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All-optical silicon-photonics-based LiDAR systems allow for desirable features in scanning resolution and speed,
as well as leverage other advantages such as size, weight, and cost. Implementing optical circulators in silicon
photonics enables bidirectional use of the light path for both transmitters and receivers, which simplifies the
system configuration and thereby promises low system cost. In this work, to the best of our knowledge, we present
the first experimental verification of all-passive silicon photonics conditional circulators for monostatic LiDAR
systems using a nonlinear switch. The proposed silicon nonlinear interferometer is realized by controlling signal
power distribution with power-splitting circuits, allowing the LiDAR transmitter and receiver to share the same
optical path. Unlike the traditional concept requiring a permanent magnet, the present device is implemented by
using common silicon photonic waveguides and a standard foundry-compatible fabrication process. With several
additional phase shifters, the demonstrated device exhibits considerable flexibility using a single chip, which can
be more attractive for integration with photodetector arrays in LiDAR systems. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.444480

1. INTRODUCTION

Light detection and ranging (LiDAR) is considered as a
revolutionary technology for automated systems interacting
with their environments and users, due to the directivity
and focusing of the beam during its propagation [1,2]. To date,
most of the reported LiDAR systems are typically large and
expensive. A chip-scale LiDAR system that fits on a fingertip
footprint and is exponentially scalable to affordable volume
production has been the primary pursuit recently. In addition
to improving reliability and having lower cost, LiDAR on a
chip also potentially features a higher range, lower noise, and
better resolution than today’s bulky LiDAR systems [3].

In an on-chip LiDAR system, optical circulators are one of
the key elements providing the control and management of
signal functionalities, i.e., routing the transmitted light beam
toward the aperture and the reflected light beam from the
aperture to photodetectors [4]. Great efforts have been made
to develop circulator devices in photonic integrated circuits
(PICs) with, e.g., magneto-optic effects [5–8], spatiotemporal
modulation [9–13], optical nonlinearities [14–16], and
opto-mechanical implementations including typical resonator

architectures [17–19]. However, it remains a great challenge
to realize low-loss, efficient, and compact photonic circulators
in PICs. Magneto-optic approaches, which require an external
magnetic field and a magnetic-field shield, are intrinsically lossy
and not fully compatible with complementary metal–oxide–
semiconductor (CMOS) technology [20,21]. Approaches
based on spatiotemporal modulation have been proved prom-
ising for complete on-chip nonreciprocity, but they suffer from
significant power consumption and complicated electro-optical
driving systems [22]. Other approaches such as all-passive
metasurfaces and chiral interactions have also been demon-
strated [23,24], but the complexity of the design and integra-
tion with the PIC platform are challenging. Recently, silicon
photonics has been seen as a key platform for complex PICs
because of its CMOS compatibility as well as ultra-dense
on-chip integration [25]. Also, with high optical Kerr nonli-
nearities, silicon photonics has been extensively explored in
all-optical signal processing and switching [26]. Benefitting
from the high nonlinear response of silicon nanophotonic
waveguides, power-dependent nonlinear effects such as
Brillouin-induced transparency [27], optomechanical-induced
transparency [28,29], or the nonlinear Kerr effect in resonant
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structures [30–32] have been introduced to act as non-recip-
rocal functionality on silicon. So far, these circulator realization
approaches have been mostly demonstrated in non-reciprocal
devices such as isolators. Yet, very few implementations have
been carried out on circulators in PICs, especially in the silicon
photonic platform, which are promising to meet the needs for
future large-scale photonic integration, particularly for emerg-
ing LiDAR-driven applications.

