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An InP optical 90° hybrid based on a x4 MMI coupler with a deep ridged waveguide is designed and fabricated. The
working principle of the 90° hybrid is systematically introduced. Three-dimensional beam ropagation method (3D BPM) is
used to optimize the structure parameters of the 90° hybrid. The designed compact structure is demonatrated to have a low
excess loss less than —0.15 dB, a high common mode rejection ratio better than 40 dB, and a low relative phase deviation
less than +2.5°. The designed hybrid is manufactured on a sandwitched structure deposited on an InP substrate. The
measured results show that the common mode rejection ratios are larger than 20 dB in a range from 1520 nm to 1580 nm.
The phase deviations are less than £5° in a range from 1545 nm to 1560 nm and less than +7° across the C band. The
designed 90° optical hybrid is suitable well for realizing miniaturization, high-properties, and high bandwidth of coherent

receiver.

Keywords: 90° hybrid, x4 MMI coupler, deep ridge, high common mode rejection ratio
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1. Introduction

During the past few years, real-time coherent optical
transmission systems have attracted wide attention due to the
potential advantages in large capacity and long-haul transmis-
sion. Owing to the quadrature phase shift keying (QPSK)
modulation technique, the real-time coherent optical trans-
mission systems greatly reduce the transmission loss per
bit, thereby improving the data transmission efficiency.!!~10]
Besides, the coherent transmission system offers the more
choices of the data transmission rates which are selected by
software.[11=141 Therefore, the real-time coherent optical com-
munication technology has been universally recognized as a
preferable choice to improve the transmission speed up to
400 Gb/s and more in the industry. The real-time coherent op-
tical transmission system consists of a QPSK transmitter com-
bined with coherent detection and real-time electronic pro-
cessing circuit. As a key component of the coherent detec-
tion, the performance of the 90° optical hybrid is critically
important.['>-23] With two pairs of balanced photodetectors
(PDs), 207311 which are based on photoelectricity transforma-
tion mechanism, the phase information of the signal light can
be demodulated.

This work provides support for a C band real-time co-
herent optical transmission system in our future work. The

DOI: 10.1088/1674-1056/ab7b52

InP is considered as a promising platform for photonic inte-
grated circuits (PIC) as PICs can be fabricated in state-of-the-
art foundries. The InP based 4 x 4 MMI 90° optical hybrid
can offer more smaller footprints in packaging and eliminate
complicated alignments in assembly process. Thus, an InP
90° hybrid based on a 4 x 4 MMI coupler was chosen in our
previous work.

In this paper, an InP optical 90° hybrid based on a 4 x 4
MMI coupler is designed, fabricated, and analyzed. The self-
imaging principle of the 90° hybrid is introduced in Section 2.
Three-dimensional beam propagation method (3D BPM) is
used to simulate and optimize the field distribution in the hy-
brid in Section 3. The simulation results show a low excess
loss (< 0.2 dB), a high common mode rejection ratio (CMRR)
(> 40 dB) and a low relative phase deviation (< 2.5°) across
the full C-band. The fabrication details are described in Sec-
tion 4 with measurement results and analysed in Sections 5
and 6. The measurement results show that a high CMRR of
the fabricated 90° hybrid is better than 25 dB in a range from
1520 nm to 1580 nm and low relative phase deviations are less
than 5° in a range from 1545 nm to 1560 nm and less than
7° across the C-band, which is suitable for coherent receiver
by monolithic integrating balanced detectors. The inaccuracy
of the MMI coupler width is analyzed for device performance
degradation. Introducing a gradual change in the width of the

*Project supported by the National Key Research and Development Program of China (Grant No. 2016YFB0402404), the Beijing Natural Science Foundation,
China (Grant No. 4194093), and the National Natural Science Foundation of China (Grant Nos. 61635010, 61674136, and 61435002).

fCorresponding author. E-mail: hanqin@semi.ac.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

054206-1


http://dx.doi.org/10.1088/1674-1056/ab7b52
mailto:hanqin@semi.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 29, No. 5 (2020) 054206

MMI couplers into the lithography process could be helpful
in solving this problem. Finally, some conclusions are drawn
from the present syudy in Section 7.

