
the designed GADC, respectively. ¢ Simulated propagation dynamic

3 Device fabrication

We fabricate the proposed GADC using standard photoli-
thography and APE process as we used to fabricate the trial
waveguides. The fabrication process is outlined below. A
layer of SiO, used as the mask layer during exchange was
grown on the clean x-cut LN wafer by plasma enhanced
chemical vapor deposition (PECVD). Then the device pat-
tern was defined on the photoresist layer by photolithogra-
phy and transferred subsequently to the SiO, layer through
wet etching. After the residual photoresist was removed,
the patterned LN substrate was submerged in the mixed
solution of benzoic acid and lithium benzoate for proton
exchange. Next, the exchanged LN substrate was annealed
to reduce the waveguide loss and restore its EO activity.
The exchange and annealing parameters are the same as the
optimal parameters used in the fabrication of the above trial
waveguide, i.e., the samples were exchanged at 250 °C for
4 h, and then annealed at 350 °C for 3.6 h. After that, we cut
the chip and polished its two end faces to obtain the input/
output interface, where each end face has an angle of 8° with
respect to the z direction so as to prevent the light reflected
back into the waveguide. The total length of the chip after
polishing is ~25 mm. Finally, we fabricated successfully a
set of push—pull chromium gold electrode with a thickness
of about 1 um and a length of 13.95 mm through electron
beam evaporation, lithography with high-precision align-
ment, and electroplating processes. Here, to reduce the light
absorption loss induced by the metal electrode, a layer of
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when the z-polarized E,; mode at 1550 nm was launched into the
TMW of the designed GADC

about 130-nm-thick SiO, used as a buffer layer was grown
on the surface of the waveguide by PECVD before fabri-
cating the electrode. In view of the high sensitivity of the
resonant wavelength of LPG to the grating period and the
errors in the design and fabrication process, we designed
and fabricated dozens of GADCs with somewhat different
periods on a single LN chip, as shown in Fig. 3a. Figure 3b
shows a microscope photograph of the fabricated tuning
electrode, indicating that the fabrication of the electrode is
quite successful.

4 Device measurement

We first investigated the transmission of our fabricated LN
GADC at room temperature of 22 °C. Broadband light signal
from an amplified spontaneous emission (ASE) light source
(B&A technology AS4600) was launched into the TMW or
SMW of the GADC through a standard single-mode polari-
zation maintaining fiber (SMPMF). To excite only the E, ¢
or E,;r mode polarized along z direction in the SMW or
TMW, we adjusted the SMPMF carefully so as to launch
the light exactly at the center of the input waveguide. The
light output from the SMW or TMW was collected by a
single-mode fiber (SMF) and monitored by an optical spec-
trum analyzer (OSA) (YOKOGAWA, AQ6375B). The meas-
urements for multiple GADCs show that the GADC with a
period of 754 pm (denoted as GADC754) has the best per-
formance. Figure 4a, b shows the normalized transmission
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Fig. 3 a Photograph of our
typical fabricated chip including
dozens of GADC devices and b
a microscope photograph of the
fabricated tuning electrode
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Fig.4 Normalized transmission spectra from the TMW and the SMW of GADC754 measured with broadband light launched into a the TMW

and b the SMW

of GADC754 when the broadband light signal was launched
into the TMW and SMW of GADC754, respectively, where
the normalization was done with respect to the spectrum of
fiber to fiber. It can be seen from Fig. 4a that, when the light
is input from the TMW, the transmission spectrum of the
TMW exhibits a distinct rejection band with a maximum
contrast of ~34 dB at the center wavelength 1532.9 nm,
while the output spectrum of the SMW exhibits somewhat
complementary pass band. This indicates that the E;; mode
of the TMW is coupled into the E,;g mode of the SMW
near the rejection band. In addition, from Fig. 4b, it can be
inferred that when the light is input from the SMW, the out-
put spectrum of the SMW exhibits a distinct rejection band
with an isolation of ~29 dB at the wavelength of 1533.1 nm,
while the spectrum output from the TMW exhibits a distinct
complementary pass band near the rejection band, indicating
an efficient coupling from the E;; mode of the SMW to the
E,,r mode of the TMW.