In this paper, we report novel silicon photonic nonlinear
switches as conditional circulators for monostatic LiDAR sys-
tems by using a Mach–Zehnder interferometer (MZI) with the
Kerr effect. The basic principle is to utilize the interference of
two signals with different nonlinearity-induced phase changes
on two arms of the nonlinear MZI (NMZI) switch by control-
ling the signal power with power-splitting circuits. This design
is foundry compatible with regular passive silicon waveguide
components only and has better wavelength independence than
our previous design based on subwavelength grating (SWG)
waveguides [33]. Compared with previously demonstrated ap-
proaches, the present conditional circulator based on nonlinear
optical effects is expected generically for the chip system with
broken Lorentz reciprocity [34,35]. This silicon-based condi-
tional circulator featuring intensity-dependent χ�3� nonlinearity
enables counter-propagated signal routing for LiDAR systems,
allowing low excess loss and a high SNR that is critical to trans-
ceiver module performance.

In particular, different from traditional bistatic LiDAR sys-
tems with one transmitter and one receiver side by side, it is
often desired to develop one with a single-aperture lens used
for both transmitting and receiving for saving weight and space,
called a monostatic LiDAR system [36]. While various com-
mercial circulators utilizing dual/multiple aperture transceivers
provide a potential solution [37,38], they have not shown an
acceptable trade-off in characteristics requiring high-power
handling and a wide field of view, as well as eliminating blind
spots. In our architectures, the transmitted high-power pulse
counters with the received low-power pulse with the same aper-
ture lens, but they have different phase delays due to different
optical nonlinearities. This device enables a single-aperture
transceiver with closely spaced waveguides placed near the focal
point of a single objective to form input and detector apertures.
This compact characteristic enables the device more power ef-
ficiency, more position accuracy, and more accessibility to
achieve full on-chip integration. Moreover, phase-shifter-based
tuning elements are added to increase the reconfigurability of
the switch for selecting the desirable output [39]. It is expected
that the present conditional circulator based on a nonlinear sil-
icon switch with the Kerr effect will play a very important role
in chip-based time-of-flight (ToF) LiDAR as well as reconfig-
urable optical networks with large-scale photonic-switch arrays.

2. PRINCIPLE AND STRUCTURE

A. Principle
Figure 1 demonstrates the principle of the designed NMZI
switch. The device is made up of three sections as depicted
in Fig. 1(a), i.e., a tunable 2 × 2 coupler based on MZIs,
two arms with different nonlinear effects, and another tunable
2 × 2 coupler. It contains four ports used for input and output

coupling. A normal silicon strip waveguide with a high nonlin-
ear Kerr coefficient is used for one of the MZI arms, while the
other arm is based on the waveguide structure with a reduced
nonlinear effect. As shown in Figs. 1(b) and 1(c), for a low-
power input pulse, the NMZI switch is balanced (two arms
have the same phase), and the output power of the cross port
is proportional to the input signal. When the input power
gradually increases, the self-phase modulation (SPM) nonlinear
effect becomes enhanced, and the NMZI switch turns into an
imbalanced state, resulting from the power-dependent phase
change in the MZI’s arm. In other words, the output power
of the NMZI switch oscillates between the maxima and min-
ima as the input power increases.

The transfer function of the device is given by

H � HL

�
αL1 · exp�−iφ1� 0

0 αL2 · exp�−iφ2�
�
HR , (1)

where HL,R is the transfer function of the left and right sides
of the 2 × 2 couplers in the NMZI switch, which can be
described as
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where θL,R is the phase difference in the arm of left and right
sides of the 2 × 2 couplers, φ1,2 are the nonlinear phase changes
on the MZI’s arm based on the SPM nonlinear effect, and
subscripts 1 and 2 are upper and lower arm of the NMZI
switch, respectively. The nonlinear phase change, φ, is given
as [40]

φ � γPLeff , (3)

Fig. 1. (a) Schematic of NMZI switch with two arms of different
nonlinear effects; relationship between input power from T1 and
output power from T3/T4 when the input is (b) high-power and
(c) low-power pulses.
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where P is the peak power of the input signal, γ is the nonlinear
coefficient, and Leff is the effective length of the arm in the
NMZI. At the output, interference between the signals with
different phase delays happens, and thus the output power
is strongly dependent on the input power. Leff is the effective
length depending on the propagation loss α and the arm length
L, and one has Leff � �1 − exp�−αL��∕α. The nonlinear coef-
ficient γ is given by [41–43]