2. Device concept
2.1. Self-imaging principle

Based on the self-imaging principle,*>-3*! in the MMI re-
gion, the propagation constant f3,, for mode m can be obtained
by solving the waveguide dispersion equation and expressed
as follows:

(m+1)*x2

(1)
2ko ane2m

B = kong —
where ko is the wave vector in vacuum, with ko = 27/Ag, n¢
is the effective refractive index of the ridge waveguide, and
Wen is the effective width for mode m by taking into account
the lateral extension depth of each mode field. This expres-
sion can be further simplified by replacing the effective width
Wem by MMI coupler width W, which is resonable for ridge
waveguides with high lateral index contrast. Thus, ignoring
the Goos—Hihnchen effect, 3> the beat length which is defined
as the propagation length difference between the two lowest-

signal light 1

local oscillator |
light

order mode can be expressed as

. T ~ 4an2
Bo—B1 347

where By and ; are the propagation constant of the fundamen-

Ly

@

tal mode and the first order mode, A is the operating wave-
length of the input light which is set to be around 1550 nm.
For a 4 x 4 MMI coupler, the first 4-fold image appears at the
MMI region length of

L=3L,/4. 3)

Therefore, if the effective refractive index and the oper-
ating wavelength are known, then the MMI region length is a
nonlinear function of width. The image points are more sensi-
tive to the width of the MMI coupler.

2.2. 90° hybrid based on a 4 x 4 MMI coupler

The structure of the key component 4 x 4 MMI coupler
is shown in Fig. 1, which contains four input ports 1/3 in re-
gion I, a multimode waveguide in region II, and four output
channels 1/2/3/4 in region III. Taper waveguides are adopted
to convert spot size.

S output channel 4
. output channel 3
output channel 2
output channel 1

A .
S taper waveguide
3

NI

Fig. 1. Structure of 90° hybrid based on 4 x 4 MMI coupler.

Assuming that the 90° hybrid is ideal, there are no de-
fects nor impurity scattering inside the waveguide. The 90°
hybrid works in the transverse electric (TE) mode. When the
signal and local oscillation light are inputted simultaneously,
the output power at channel 1/2/3/4 can be expressed as

I=1L+5L+2vVLLhcos(Ay+Ady). 4)

Here, I} and I, are the intensity of the signal light and the
local oscillation light, respectively; Ay is the relative phase
difference between the signal light and local oscillation light
at input port; A¢; is the relative phase difference at the output
channel s, which is the phase shift between signal light and
local oscillation light during propagation in the MMI region,
with A@, = AQ, s — Ady, s, Ay s being the phase difference of

the signal light between the input port r; and output channel
s, and A¢,, s being the phase difference of the local oscilla-
tion light between the input port .o and output channels s, r,
and s being the location of the input port channel and output
channel, respectively. When the length of the MMI coupler
satisfies the condition that the 4-fold image appears, the rela-
tive phases between the input port channel and output channel
are summarized in Table 1.

For the 90° hybrid application, the input ports of the two
input light signals are not arbitrary. The input ports of the
signal light and local oscillation light should make the phase
diversity A¢, of the four output channels are perpendicular to
each other on the constellation diagram. The constellation di-
agram is shown in Fig. 2, in which the signal light and local
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oscillation light are launched into input ports 1 and 3. There-
fore the locations of the two input ports, which satisfy the re-
quirement for 90° hybrid, can be calculated from Table 1. The
input ports 1 and 2 or 1 and 3 or 2 and 4 or 3 and 4 satisfy
this condition. Considering the mode crosstalk between the
input waveguides, using input ports 1 and 3 or 2 and 4 can
effectively avoid the effect of this crosstalk.

Table 1. Theoretical relative phase between input port channel and out-
put channel in 4 x 4 MMI coupler.