According to the normalized transmission spectrum
shown in Fig. 4a, b, the minimum insertion losses of the

TMW and SMW of GADC754 are~10. 0 dB (denoted
as ILT, see Fig. 4a at 1565 nm) and ~2.5 dB (denoted as
ILS, see Fig. 4b at 1565 nm). As a comparison, we also
measured the insertion losses of a few straight reference
waveguides fabricated simultaneously on our GADC chip
using the same parameters as the SMW and the TMW
(also with 18 grating periods). For the fundamental modes
(the E|;g and E;;; mode), the measured insertion losses
of the reference TMW and SMW are 2.5 dB and 2.2 dB,
respectively. The coupling losses between the fiber and the
TMW and the SMW are estimated to be with a same value
of ~0.5 dB/facet. Correspondingly, the propagation losses
of the TMW and the SMW are ~0.58 dB/cm and 0.48 dB/
cm. Here, the relatively large insertion loss of the TMW
of GADC754 can be mainly attributed to more overlap
between the metal electrode and the TMW, which induces
a significant absorption loss. Although the metal absorp-
tion loss can be reduced by increasing the thickness of
Si0, buffer layer, it will lead to the decrease of EO tuning
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efficiency. Thus, there should be a trade-off between the
metal absorption loss and the EO tuning efficiency.

In addition, if we assume that the light travels the same
lengths in the TMW and the SMW no matter which wave-
guide it is input from, then according to the above insertion
losses of the TMW and the SMW of GADC754, the normal-
ized output from the SMW and the TMW should be with the
same value of ~ —6.25 dB (=ILT/2+1ILS/2=5.0dB+1.2
5 dB) at the resonance wavelength (the flatness of the ASE
light source is better than 1 dB). However, from Fig. 4a, the
output from the SMW is only — 12.5 dB at 1532.9 nm, which
means there exists a coupling loss of ~6.25 dB when the E ;1
mode is coupled to the E; ;g mode. Similarly, from Fig. 4b,
the output from the TMW is only — 18 dB at 1533.1 nm,
which also means there exists a coupling loss of ~11.75 dB
when the E,;g mode is coupled to the E;; mode. The two
coupling losses can be attributed to the absorption induced
by the middle metal electrode between the two waveguides,
which is also the reason that the measured transmission
spectra shown in Fig. 4a, b do not show obviously comple-
mentary feature at the resonance wavelength of 1532.9 nm
and 1533.1 nm. At last, apart from the above absorption
losses and after ignoring the above propagation and the butt
coupling losses, the coupling efficiencies of the two cases
can be calculated approximately using the normalized power
at 1532.9 nm and 1533.1 nm shown in Fig. 4a, b, and the
calculated results are larger than 99% at these two resonance
wavelengths.

To confirm that the rejection band in Fig. 4a, b is caused
by the light coupling, we further investigated the light cou-
pling using a tunable laser (OPEAK DFB-C-WTx) as the
light source to excite E;;; mode in the TMW, and then took
the near-field images of the output light from the SMW and

1530 nm 1532.9 nm

1536 nm 1538 nm

Fig.5 Output near-field patterns taken at the output of the TMW
and the SMW of GADC754 when the E;; mode at different wave-
lengths is excited at the input of the TMW, the pattern in the red box
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TMW with an infrared camera (Micron Viewer 7290A). The
captured images over the wavelength range 1530-1540 nm
are shown in Fig. 5a. At the resonance wavelength of
1532.9 nm, a complete coupling between the E,;; and the
E, s mode is achieved, while at other wavelengths, only part
of the E;;r mode is coupled to the E; ;3 mode. The above
mode coupling characteristics are completely consistent with
the results shown in Fig. 4a, indicating that the rejection
band in the transmission of the TMW is caused by the cou-
pling between the E |, and E, |y modes.

Additionally, we also investigated the transmission of the
E, 1 mode in the TMW. We adjusted the input SMPMF care-
fully to introduce a suitable offset between the two central
axes of the fiber and the waveguide so as to excite E,; mode
in the TMW. The photo in the red box at the bottom-right
corner of Fig. 5 shows the near-field image captured at the
wavelength of 1532.9 nm at the output end of GADC754.
As expected, there is no mode coupling between the E,
and E| ;g modes, which means our proposed device can filter
E, s mode but would not affect the transmission of the E, ;1
mode.