γ � 2πn̄2
λAeff

, (4)

where the effective mode area Aeff is given by

Aeff �
j R ��ev × h�v � · ẑdA�j2R j�ev × h�v � · ẑj2dA

, (5)

where ev and hv are field distributions. The nonlinear refractive
index n̄2 is averaged over an inhomogeneous cross section
weighted with respect to the field distribution as

n̄2 � k
�
ε0
μ0

�R
n2�x, y�n2�x, y��2jevj4 � je2v j2�dA

3
R j�ev × h�v � · ẑj2dA

, (6)

where k is the wave number, ε0 is the permittivity of vacuum,
and μ0 is the permeability of vacuum.

When the transmitted high-power and received low-power
pulses counter-propagate through the NMZI switch from T1
and T3 ports, respectively, the high-power signal experiences a
Kerr-effect-induced phase change; if the phase difference be-
tween two arms becomes π, it will be output from T3 port,
while the low-power signal experiences no phase change
and is output from NMZI cross port T2. In this case, by prop-
erly choosing signal powers, the NMZI switch operates pas-
sively to allow the LiDAR transmitter/receiver to share the
same lens aperture, which greatly reduces the complexity
and cost of the system. This compact characteristic enables
the device more power efficiency and more position accuracy.
If a high-power pulsed-cycle signal and low-power pulsed-cycle
signal have overlap in the time domain, both the high-power
signal and low-power signal experience phase change due to the
Kerr effect related to power intensity. In this case, the high-
power forward pulse dominates the phase change accumulation
for both pulses. This happens only for the duration of overlap,
and it is likely to happen in the one-path arm, as the eight-
sub-path has very low power for both forward and reflected
pulses. This may eventually affect the extinction ratio of the
switch or cause additional overall loss, and it is a concern
for the system design and should be included in power budget
and SNR considerations. In practice, the phase shifters on two
2 × 2 couplers can be tuned to compensate for this effect (i.
e., change the extinction ratio of the NMZI switch), so that
the received low-power pulses can be detected. Thus, high
SNR can be achieved without worrying about the level of iso-
lation between the transmitter and receiver. Also, this architec-
ture improves the detector response to the return signal because
of the effective overlap between the receiver and transmitter.
Moreover, phase shifters are added on MZI arms to minimize
the random phase on the arms, and shift the output power re-
sponse versus input power. This characteristic enables arbitrary
power of a high-power pulse to be selected as the transmitted
signal input from port T1 using the proposed switch. This

re-configurability is indispensable for complete integration
when the complexity and versatility of LiDAR systems increase.

B. Structure
The principle for designing the NMZI switch is to achieve dif-
ferent phase changes induced by nonlinear photonic effects in
two arms. The nonlinear phase change depends on the input
power, nonlinear coefficient, and effect length of the wave-
guide, as indicated by Eq. (3). In Ref. [33], we implemented
a nonlinear switch by controlling the nonlinear coefficient with
an SWG waveguide. However, SWG introduces additional
losses and suffers fabrication imperfection, which results in a
low-extinction-ratio NMZI switch. In this paper, we propose
a novel design using power splitters, as shown in Fig. 2. In this
design, eight waveguide branches are introduced on one of the
NMZI arms so that the power P on each branch is reduced;
thus, the phase accumulations on NMZI’s two arms are differ-
ent, regarding that the Kerr-effect-induced phase change
strongly depends on the power density. Accordingly, separate
thermal tuning units (phase shifters) are utilized to synchronize
the signals by compensating for phase errors due to fabrication
imperfection before recombining. In this case, additional power
consumption is introduced. Fortunately, the power consump-
tion can be reduced dramatically by using a low-phase-error
waveguide design, as demonstrated previously [44]. Finally,
one achieves input-power-dependent outputs at the two ports.
The two arms of the NMZI are still balanced when there is no
nonlinear-effect-induced phase change (i.e., low-power input
power). Considering the chip size and performability of the de-
vice, we fix one 2 × 2 coupler as a 3 dB coupler, and the other
2 × 2 coupler is tunable.