S 1 2 3 4
Pis b4 3m/4 —n/4 b1
(2R 3n/4 T T —m/4
2 ~m/4 n n 3m/4
Qus T —m/4 3n/4 T
|
[ 3n T T
cos (Aq)l + 4) cos (Aq)l + Z> cos (Aq)l —7
cos (A¢2 + 3;) cos (Ad}z + g) cos (A(Pz - g
T T T
cos <A¢3 + 4) cos <A¢3 + Z) cos (A¢3 -7
T T
cos <A¢4 + — ) cos <A¢4 + Z) cos (A¢4 -7

In Eq. (5), each column of the matrix corresponds to the
power enhancement factors for the four output channels in or-
der. The phase information carried in the signal light can be
demodulated from the output power. The output channels 1
and 4 receive the in-phase information of the QPSK signal,
which is called in-phase channel (I-channel). The output chan-
nels 2 and 3 receive the quadrature information of the QPSK
signal, which is called quadrature channel (Q-channel). By
further integrating two pairs of balanced photodetectors at the
output ports 1, 4 and 2, 3, the photo-generated currents are de-
tected and the corresponding phase information could be de-
modulated.

Ninp = 3.17

Neore = 3.25

Ninp = 3.17

N—— N N ~—

A¢p
AN L
hN e Agy = pr11—¢31 = 57/4
\‘\ /’/ Aps = p12—32 = —7T/4
,,/' \\ Apz = p13—¢33 = —5m/4
// . Ay = pra—¢z1 =7/4
s e
A¢l A¢2

Fig. 2. Constellation diagram of phase difference at four output chan-
nels 1/2/3/4, showing that signal light and local oscillation light are
launched into ports 1 and 3.

In this work, we choose input ports 1 and 3 as the input
ports of the 90° hybrid. If the relative phase difference Ay
between the input ports 1 and 3 are 37/4, n/4, —m/4, and
—31/4, the cosine term in Eq. (4) can be expressed as

cos <A¢1 - 3;)
3n 1 0O -1 0
cos <A¢2 — 4) 0 1 0 —1
37\ || 0 -1 0 1 )
cos | Ags — T 1o | 0
cos <A¢ — 3;)

‘3. Device design

In this work, a 90° hybrid based on 4 x 4 MMI cou-
pler is designed for TE mode at C band (1530 nm—1565 nm).
The mode field distribution is simulated by the BPM module
of commerical soft called Rsoft. A deep ridge waveguide is
adopted and the MMI region length was optimized.

3.1. Deep-ridge waveguides

In this research, a deep ridge waveguide with InP—
InGaAsP-InP structure is designed as shown in Fig. 3(a). The
cap layer is InP (n = 3.17) with a thickness of 1.5 um, and the
core layer is InGaAsP (n = 3.25) with a thickness of 0.5 pm.

I

—0.6

1.0

0.8

—0.4

y/um

0.2

-3 1 5
z/pm

Fig. 3. (a) Cross section and (b) TE mode field distribution of deep ridge InP-InGaAsP-InP access waveguide.
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As shown in Fig. 4, only the modes with mode refrac-
tive index greater than cladding refractive index can propa-
gate stably in the waveguide, and only single mode appears
on the condition that the waveguide width is less than 3.7 pm.
The two refractive index curves of TEy and TM intersect at
2.6 um, and the polarization insensitivity can be achieved for
the single mode waveguide in this width. Thus, the width of
the single mode waveguide is set to be 2.6 um. The mode re-
fractive index of the access waveguide (TE mode), ny = 3.18,
is calculated by the commercial software Lumerical-MODE
solution based on finite difference eigenmode (FDE) solver.
The TE mode filed distribution is shown in Fig. 3(b).

3.20 T T T T T T T T T
i TE,
w i
(] 1
ol 1
g !
£ 3.asf !
*s 1
g |
< | —TE, /]
] | —TM, TM,
1 — TE,
‘l_TMg
.1 L 1 1 L 1 L 1 L
316 2 3 4 5 6

Waveguide width/pm

Fig. 4. Mode refractive indices versus deep ridge waveguide width at
1550 nm.

3.2. 4 x4 MMI coupler

Based on the designed deep ridge waveguide structure,
the parameters of the MMI structure were designed. Equa-
tion (3) is used to roughly estimate the length of the MMI

~10 0 10 —10 0
z/um z/pm

coupler. Considering the miniaturization and performance, the
width of the MMI is set to be 20 um. The length is 840 um
approximately for the TE mode. The optimal length should be
given by simulation.