To facilitate the investigation of the EO and TO tunability
of the device, we further packaged GADC754 unit on the
chip. The process is as follows: first, we cut off the parts
with poor performance from the LN GADC chip; second,
the two ends of the TMW and the SMW of GADC754 were
pigtailed with an SMPMF array (with two fibers) and an
SMF array (with two fibers) using UV glue and subsequent
high-temperature aging process, respectively; finally, the
chip was placed in a simple packaging box and the device
electrode pads were bonded with gold wire to the pin of the
packaging box. The photograph of the packaged GADC chip
is shown in Fig. 6.

1534 nm

1540 nm - 1532.9nm

at the bottom-right corner corresponds to the E,;+ mode at 1532.9 nm
excited at the input of the TMW
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Fig.6 A photograph of the
packaged GADC chip

We then investigated the EO tuning feature of the pack-
aged GADC754 chip with the above ASE light source and
OSA by applying different positive or negative tuning volt-
ages to the electrodes, where a positive (negative) voltage
means that the voltage between the side electrodes and the
middle electrode is positive (negative). The normalized
transmission spectra are shown in Fig. 7a—e. Compared
with the measured result before package, which is shown in
Fig. 4a, the central wavelength of the transmission spectrum

of the TMW channel shifts from 1532.9 nm to 1533.4 nm
after package, a slight change of ~0.5 nm.

As shown in Fig. 7a, when the tuning voltage increases
from O to 6 V, the central wavelength of the rejection band
of the TMW transmission spectrum redshifts from 1533.4
to 1541.04 nm, the isolation drops from 33 to 21 dB, and
the insertion loss increases by ~6 dB. Subsequently, as the
tuning voltage further increases to 10 V, the central wave-
length also further redshifts to 1547.0 nm and the isolation
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Fig.7 Normalized transmission spectra of the TMW channel of the
packaged GADC754 measured at different tuning voltages, a 0-6 V,
b 8-15V, ¢ 18-24 V,d 26-32 V, e 0 to—7 V, and f variation of the

Wavelength (nm)

Tuning voltage (V)

center wavelength with the tuning voltage together with the linear fit-
ting lines for the two rejection bands
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increases to 44 dB. After that, as the tuning voltage contin-
ues to increase, the center wavelength continues to redshift,
but the isolation becomes smaller and smaller, and finally
almost disappears at the tuning voltage of 15V, as shown in
Fig. 7b. Meanwhile, when the tuning voltage is 12 V, a new
rejection band is generated near the wavelength of 1562 nm.
This new rejection band has the same EO tuning character-
istics as the previous rejection band, its center wavelength
redshifts from 1576.1 to 1602.2 nm when the tuning voltage
increases from 18 to 32 V, as shown in Fig. 7c, d. The mini-
mum insertion loss is 15 dB while the maximum isolation is
42 dB (corresponding to the tuning voltage of 20 V and the
center wavelength of 1579.8 nm), and the isolation is greater
than 17.5 dB over the tuning range of 26 nm. Moreover, it
can be deduced from Fig. 7d that the tuning range can be
further extended toward longer wavelength, but limited by
the measurement equipment, no corresponding experimental
results are presented here. Additionally, as shown in Fig. 7e,
when the applied tuning voltage increases from 0 to—7V,
the center wavelength blueshifts from 1533.4 to 1526.4 nm
and the isolation decreases from 36.0 to 6.0 dB.

The above results indicate that GADC754 has two
rejection bands, and the two rejection bands overlap par-
tially when the tuning voltage is in the range of 12-15 'V,
as shown in Fig. 7b, which greatly increases the bandwidth
of the device. With the increase of the tuning voltage, the
isolation of the first rejection band decreases while the
isolation of the second rejection band increases, and the
isolation of the two rejection bands are almost the same
when the voltage is 13 V. The variation of the central
wavelengths of the two rejection bands with the tuning
voltage together with the linear fitting lines is shown in
Fig. 7f. Linear fitting lines show that the tuning efficien-
cies are 1.195 nm/V (1526.4-1549.1 nm) and 1.736 nm/V
(1576.1-1602.2 nm), respectively. In view of the fact that,

—ov——-av—-o2v

-3V- -4V |

—
=

Transmission (dB)

