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Silicon photonic Mach–Zehnder switches (MZSs) have been extensively investigated as a promising candidate for
optical systems. However, conventional 2 × 2MZSs are usually prone to the size variations of the arm waveguides
due to imperfect fabrication, resulting in considerable random phase imbalance between the two arms, thereby
imposing significant challenges for further developing next-generation N × N MZSs. Here we propose a novel
design toward calibration-free 2 × 2 and N × N MZSs, employing optimally widened arm waveguides, enabled by
novel compact tapered Euler S-bends with incorporated mode filters. With standard 180 nm CMOS foundry
processes, more than thirty 2 × 2 MZSs and one 4 × 4 Benes MZS with the new design are fabricated and char-
acterized. Compared with their conventional counterparts with 0.45-μm-wide arm waveguides, the present 2 × 2
MZSs exhibit significant reduction in the random phase imbalance. The measured extinction ratios of the present
2 × 2 and 4 × 4 MZSs operating in the all-cross state are 27-49 dB and ∼20 dB across the wavelength range of
∼60 nm, respectively, even without any calibrations. This work paves the way toward calibration-free large-scale
N × N MZSs for next-generation silicon photonics. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.447478

1. INTRODUCTION

Mach–Zehnder interferometers (MZIs) have been recognized
as an indispensable fundamental element in various optical sys-
tems due to their great versatility for diverse applications [1–5].
In the past decades, on-chip MZIs have been developed with
diverse material systems and have been widely used as one of
the most essential components in photonic integrated circuits
(PICs) [6–14]. Among them, silicon MZIs are becoming in-
creasingly attractive because silicon photonics features ultrahigh
integration density as well as excellent complementary metal-
oxide semiconductor (CMOS) compatibility. Silicon MZIs
have been developed successfully for realizing variable optical
couplers [15,16], optical modulators [17], optical filters
[18–21], variable optical attenuators [22], optical sensors [23],
and optical switches [24–26]. Among them, Mach–Zehnder
switches (MZSs) are one of the most representative functional
elements and have been investigated for decades. In particular,
thermo-optic (TO) MZSs feature excellent performances and
design/fabrication simplicity [27–29], compared to their
electro-optic (EO) counterparts based on carrier injection/
depletion [24], and, hence, have been extensively investigated
as a promising candidate for practical optical interconnects,

such as optical burst switching (OBS) in the high-speed optical
internet backbone.

Beyond a single 2 × 2 MZS, it is also very important to
achieve N × N MZSs consisting of large-scale networks of
2 × 2 MZSs in cascade. For example, 16 × 16 and 32 × 32
MZSs have been realized on silicon in recent years [30–32].
In this case, the total number of elementary 2 × 2 MZSs scales
up rapidly with the port count N, imposing increasingly strin-
gent requirements on the performance of the elementary 2 × 2
MZSs. A typical 2 × 2 MZS is composed of two 2 × 2 3 dB
couplers and two symmetric arms, designed for low excess
losses and high extinction ratios. However, conventional
2 × 2 MZSs are usually prone to the random size variations
of the arm waveguides due to the imperfect fabrication with
the state-of-the-art CMOS foundry processes, resulting in con-
siderable accumulated random phase errors and unpredictable
phase imbalance between the two arms. In this case, such ran-
dom phase imbalance must be calibrated and compensated
meticulously for all the 2 × 2 MZSs one by one in a large-scale
N × N MZS. Therefore, a large number of additional power
taps as well as power monitors are often required for all or part
of the 2 × 2MZS elements, so that the optimal electrical power
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for their cross and bar states can be individually determined by
monitoring the corresponding tapped power. However, this
inevitably introduces significant excess losses. Furthermore,
it also entails additional on-chip feedback control schemes
and sophisticated characterization procedures, which signifi-
cantly complicates the layout design and greatly increases
the chip footprint as well as the chip management complexity.
Besides, it also consumes extra heating power for both cross and
bar states. Therefore, it becomes very challenging to scale up
N × N MZSs further. Recently, in Ref. [33], we proposed
and demonstrated a new design of 2 × 2 MZSs with lowered
random phase errors for the first time by widening the straight
phase-shifter waveguides, which effectively reduced the random
phase imbalance, compared to the case of using conventional
0.45-μm-wide single-mode phase-shifters. The fabrication tol-
erance is, thus, improved, and the power consumption for com-
pensating the phase imbalance is considerably reduced.