When the light is inputted from input port 1 or 3, the hy-
brid uniformly separates the light into four beams acting as
a 6-dB power splitter, as shown in Figs. 5(a) and 5(b). If sig-
nal light and local oscillation light are inputted simultaneously,
the light will interfere with each other at the multimode waveg-
uide, and the output power for each of the four output channels
will oscillate with the phase difference between the two input
light beams. The simulation results are shown in Fig. 5(c). The
output power distribution changes with the relative phase dif-
ference as equation (5) predicts. Figure 6 shows the influences
on the output power of the length and width of the MMI re-
gion. Balance of the output power among four output channels
is an important reference which is a standard for evaluating
the 90° hybrid performance. According to Fig. 6, the optimal
length and width of MMI coupler, which can be obtained from
the balance parameter, are 842 pm and 20 pum, respectively.
Comparing Fig. 6(a) with Fig. 6(b), the 4 x 4 MMI coupler is
more sensitive to the width as indicated by Egs. (2) and (3).
When the length is larger than 835 um and less than 845 pm,
the power of the four output channels are still well-balanced,
which is critical to the hybrid performance. However, when
the width is less than 19.9 pm and greater than 20.1 wm, the
power values of the four output channels become imbalanced
quickly.

10 —10 0 10 —10 0 10 —10 0 10 —10 0 10
z/um
A¢ =3r/4

z/um
A¢p = —3m/4

x/um
Ap = —m/4

z/pm
A¢p=m/4

Fig. 5. Field distribution of 90° hybrid for single input at (a) port 1 and (b) port 3, and (c) for two input ports with different phase differences.
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0.10 : ——output channel 37
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0.05 1 .
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=)
=
=
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Fig. 6. Simulated output power of hybrid on different (a) lengths and (b) widths of MMI.
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The imbalance is an important characteristic for MMI
coupler. The common-mode rejection ratio (short as CMRR)
represents the output power balance of the I/Q channel
which can be expressed as —201log (|p1 — pal/|p1+pal)/ —
20log (|p2 — p3l/ |p2 + p3|), where p1, pa, p3, and ps are the
powers of the output channels 1, 2, 3, and 4 respectively. The
optical internetworking forum (OIF) standard of the coherent
communication demands that the CMRR of the I/Q channel be
20 dB better than the C band. In Fig. 7, the simulated CMRRs
of I/Q channels are better than 40 dB across the C band, when
either port 1 or port 3 is treated as the input channel.

T T T T T T i
(a)
m
o
~
~
o
=
O C 7]
20 —— I channel
L —— Q channel
[ 1 1 1 1 1 1 i
1.53 1.54 1.55 1.56 1.57
Wavelength /pm
T T T T T T
200 (b)
160
2
~. 120
o
ot
2 80f---—--mmmmm————————— o .
O I
40F ——in-phase channel _
—— quadrature channel
1

O L L 1 L 1 L

1.53 1.54 1.55 1.56 1.57
Wavelength /pm

Fig. 7. Simulated CMRR of hybrid launched by (a) input port 1 and (b)

input port 3.

The excess loss is calculated for each output channel
across the C band. As shown in Fig. 8, the loss of designed
90° hybrid is less than 0.3 dB from 1530 nm to 1570 nm only
caused by modes conversion.

To ensure that the hybrid can effectively operate across
the full C band, the quadrature phase relationship of output
channels needs investigating precisely. For an ideal 90° hy-
brid, when the signal light and local oscillation light are in-
cident into the access waveguide simultaneously, the theoret-
ical relative phase offsets of channel 1 to 2, 3, and 4, namely
AQch2—ch1s AQehs—ch1> and AQehg—cn1 are —7/2, m/2, and 7,
respectively. The phase deviation which is defined as the devi-
ation of the measurement values from the ideal relative phase

of the four output channels can be calculated from!!"]

FSR] B 21 (6)
AN AQN +APchN—chi’

where FSR; is the FSR of channel 1 (Ch-1); AQ.hv_ch1 and
Ay (N =2,3,4) are the theoretical relative phase offsets and
wavelength differences between the peaks of channel 2 (Ch-2)
to 1, channel 3 (Ch-3) to 1, and channel 4 (Ch-4) to 1 in the
range of FSR . OIF standard demands that the phase deviation
should remain between £5° over the C band. Figure 9 shows
the simulated phase deviation of our designed 90° hybrid. It
is less than 4-2.5° over the full C band, which verifies that our
design can achieve a desired relative phase deviation level.