Figures 3(a) and 3(b) show the chip layout and the micro-
scope photo of the NMZI switch. This proof-of-concept chip
was fabricated on a silicon-on-insulator (SOI) platform using
the processing flow provided by a commercial fabrication ser-
vice (ANT NanoSOI [45]). The SOI wafer used here has a
220 nm thick top-silicon layer and a 2 μm thick SiO2 buried-
oxide (BOX) layer. The waveguide cross section size is
220 nm × 500 nm (height × width) to support the fundamen-
tal TE mode, and an NMZI switch arm length is selected as
15.6 mm in terms of balancing the nonlinear effects with loss
and size. The effective area Aeff of the fundamental mode is
calculated to be 0.065 μm2. Using the nonlinear index in a
silicon waveguide of n2 � 4.5 × 10−18 m2 W−1, the nonlinear
coefficient is calculated to be 282 m−1 W−1 at 1550 nm. The
waveguide loss is measured as 2.7 dB/cm. The input/output
ports have edge couplers for efficient chip–fiber coupling, and
the coupling loss is around 8 dB including both couple-in and

Fig. 2. NMZI switch with 1/8 coupler on one arm.
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-out losses. For easy device characterization purposes, we add
some testing ports to monitor the power on the circuit, as can
be seen in Fig. 3(a). To realize a more efficient tuning process in
the future, simplified and robust architectures and automatic
algorithms are very desired. For example, it is possible to in-
troduce low-phase-error tuning elements [44], which possibly
enables calibration-free basic building blocks. The metal pads
of 100 μm × 100 μm are placed with a pitch of 200 μm. In
addition, we used the fabricator’s process design kit (PDK) veri-
fied 3 dB directional couplers to split and combine the signal.
The balance among the chip area, possible inter-component
cross talk, and efficient routing of both optical and electrical
paths is optimized. In particular, an S-shaped spiral with a bend
radius of 9 μm is used for the MZI’s arm to minimize the wave-
guide bend loss and the area simultaneously, as shown in
Fig. 3(c). In the lower arm of the MZI, a cascade of three tun-
able directional couplers is employed. These couplers use the
same bends as in the upper MZI arm to make sure of equal
path lengths between the two arms. In addition, the tuning
requirement of this circuit section can be split over the three

couplers, which reduces the risk of tuning failure. Table 1 gives
the parameters for the present design.

3. EXPERIMENTAL RESULTS

Figure 4 shows the experimental setup for device characteriza-
tion and function verification of the NMZI switch. First, the
device operation bandwidth verification is performed. A CW
light from a tunable laser passes through a polarizer and then
is coupled into the chip through an input edge coupler via port
T1. The power of the CW laser is fixed at 15 dBm. The output
power from ports T3 and T4 of the switch was measured by a
power meter. We varied the wavelength from 1545 nm to
1560 nm, over a bandwidth of 15 nm. The phase shifters
on the arms of the 2 × 2 coupler are tuned to achieve the maxi-
mum T4-to-T3 extinction ratio of the NMZI switch. The
theoretical [using Eq. (1)] and measured results are given in
Fig. 5, where the measured output powers of T3 and T4 ports
are quite uniform around 5 dBm and −13 dBm, respectively,
showing a good agreement with theory over the bandwidth of
interest. In this case, the NMZI switch is in a balanced state,
and most of the signal is output from cross port T4.

Then, a pulsed laser with pulse width, rate, power, etc., is
used to verify the nonlinear switch function. The pulsed laser
(Lumentum ERGO) at 10 Gpulses/s with a pulse duration of
2 ps is used as a pulse source input into the NMZI chip. The
total power of the pulsed laser ranges from 60 mW to 160 mW.
Figure 6(a) shows the measured transmissions at the output
ports (T3 and T4) of the NMZI switch with respect to input
power. As explained in Eq. (3), the higher the input power, the
greater the phase difference between the lower MZI arm
(single path) and upper MZI arm (sub-splitting), owing to

Fig. 3. Picture of (a) chip layout and (b) fabricated chip of NMZI switch; (c) component structures of the NMZI switch.