Here we propose a novel design toward calibration-free 2 × 2
and N × N MZSs that can be mass-manufactured in state-of-
the-art silicon photonics foundries. The effective methodology
to minimize the size variation sensitivity of the elementary 2 × 2
MZS is to judiciously widen the entire MZI arm waveguides,
including not only the straight phase-shifters but also the
S-bends and the tapers, as well as the input/output wave-
guides of the 2 × 2 multimode-interference (MMI) couplers.
Specifically, the present 2 × 2 MZS is designed and im-
plemented by introducing novel tapered Euler S-bends
(TES-bends) with a widened core width. Furthermore, bent
asymmetric directional couplers (ADCs) are incorporated into
the TES-bends to filter out residual higher-order modes at the

TES-bend entrance. With a standard 180 nm CMOS foundry
process, more than thirty 2 × 2 MZSs with the proposed new
design on 11 silicon photonic chips were fabricated and char-
acterized. Compared with those conventional 2 × 2MZSs with
0.45-μm-wide single-mode phase-shifters, the present 2 × 2
MZSs exhibit significant reduction in the random phase imbal-
ance. This validates the improved fabrication tolerance and re-
sults in considerable reduction of the power consumption for
the phase imbalance compensation. Furthermore, a 4 × 4MZS
with Benes network topology is also fabricated with the same
foundry process and characterized experimentally. The mea-
sured extinction ratios of the 2 × 2 MZS and the 4 × 4
MZS are 27–49 dB and ∼20 dB across a broad wavelength
range of ∼60 nm, respectively, even without any calibrations.
This work paves the way toward calibration-free large-scale
N × N silicon photonic MZSs. The proposed methodology
for suppressing the random phase imbalance can be generalized
for analog MZI elements and other essential phase-sensitive
photonic integrated devices as well, such as micro-rings and
arrayed-waveguide gratings (AWGs).

2. DESIGN OF THE ELEMENTARY 2 × 2 MZS

Figure 1(a) shows the schematic configuration of the proposed
elementary 2 × 2 MZS, which consists of two identical 2 × 2
MMI couplers and two arm waveguides, and Fig. 1(b) shows
the cross section of the phase-shifter with a TiN micro-heater
on top. Each arm waveguide is composed of a phase-shifter, two
adiabatic tapers, two TES-bends, and the straight sections con-
necting to the input/output ports of the MMI couplers. Here
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P3 (R3, 3,w3)

P2 (R2, 2,w2)
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Fig. 1. Schematic configurations of the proposed calibration-free elementary 2 × 2 MZS. (a) Overview; (b) cross section of the phase-shifter;
(c) TES-bend and the bent-ADC mode filter.
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the MMI coupler is designed with a 2.4-μm-wide and 20.5-
μm-long MMI section, while the width of the input/output
waveguides for the MMI coupler is chosen as 0.9 μm. The
TES-bends and the widened phase-shifters are connected
through ∼10 μm-long adiabatic tapers (see Appendix A,
Fig. 8).

The S-bends and the phase-shifters of conventional MZSs
are usually single-mode, and, thus, their effective indices de-
pend sensitively on the random variation of the core width
due to the fabrication errors. Consequently, notable accumu-
lated phase imbalance is usually observed between the two
MZS arms due to the random difference in their core widths.
A promising solution to this problem is to introduce widened
phase-shifters, as proposed in our previous work [33], where
the straight section in the phase-shifter is designed to be as wide
as 2 μm. One might notice that the S-bends in the MZS arms
in Ref. [33] are still as narrow as 450 nm to be single-mode, in
order to avoid higher-order mode excitation. Such single-mode
S-bends become the dominant contributor to the phase imbal-
ance in the MZS arms.