@ |
1550

1525

1533 1540 1545

Wavelength (nm)

1530
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for any GADC, high-efficiency coupling requires not only
the perfect phase match condition presented in Eq. (1) but
also a suitable coupling length (i.e., grating length), all of
these EO tuning feature can be explained as follows. For
our fabricated GADC with a fixed grating length, from
Eq. (1), the change of N;;; and N,,5 due to the EO tuning
leads to a corresponding change in A,. This is the reason
that the rejection band redshifts or blueshifts. However,
different A, requires different coupling length; there-
fore, with the change of A,, unmatched coupling length
results in the decline in coupling efficiency and, hence,
the decrease of isolation.

Similarly, we also investigated the EO tuning feature of
the SMW channel by launching broadband light signal into
the SMW. The normalized transmission spectra measured
at different tuning voltage are shown in Fig. 8a. Just like the
TMW channel, the central wavelength of the transmission
spectrum of the SMW channel has also a shift of ~1.6 nm
(from 1533.1 to 1534.7 nm) after package, meanwhile the
isolation drops from~27 dB to~23 dB. Both changes can
be attributed to an imperfect alignment between the fibers
and the SMW and the thermal drift caused by the high-
temperature aging of the UV glue (85 °C), However, they
have no any impact on the evaluation of EO tuning of the
SMW channel. From Fig. 8a, as the tuning voltage changes
from 0 to —4 V, the center wavelength of the rejection band
moves from 1534.7 to 1528.4 nm and the isolation reaches
its maximum value of 27.0 dB at—1 V. The variation of
the center wavelength of the rejection band with the tun-
ing voltage, together with the linear fitting lines, is shown
in Fig. 8b, indicating a tuning efficiency of 1.575 nm/V.
The above experimental results show that our designed and
fabricated LN GADC has large EO tuning range and high
tuning efficiency, which makes it a good candidate device
for broadband and high-speed tunable wavelength and mode

T
153 4-_ . E?(perimental values| |
| Linear fit
1533 4
Slope = 1.575 nm/V

1532 4

1531F 4
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1529 ®) -
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15284 4 - . s

Tuning voltage (V)

Fig.8 a Normalized transmission spectra of the SMW channel of GADC754 measured at different tuning voltages from O to 4 V and b variation
of the center wavelength with the tuning voltage together with the linear fitting lines for the rejection band
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filter used in the wavelength and mode division multiplex-
ing system.

Further, we investigated EO modulation characteristics of
the packaged GADC754. Here, we first determined the opti-
mal operation wavelength by investigating the EO modula-
tion at different operation wavelength from 1530 to 1540 nm
when a sinusoidal driving signal at 1 MHz and 6 V (peak
to peak) generated by a signal generator (Agilent 33220A)
was applied to the tuning electrodes. The modulated light
signal output from the TMW was received by the photo-
detector and sent to the oscilloscope for monitoring. The
measured EO modulation at different wavelength is shown
in Fig. 9. As expected, the light launched into the GADC
can be modulated by the input sinusoidal driving signal and
the optimal modulation is achieved at the wavelength of

1532 nm
- A

[400ns 2.50
)>v0.00000s 10k

1535 nm

.
/\ /

25060/ @ S
s 10K 0.00V

1533 nm. Subsequently, we selected 1533 nm as the opera-
tion wavelength and then investigated the EO modulation of
the packaged GADC754 under different sinusoidal driving
voltages at | MHz. The measured EO modulation is shown
in Fig. 10, which shows that the optimal modulation can be
achieved at the driving voltage of 6 V. Although the achieved
modulation is at low frequency, the proposed GADC struc-
ture has potential to achieve a higher-frequency modulation
if the coplanar waveguide electrode is used or the proposed
GADC is formed with LN thin film, in which a short modu-
lation electrode is possible.