0 - T T T 1 T T T =
(a) |
—0.15F
m —0.30 - '-
o
E —0.45 b
2 L ]
= —0.60 8
r ——output channel 1 1
—0.75 ——output channel 2
r ——output channel 3
—0.90 ——outout channel 4 A
C L 1 L 1 L 1 L 1
1.53 1.54 1.55 1.56 1.57
Wavelength/pm
OF T T T T T T =
(®)
—0.15
—0.30 B
m L ]
=
g 0T ]
e}
— —0.60 B
L —— output channel 1 |
—0.75 + —— output channel 2 4
L —— output channel 3 g
—0.90 } —— output channel 4
C 1 L 1 L 1

1.53 1.54 1.55 1.56 1.57
Wavelength /pm

Fig. 8. Simulated excess loss of hybrid launched by (a) input port 1 and (b)
input port 3.

10T T T T T T "1

ot
T
1

Phase deviation/(°)
=
T 7
1 1 1 1 1

_5L —— Ch-2 to Ch-1 i
—— Ch-3 to Ch-1
L —— Ch-4 to Ch-1
o ) A T TR TN T R SR S
1530 1540 1550 1560 1570
Wavelength/nm

Fig. 9. Simulated phase deviation of designed 90° hybrid.

4. Fabrication

The optimized optical 90° hybrid was fabricated in
our processing platform. The waveguide layers are grown
on InP substrate by metal-organic chemical vapor deposi-
tion (MOCVD). An InP buffer layer was deposited prior to
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core layer. The plasma-enhanced chemical vapor deposition
(PECVD) was used to deposit a 1-um-thick silicon dioxide
film on the sandwiched structure as a hard mask. Ultra-violet
lithography technology was used to define the mask pattern.
Then the processes of SiO; etching and InP etching were eas-
ily performed by the inductively coupled plasma (ICP) etch-
ing. Here the InP etching depth was 4 pum. Finally, a SiO;
layer of 1-um-thick was deposited on the wafer by PECVD
technology in order to protect the device from being influenced
externally.

Figure 10 shows the schematic and the scanning electron
microscope (SEM) micrograph of the fabricated 90° hybrid.

(a) MZI FSR-548 GHz

output channel 1
output channel 2
output channel 3
output channel 4

To evaluate the phase relation of the 90° hybrid, a Mach—
Zehnder (MZ) delay interferometer was added in the front of
the 90° hybrid as shown in Fig. 10(a). The length difference
of the delay line is 172 pum, and the free spectral range (FSR),
which reflects the oscillation period of the transmission spec-
trum, is 548 GHz. The radius of the bend waveguide is de-
signed to be 500 pm in order to reduce the waveguide bending
loss. Linear taper waveguides from 2.6 pm to 3.7 pm in width
were used to connect the access waveguide to the MMI region
to improve the coupling efficiency. In order to evaluate the
CMRR of this device, several 90° hybrids without MZI were
also fabricated on the same wafer.

Fig. 10. (a) Schematic diagram and (b), (c¢) SEM imagings of fabricated 90° hybrid.

5. Measurement and result analysis

The bench setting up for testing the fabricated 90° hybrid
is shown in Fig. 11. Polarization-maintaining fibers (PMF)
served as optical connecting and chip coupling. The light
source wavelength launched from a tunable laser was tuned
from 1500 nm to 1600 nm. The polarization of the beam was
aligned to TE via a polarization controller (PC). The fused
tapering fiber was aligned to the device inputs precisely by
means of a six-dimensional coupling system. The coupling
efficiency of about 20% was obtained experimentally. The
output signal was separated into two beams by using a beam
splitter (BS). One beam was incident on the optical power me-
ter to optimize the coupling efficiency and the other one went
into the optical spectrometer to measure the spectral response
of the fabricated 90° hybrid. In order to avoid being influ-
enced by the external pressure which existed in fiber holder

(a)

tunable PMF

laser

PC \ power meter
optical

in the polarization state, a splitting prism was used to check
the polarization state of the incident light. By rotating the
fiber holder, the beam intensity through the prism achieved
the highest value, which indicated that the output light from
the fiber is TE mode.