In contrast, in this paper, it is the first time for incorporating
specially designed multimode S-bends into MZSs, whose effec-
tive indices are much less dependent on the core width varia-
tion. As a result, the random phase imbalances can be greatly
reduced. The challenge for such multimode S-bends in anMZS
lies in the suppression of higher-order modes when light prop-
agates in the arm waveguides. More specifically, the multimode
S-bends should be designed with two key strategies to enable
low-loss and low-cross-talk propagation of the fundamental
mode. One is to quickly fan out the two waveguides connected
with the MMI couplers to avoid any undesired evanescent cou-
pling and thermal cross talk between them. The other is to
filter out the residual higher-order modes, especially the dom-
inant TE1 mode, which is slightly excited with a power ratio
of < −15 dB due to imperfect self-imaging at the junction of
the input MMI coupler (see Appendix A, Fig. 9). Furthermore,
the S-bends should be as compact as possible to reduce the
accumulated phase imbalance.

Here a special TES-bend with an incorporated bent-ADC
mode filter is introduced, as shown in Fig. 1(c). The TES-bend
consists of two identical 90° Euler-bends, whose curvature lin-
early decreases, with respect to the curve length L, from 1∕R1 at
the end point P1 (i.e., θ � θ1) to 1∕R2 at the knee point P2
(i.e., θ � θ2), and then linearly increases to 1∕R3 at the deflec-
tion point P3 (i.e., θ � θ3), as shown in Fig. 2(a), where R1,
R2, and R3 are the respective curvature radii. Meanwhile, its
width varies linearly with respect to the local angle θ, between

the width w1 at the end point P1, the width w2 at the knee
point P2, and the width w3 at the deflection point P3, as shown
in Fig. 2(b). Here the core width w1 at the end point P1
(θ1 � 0°) is chosen as w1 � 0.9 μm to match the MMI cou-
pler input/output ports. Accordingly, the curvature radius R1 is
chosen as R1 � 12 μm to simultaneously minimize the foot-
print and the mode mismatch between the MMI coupler input/
output waveguides and the TES-bend. The core width w3 and
the bending radius R3 at the deflection point (θ3 � 90°) are
chosen as w3 � 0.5 μm and R3 � 10 μm, respectively, so as
to simultaneously minimize the footprint and the mode mis-
match between those two sections with opposite curvatures.
The other parameters at the knee points are optimally chosen
as θ2 � 60°, w2 � 0.67 μm, and R2 � 3 μm. With this de-
sign, the footprint of the TES-bend is as small
as ∼9 μm × 9 μm.

Figure 3(a) shows the simulated light propagation in the de-
signed TES-bend, where the propagation loss for the TE0 mode
is negligibly low (less than 0.07 dB), while that for the TE1