Fig. 4. Experimental setup for optical NMZI switch. PC, polarization controller; CW, continuous waveform.

Table 1. Parameters in the NMZI Switch

Parameter Value

Waveguide loss α (dB/cm) 2.7
Fiber-to-chip coupling loss (dB) 8
Effective area Aeff (μm2) 0.065
Arm length L (mm) 15.6
Nonlinear refractive index of Si n2 (m2∕W) 4.5 × 10−18
Effective nonlinear coefficient γ of strip silicon
photonic waveguide (W−1 m−1)
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the power-dependent SPM nonlinear effect. As shown in
Fig. 6(a), the entire NMZI works as a power-dependent switch,
and the output power difference maxima happen when the two
MZI arms have in-phase or out-of-phase status. Figure 6(b)
shows the T3-to-T4 power extinction ratio in dB, with a maxi-
mum of 20 dB within 15 nm wavelength ranging, verifying the
switch function with good performance. Some other options
based on bend directional couplers (DCs) or broadened
multi-mode interferometer (MMI) couplers demonstrated re-
cently [44,46] can be used to have improved fabrication toler-
ance. Furthermore, using the phase shifters across all NMZI’s
arms, one can adjust the initial inter-arm phase difference such
that the extinction versus input power relation shifts properly to
make sure maximum extinction occurs at the target port for a
given input power, as shown in the dashed lines in Fig. 6.

Furthermore, a signal fidelity experiment was performed.
The experimental setup is shown in Fig. 4. The pulsed laser
with a repetition rate of 10 Gpulses/s is used as the input.
Figures 7(a) and 7(b) show the measured waveform and spectra,
respectively, of the pulses at the input and output ports of the
NMZI switch. The corresponding signal spectrum and
waveform obtained by means of a 40 GHz photodetector
(xpdv2120ra) were measured using a 160 GSa/s, 50 GHz
real-time oscilloscope (Agilent DSO-X 95004Q). It can be seen
that the NMZI switch introduces negligible signal degradation,
which verifies the feasibility of the proposed device for practi-
cal use.

Here, the SPM-induced spectral broadening should be con-
sidered for the case with very high input power, which results in
power consumption of the overall system. Apart from power
dependence, the lifetime of the generated carriers here is an-
other critical parameter that affects the SPM process. For data
rates higher than 1 Gb/s, SPM-induced spectral broadening
might decrease [47]. To reduce the SPM-induced spectral
broadening further, the potential solution is to use a low-
repetition-rate pulse source with high peak power, so that better
performance can be expected because the total nonlinear ab-
sorption losses become fewer. Moreover, by properly designing
the waveguide width and number of branches, the NMZI
switch will have more tolerance towards the power of input
signals.

4. CONCLUSION

In this paper, an NMZI switch is proposed and verified exper-
imentally, with investigation of its function when using both
CW laser and pulsed light sources. It is shown that the power
at the output ports of an NMZI switch varies between maxima

Fig. 5. Output power at port T3/T4 of NMZI switch with respect
to input signal wavelength (low-power signal input) for different
wavelengths.

Fig. 6. Experimental results of the NMZI switch with the input of a
pulsed light source: (a) output powers versus input powers at T3 and
T4; (b) T3-to-T4 extinction ratio in dB.

Fig. 7. Measured waveform and signal spectra obtained from a
photodetector: (a) waveform before the chip and chip output port
T3; (b) spectra before the chip and chip output port T3.
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and minima with the increase in input power. Using the phase
shifters in the device, the NMZI switch can be adjusted to work
with different input powers and provide a switch extinction ra-
tio of 20 dB, which are interesting features pointing to practical
use. This work builds up signal processing functions in silicon
photonics technology and contributes useful components for
future on-chip LiDAR systems.
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