Finally, the TO tuning feature of the packaged GADC754
was also evaluated by investigating the shift of the center
wavelength of the rejection band in the TMW transmission
spectrum with the change of the ambient temperature. The

Fig.9 Modulation feature achieved with the TMW channel of the packaged GADC754 at different operating wavelength when a 1-MHz and 6-V

sinusoidal signal is applied to the tuning electrodes of the GADC

@ 1.00mvo

8.041V

2355 2022
11:02:09

Fig. 10 Modulation feature achieved with the TMW channel of the packaged GADC754 when the operating wavelength is set at 1533 nm and a
1 MHz sinusoidal signal with different voltage being applied to the tuning electrodes of the GADC
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normalized transmission spectra measured at different ambi-
ent temperature from 22 to 60 °C are shown in Fig. 11a.
Compared with the previous transmission spectrum (see
Fig. 7a, 0 V), the transmission spectrum at 22 °C presented
in Fig. 11a shows degradations in both isolation and inser-
tion loss. The most possible reason is the degradation of the
alignment between the waveguide and the fiber caused by
an imperfect butt-joint coupling skill. However, such deg-
radations have no impact on the evaluation of TO tuning of
the LN GADC. It can be seen from Fig. 11a that the center
wavelength of the rejection band blueshifts from 1533.5 nm
to 1528.6 nm when the ambient temperature changes from
22 to 60 °C. The variation of the center wavelength of the
rejection band with the change of the ambient temperature,
together with the linear fitting lines, is shown in Fig. 11b,
indicating a TO tuning efficiency of 0.128 nm/°C.

From Eq. (1), 4, is determined by A and AN;,. During
the TO tuning, A will be changed by the thermo-expansion
effect of LN, while AN,; will be changed mainly by the
TO effect of LN. It should be pointed out here that other
physical effects of LN, including thermo-expansion effect,
photoelastic effect, and pyroelectric effect have also exerted
impacts on AN, ;; however, for simplicity and to highlight
the impact of TO effect, we can assume reasonably that
these other effects have negligible impacts on AN;; dur-
ing the TO tuning. Next, we investigate qualitatively the
change of AN, caused by the TO effect of LN. It is well
known that LN has a positive TO coefficient, which means
its refractive index increases with the increase of the ambient
temperature. Moreover, according to the fact that a TMW
can provide a lower dispersion for the fundamental mode
than an SMVW, (i.e., the increase of the effective refractive
index of the fundamental mode slow down when the width
of a waveguide increases), it can be deduced that the incre-
ment of Nyt is smaller than that of N,y when the ambient

Transmission (dB)

1 1 ]
1535 1540 1545

Wavelength (nm)

[ 1
1525 1530

Wavelength (nm)

temperature increases; hence, AN, decreases gradually with
the increase of the ambient temperature. Considering that
the increment of A due to the thermo-expansion effect of LN
can be negligible, in a low temperature change, 4, is mainly
influenced by AN,;, and with the increase of the ambient
temperature AN,; decreases, thus 4, blueshifts.

5 Conclusion

We have demonstrated a high-performance EO tunable
GADC in LN based on push—pull electrode. The best one
of our fabricated LN GADC by the APE process shows an
isolation as high as ~34 dB at the wavelength of 1532.9 nm.
We packaged the best LN GADC and investigated its EO
tuning and modulation as well as TO tuning characteris-
tics. The experimental results show that our best GADC has
two rejection bands, corresponding to the EO tuning ranges
of 22.7 nm and 26.1 nm and the EO tuning efficiency of
1.195 nm/V and 1.736 nm/V, respectively. In addition, the
measured TO tuning efficiency is 0.128 nm/°C (22-60 °C),
respectively. We also investigated the EO modulation char-
acteristics of the TMW channel of the best GADC, and the
result shows that it can achieve good EO modulation under
the condition of low frequency and small signal. Our pro-
posed GADC could be used as high-speed tunable wave-
length filter, mode filter, and EO modulation. It should be
pointed out that the size and the performance of our pro-
posed EO tunable GADC can be improved markedly if it was
fabricated with the thin-film LN. Nowadays, the thin-film
LN has shown its excellent ability in reducing the size and
improving the performance of LN-based optical waveguide
devices, such as EO mode switch [40], EO modulator [41,
42], polarization beam splitter [43], and so on.

T T T T T i T
1534 e Experimental values| |
Linear fit

1532 Slope = 0.128 nm/°C T

15301 ]

1528} (b) ]
. 1 L 1 L L 1 L

20 30 40 50 60

Temperature (°C)

Fig. 11 a Normalized transmission spectra of the TMW of GADC754 measured at different temperature from 22 to 60 °C and b variation of the

center wavelength with the temperature for the rejection band
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