mode is much higher (i.e., 1.97 dB) at 1550 nm. To further
filter out the residual TE1 mode, a bent-ADC mode filter is
incorporated into the second half of the TES-bend, without
increasing the TES-bend footprint, as shown in Fig. 1(c).
The bent-ADC mode filter consists of a coupling region where
a narrow waveguide is introduced on the convex side near the
deflection point of the TES-bend. There is a 0.2-μm-wide gap
in the 1.3-μm-long coupling region, and the width of the nar-
row waveguide varies from 0.24 μm to 0.26 μm (see
Appendix A, Fig. 10). In this way, the TE1 mode in the
TES-bend can be coupled out to the TE0 mode in the narrow
waveguide, leading to decent mode filtering within a highly
compact footprint. Figure 3(b) shows the simulation results
for light propagation of the TE0 and TE1 modes with the
incorporation of the bent-ADC mode filter, which evidently
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Fig. 2. (a) Local angle θ and the curvature radius R, and (b) the core
width w as functions of the curve length L for the first half of the
TES-bend.
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Fig. 3. Simulation results for the designed 2 × 2 MZS. Calculated
transmissions of the designed TES-bend (a) without and (b) with the
bent-ADC mode filter, respectively. Insets, simulated light pro-
pagations when the TE0 and TE1 modes are launched, respectively.
(c) Calculated transmissions of the MMI coupler connected with
the TES-bends. Inset, simulated light propagation for the launched
TE0 mode. (d) Calculated transmissions at the cross and bar ports
of the designed MZS in the Off state.
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suppresses the TE1 mode transmission by 12–17 dB, meanwhile
introducing negligible transmission loss for the TE0 mode.

To further validate the TES-bend design, the simulated light
propagation through the MMI coupler and the connected
TES-bends is shown in Fig. 3(c). It exhibits excellent perfor-
mances with low non-uniformity of <0.08 dB, low excess loss
of ∼0.26 dB, and well-suppressed higher-order-mode excita-
tion of < −25 dB in the wavelength range from 1520 nm to
1580 nm. When operating at the central wavelength of
1550 nm, the non-uniformity is about 0.06 dB, the excess loss
is ∼0.13 dB, and the higher-order mode excitation is
< −28 dB. Finally, for the entire MZS consisting of the de-
signed MMI couplers and TES-bends, the transmission spectra
at the cross/bar ports are calculated with the finite-difference
time-domain (FDTD) method, as shown in Fig. 3(d). It exhib-
its excellent performances with low excess losses of <0.58 dB

and high extinction ratios of ∼33 dB in the wavelength range
from 1520 nm to 1580 nm.

Figure 4(a) shows the calculated accumulated phase imbal-
ance for the present MZS design as the mean width difference
δw varies. In order to provide a quantitative comparison, the
result for the conventional MZS is also given. As shown in
Fig. 4(a), the designs with the present TES-bends as well as
the widened phase-shifter with wco ≥ 2 μm exhibit ∼10-fold
lower phase imbalance than the conventional design with
wco � 0.45 μm. Furthermore, the itemized phase imbalance
[33] is analyzed theoretically and shown in Fig. 4(b). It can
be seen that the present TES-bend has a lowered phase imbal-
ance of 0.0064π/nm (gray solid line), which is ∼22-fold im-
provement over the conventional 450-nm-wide S-bend
(purple dotted line), which is the most representative and
widely employed [27,30,33,34]. Note that the TES-bend is still
the dominant contributor to the total phase imbalance for the
case with ≥2 μm-wide phase-shifters.

3. FABRICATION AND MEASUREMENT

Here the MZSs have been fabricated on silicon-on-insulator
(SOI) wafers with a 220-nm-thick top silicon layer and a
2-μm-thick buried oxide (BOX) layer, using standard 180 nm
CMOS foundry processes, as shown in Fig. 5(a). Here TiN
micro-heaters are on top of both phase-shifters to balance the
induced optical loss, if any. Grating couplers are used for con-
venient and efficient chip-fiber coupling. With the cut-back
method, the excess loss of a single TES-bend (with the bent-
ADC) has been separately measured to be as low as 0.068 dB
[see Appendix A, Fig. 10(c)].

Figures 5(b) and 5(c) show the measurement results for one
of the representative MZSs with TES-bends and 2-μm-wide
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phase-shifters (Design A). From the measured transmissions at
the cross/bar ports for the central wavelength when sweeping
the heating power from 0 to 80 mW, shown in Fig. 5(b), the
phase imbalance is very small, and the corresponding heating
power for the compensation is ∼0.66 mW only. The bar port
has an extinction ratio as high as 32 dB even without any heat-
ing power (i.e., Q � 0) for phase imbalance compensation.
From the transmission spectra at the cross/bar ports of the
MZS operating in the Off/On (cross/bar) states (i.e., Q � 0
and 34 mW, respectively), the extinction ratios are 27–49 dB
in the wavelength range from 1520 nm to 1580 nm. These
results verify the excellent performance of the present MZS
without any additional power consumption for the phase im-
balance compensation, paving the way toward calibration-
free MZSs.