The relative phase difference between the signal light and
local oscillation light varies with the laser wavelength so that
the power of the four output channels varies periodically. One
oscillating period corresponds to a 360°-phase shift. Accord-
ing to the offset of the output waveform, the phase deviation of
the hybrid can be calculated. The measured transmission spec-
tra of the fabricated 90° hybrid are shown in Fig. 12. Among
the four output channels, the orthogonal phase relationship can
be clearly observed. The periodic weak oscillations in the
measured spectra is probably due to the reflectivity from two
ends of the coupling system.

optical

spectrometer

Fig. 11. (a) Measurement instrument and (b) coupling system for testing performance of fabricated 90° hybrid.
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0 T T T T T T T
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1 1 1 1 1 1 1
1530 1540 1550 1560 1570
Wavelength/nm

Fig. 12. Measured response spectra of fabricated 90° hybrid.
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Fig. 13. Calculated relative phase deviation (A¢) of 90° hybrid.
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Fig. 14. Measured CMRRs for In-phase channels and quadrature channels
of (a) input port 1 and (b) input port 3.

The phase deviation A¢ can be calculated from the wave-
length shift of the measured spectral response. Figure 13

shows the calculated relative phase deviation of the fabricated

90° hybrid, which is less than 5° in a range from 1545 nm
to 1560 nm and less than 7° over the whole C band. The
measured results are slightly worse than the simulated results,
probably due to the MMI region width deviation from the de-
sign value.

The 90° hybrid without the MZI was measured with the
laser beam incident onto input port 1 or 3 of the MMI coupler,
and the CMRRs of I/Q channels were calculated and shown
in Fig. 14. The CMRRs of the fabricated 90° hybrid are bet-
ter than 25 dB in a spectral range from 1520 nm to 1580 nm,
which exceeds the C band.

6. Error analysis

Refractive index and thickness of material and length and
width of MMI coupler are basic parameters of the 90° hybrid.
In our laboratory, the refractive index and thickness of core
layer can be accurately controlled by MOCVD. For the TE-
type hybrid design, the length parameter of the InP MMI cou-
pler was optimized at a width of exactly 20 wm. While the size
parameters including width and length are always changed in
the lithography and etching process. As analyzed in Section 4,
the designed 90° hybrid is highly sensitive to width. Changes
in width can yield the deviation of phase information. As can
be seen in Fig. 15, the performances of 90° hybrid are highly
affected by the width of MMI. When the width change is more
than 0.3 pum, the phase deviation rises to more than 10° at
1550 nm. The phase deviation is greater at other wavelengths.
From the measured results in Fig. 13, we can see that the per-
formance is deviated from designed value. The fabricated de-
vice phase deviation of about 4° can be explained very well
from the measured width of 20.18 um in Fig. 10(c), which
corresponds to a phase deviation of about +4° in Fig. 15. The
sensitivity to the processing precision is a common problem of
all types of hybrids. In contact exposure, 0.2 pm or more error
is always adopted. Considering the limitation of the machin-
ing accuracy, a group of hybrids with different widths will be
adopted in our future work to approach to the optimal width
20 pm.
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Fig. 15. Simulated phase deviations of InP 90° hybrid varying with MMI
width at 1550 nm for Ch-2 to Ch-1, Ch-3 to Ch-1, and Ch-4 to Ch-1, respec-
tively.
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7. Conclusions

In this paper, we design, fabricate, and analyze an InP 90°
hybrid based on 4 x 4 MMI coupler with a compact size. An
InP/InGaAsP deep ridged waveguide is introduced to reduce
the polarization sensitivity and increase the optical confine-
ment factor, and thus improving the device performances. By
means of the three-dimensional beam propagation method, the
structure parameters of the 90° hybrid is optimized. The simu-
lation results show that the designed 90° hybrid can work very
well across the C band. The designed 90° hybrid is fabricated
and tested in our laboratory. Experimental results show that
the CMRR of the fabricated 90° hybrid is better than 20 dB in
a spectrum range from 1520 nm to 1580 nm and the phase de-
viations are less than £5° in a range from 1545 nm to 1560 nm
and less than 4-7° in the whole C band, which satisfies the re-
quirements for the coherent transmission system. The error
analysis can explain the measurement results well. The de-
signed 90° optical hybrid are suitable well for realizing minia-
turization, high-properties, and high bandwidth of coherent re-
ceiver.
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