To quantify the random phase imbalance δφ for each MZS
device, the cross and bar port transmissions at 1550 nm were
measured by sweeping the heating power from 0 to 80 mW.
From the measured transmission minima for the bar and cross
ports, the heating powersQ0 andQπ for the Off- and On-states
can be determined, respectively, as shown in Fig. 5(b). Due to
the random phase imbalance δφ for each MZS, usuallyQ0 ≠ 0,
as presented in our previous work [33], the TO phase shift Δφ
is proportional to the heating power Q. Consequently, one has
jδφj∕π � Q0∕Qπ . In this way, the phase imbalance δφ can be
calculated from the measured Q0 and Qπ . Figure 5(d) provides
the statistics for the calibrated phase imbalances δφ for all the
MZSs on our 11 chips diced from the same SOI wafer. There
are four types of MZSs, including Design A described above,
Design B with the TES-bends and 1-μm-wide phase-shifters,
Design C with the conventional 0.45-μm-wide S-bends and
2-μm-wide phase-shifters, and Design D with the conventional
0.45-μm-wide S-bends/phase-shifters. As shown in Fig. 5(d),
for Design D (i.e., the conventional design), the mean and

standard deviation of the phase imbalance are 0.70 π and
0.50π, respectively, denoted as �0.70� 0.50�π for short in
the following. Such large random phase imbalances must be
calibrated and compensated carefully when the MZS is used.
In contrast, when the phase-shifter is broadened to 2 μm,
the random phase imbalance for Design C (with 0.45-μm
S-bends and 2-μm-wide phase-shifters) is reduced greatly to
be �0.31� 0.08�π. When the S-bends are also broadened
by introducing the TES-bend design, Design A (with TES-
bends and 2-μm-wide phase-shifters) has a phase imbalance re-
duced further to �0.016� 0.045�π, which indicates the phase
imbalance can be reduced greatly by incorporating TES-bends
into MZSs. For Designs B with the present TES-bends and
1-μm-wide phase-shifters, the phase imbalance is also very low,
i.e., �0.0019� 0.077�π, as expected. The comparison between
Designs A and B indicates that the random variation of the
phase-shifters does not contribute dominantly to the phase im-
balance when the core width is wider than 1 μm, consistent
with the theoretical calculations in Fig. 4(b). As a summary,
for Designs A and B, the superior performances with high ex-
tinction ratios and low excess losses are achieved even without
any calibration for the Off state, as shown in Fig. 5(d). This
promises to greatly simplify the calibration particularly for
N × N MZSs with a large number of 2 × 2 MZSs, as well
as to reduce the power consumption significantly for phase-
imbalance compensation.

The present 2 × 2MZSwith Design A is used further for the
realization of a 4 × 4 MZS with Benes network, which consists
of six 2 × 2 MZSs cascaded in three stages, as shown in
Fig. 6(a). Here we only present the measured transmission
spectra from the most representative switching states, i.e., all-
cross, all-bar, and the six single-bar switching states (see
Appendix A, Fig. 11). When the 4 × 4 MZS operates in the
all-cross state, the signals launched from input ports I1, I2,
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Fig. 6. (a) Optical microscope image, and (b)–(e) measured all-cross transmissions T ij at the output port Oj with the port Ii importing when
i � 1, 2, 3, and 4, respectively, with no calibration for all the six MZSs. (f )–(i) Measured all-bar transmissions T ij, where the signals launched from
input ports I1, I2, I3, and I4 are routed to output ports O1, O2, O3, and O4, respectively.
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I3, and I4 are routed to output ports O3, O4, O1, and O2,
respectively. Figures 6(b)–6(e) show the measured all-cross
transmission spectra T ij at the output port Oj from the input
port Ii when i � 1, 2, 3, and 4, respectively, with no calibration
for any of the six MZSs (i.e., the powers applied to the six
micro-heaters are zero). The extinction ratios for all the ports
are ∼20 dB across the 60 nm wavelength range. The extinction
ratio for the 4 × 4MZS is lower than the 2 × 2MZS due to the
accumulated cross talk of all the paths [35]. When the 4 × 4
MZS operates in the all-bar state, the signals launched from
input ports I1, I2, I3, and I4 are routed to output ports O1,
O2, O3, and O4, respectively. Figures 6(f )–6(i) show the mea-
sured all-bar transmission spectra T ij defined above, exhibiting
excellent performances similar to the cases with all-cross states.

The 4 × 4 MZS is further used to demonstrate high-bit-rate
data routing. In order to characterize the signal integrity deg-
radation due to the MZS cross talk, eye-diagrams at any output
port Oj should be recorded when all four data channels are
launched into the input ports Ii (i � 1, 2, 3, and 4).
However, due to the lack of concurrent data generators in
the lab, we synthesize the eye-diagrams at the output port
Oj from the measured transmissions T ij by reasonably assum-
ing the four inputs are incoherent. In our experiments, the
30 Gb/s non-return-to-zero (NRZ) data were launched into
the input ports one by one, and the transmissions T ij from
input port Ii to output port Oj were measured and recorded.
The eye-diagram T j at the output port Oj is synthesized by
summing the transmissions T ij (i � 1, 2, 3, and 4),
i.e., T j �

P
iT ij. Figures 7(a)–7(d) show the synthesized

eye-diagrams for ports O1, O2, O3, and O4, respectively, ex-
hibiting open eye-diagrams with high signal-to-noise ratios,
which validates the high-bit-rate data routing of the present
4 × 4 MZS in the all-cross states.

4. CONCLUSION

Our theoretical analysis and experimental results above, espe-
cially the statistical comparison between our new MZS designs
and the conventional one on the chips diced from the same SOI
wafer, unambiguously confirm the effectiveness of our method-
ology to reduce the random phase imbalance. The present cal-
ibration-free 4 × 4 Benes MZS already shows promising results
that are sufficient for certain practical applications, which is an
important first step toward large-scale calibration-free MZSs on
silicon. More generally, excellent fabrication tolerance is an im-
portant premise that must be achieved to enable the further
scaling of silicon photonic circuits, which is becoming the

consensus of the silicon photonics community. We believe this
work is an important breakthrough to meet the challenge of
fabrication tolerance, which is currently a major hinderance
for the real-world mass deployment of silicon photonic devices,
especially the large-scale passive devices.

In conclusion, we have proposed a novel design toward
calibration-free 2 × 2 and N × N MZSs that can be mass-
manufactured in state-of-the-art silicon photonics foundries by
judiciously widening the MZI arm waveguides. Specifically, the
present 2 × 2 MZS is designed and implemented by introduc-
ing novel TES-bends with a widened core width and incorpo-
rated bent-ADC mode filters. With a standard 180 nm CMOS
foundry process, more than thirty 2 × 2 MZSs and one 4 × 4
Benes MZS with the new design have been fabricated and char-
acterized. Compared with those conventional 2 × 2MZSs with
0.45-μm-wide single-mode phase-shifters, the present 2 × 2
MZSs with 2-μm-wide phase-shifters exhibit a significantly
suppressed random phase imbalance of �0.016� 0.045�π.
The fabricated 2 × 2 and 4 × 4 MZSs feature high extinction
ratios of 27–49 dB and ∼20 dB across a ∼60 nm wavelength
range, respectively, even without any calibrations. These results
pave the way toward large-scale calibration-free N × N silicon
photonic MZSs while more effort should be made to prevent
the extinction ratio from deteriorating due to the accumulated
cross talk from all the paths. The proposed methodology for
suppressing the random phase imbalance can be generalized
for analog MZI elements and other essential phase-sensitive in-
tegrated photonic elements as well, such as micro-rings and
AWGs. This is extremely attractive for developing next-
generation silicon PICs with many elements as well as simpli-
fied calibrations.

APPENDIX A

In this work, we optimized the taper with compact nonlinear
curves to achieve low excess loss and a widened core width to
minimize the random phase error. For the 10-μm-long tapers
considered here, different taper shapes have been introduced.
The excess loss of the TE0 mode and the mode excitation ratio
to the TE1 mode are calculated, and the corresponding results
are shown in Fig. 8, which suggests that the quadratic taper is
the optimal design with the excess loss of <0.013 dB and the
mode excitation ratio < − 36 dB in theory across the wave-
length range from 1520 nm to 1580 nm.

Here the MMI coupler is designed with a 2.4-μm-wide and
20.5-μm-long MMI section, while the width of the input/
output waveguides for the MMI coupler is chosen as 0.9 μm.
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Fig. 7. Synthesized eye-diagrams at port (a) O1, (b) O2, (c) O3, and (d) O4 of the present 4 × 4 MZS in the all-cross states. Here the bit rate is
30 Gb/s.
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Figure 9 shows the simulated transmissions of the designed
2 × 2 MMI coupler, including the TE0 and TE1 modes at
the cross and through ports, exhibiting low non-uniformity
of <0.1 dB, excess losses of 0.24 dB for the TE0 mode,
and low excitation ratios of < −15 dB for the TE1 modes
due to imperfect self-imaging. The residual TE1 modes are fur-
ther suppressed with the bent-ADC mode filters in the
TES-bends.

Figure 10 shows the effective indices of the TE modes of
220-nm-thick silicon waveguides as the core width wco varies.
According to the coupled-mode theory, the higher-order mode
(TE1) in the TES-bend evolves to the fundamental mode (TE0)
in the narrow waveguide, whose width varies from 0.24 μm to
0.26 μm to follow the width change of the TES-bend.

To characterize the excess loss of the TES-bend (with the
bent-ADC), we designed and fabricated the test structures with
10, 18, 48, and 98 identical TES-bends in cascade, as shown in
Figs. 11(a) and 11(b). Figure 11(c) shows the measured trans-
missions for these samples. It can be seen that the measured
excess loss of a single TES-bend is about 0.068 dB, which
agrees well with the simulated value of 0.069 dB.

Figure 12 shows the measured transmission spectra from the
six single-bar switching states for the fabricated 4 × 4 MZS,
i.e., (10|00|00), (01|00|00), (00|10|00), (00|01|00), (00|00|10),
and (00|00|01), respectively. Here the digits 0 and 1 stand for
the cross and bar states of the MZSs, which are grouped into
stages and delimited by the symbol “|”. The on-chip excess loss
is ∼1.5 dB at 1550 nm and the extinction ratio is ∼20 dB across
the ∼60 nm bandwidth.

Fig. 8. Adiabatic taper with different shapes. (a) Structure. (b) Calculated excess loss for the TE0 mode. (c) Calculated mode excitation ratio to the
TE1 mode. Here wco � 2 μm and w1 � 0.9 μm.

Fig. 9. Simulated transmission spectra of the 2 × 2 MMI coupler,
including the TE0 and TE1 modes at the cross and through ports.

Fig. 10. Calculated effective indices of the TE modes of 220-nm-
thick silicon waveguides.

Fig. 11. (a), (b) Optical microscope images of TES-bend. (c) The measured transmissions for the testing structures with a number of TES-bends
in cascade.
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