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Two architectures with quadrature modulation in a generic InP platform are proposed
for realizing frequency-modulated continuous-wave (FMCW) LiDAR. Simulations are
used to compare the architectures in terms of tolerance to optical imbalances, insertion
loss, chip footprint, and ease of control. The parallel architecture is more resilient to
imbalances (~0.82 dB power imbalance for 20 dB ER) than the cascaded architecture
(~0.63 dB power imbalance for 20 dB ER).

Introduction

Light detection and ranging (LiDAR) finds applications in motion perception and
surveying in various applications such as autonomous vehicles [1] , robotics, and
surveying atmosphere. Frequency-modulated continuous wave (FMCW) LIiDAR
provides simultaneous information on position and velocity in a single acquisition [1].
Implementation of LIiDAR systems in integrated photonics provides significant gains in
size, weight, power, and cost. InP photonics [2] can include monolithically integrated
lasers, high bandwidth electro-optic phase modulators, and optical amplifiers, which
makes it a proper candidate for the implementation of FMCW LiDAR systems. These
systems have been implemented through direct modulation of the laser [3]. However, this
technique produces a nonlinear chirp and needs a control loop for monitoring the
frequency and ensuring chirp linearity[3].External modulation of the laser with
quadrature or 1Q modulators can generate FMCW signals with linear chirp[4]. The
quadrature modulator is driven with radiofrequency chirp signals to synthesize the
FMCW signal [4], and the modulator operates in a carrier-suppressed single sideband
(CS-SSB) mode of operation at each frequency of the RF chirp. Range resolution
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for high bandwidth modulators on InP generic platform [6]. CS-SSB modulation is widely
implemented in a dual-parallel Mach Zehnder modulator architecture[4] but has also been
realized in a cascaded architecture enabling lower drive voltage and optical loss [7]. The
performance of the FMCW transmitter depends on the optical power loss of the
architecture and the extinction ratio of undesired sidebands and carrier relative to the
sideband of interest. Fabrication limitations and wavelength-dependent imbalances result
in differences in optical amplitudes between parallel arms of the architectures, degrading
the performance. In the present work, we compare the tolerance of the parallel and
cascaded architectures to imbalances in optical amplitudes through simulations.

Quadrature modulator architectures

Figure 1 and Figure 2 show the quadrature modulators with parallel architecture and
cascaded architecture, respectively. The | and Q signals are 90 degrees out of phase. In



both figures, a pair of high-speed electro-optical phase modulators in a push-pull
configuration are in series with DC electro-optical phase modulators (to tune the
operating point and compensate optical path length mismatches). In each section, a single
DC EOPM in either of the arms is sufficient to provide the desired phase shift. However,
the resulting amplitude imbalance degrades the performance of the transmitter.
Additional DC EOPMs are added to balance the optical losses in parallel paths. To realize
carrier suppressed single sideband modulation, the parallel architecture utilizes more
components than the cascaded architecture and has a slightly higher footprint. The
additional DC phase modulators in the parallel architecture increase the control signals to
be applied. Transfer functions of the individual components[7] are used to simulate the
architectures in MATLAB. The components have ideal behaviour and do not include
insertion loss , dispersion and voltage-dependent losses. As a result, the comparison
between architectures is not limited to a particular platform. The input laser has a power
of 0.5 mW. The system performance is quantified by extinction ratio (ER), which is the
ratio of the power in the desired sideband to the power in the highest undesired tone.
Another metric is the modulated to unmodulated power ratio (MUPR), defined as the ratio
of the power in the desired sideband to the power of the unmodulated laser.
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Figure 1. Quadrature modulator with parallel architecture. RF EOPM: RF electro-optic phase modulator. DC EOPM:
DC electro-optic phase modulator. MMI: multi-mode interference coupler. I: in-phase signal, Q: quadrature phase
signal.
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Figure 2. Quadrature modulator-Cascaded architecture. RF EOPM: RF electro-optic phase modulator. DC EOPM:
DC electro-optic phase modulator. MMI: multi-mode interference coupler. I: in-phase signal, Q:quadrature-phase

signal.

Figure 3(a) shows the extinction ratio (ER) and MUPR for cascaded and parallel
architectures as a function of the RF drive voltage normalized to V.. ER decreases with
an increase in Ve due to increased power present at other harmonics, while the MUPR
initially increases due to an increase in the power present at the first sideband. For ER>20
dB, the cascaded architecture achieves the same extinction ratio as the parallel
architecture at lower RF voltage drives along with higher MUPR. For example, at Vrr=
0.2V, the cascaded architecture has an ER of 29.2 dB and an MUPR of -4.92 dB. In
contrast, at a higher voltage of Vre= 0.3Vy, the parallel architecture has an ER of 28.13
dB with a lower MUPR of -7.52 dB. Figure 3(b) and Figure 3(c) show the output spectra
of cascaded architecture and parallel architecture, respectively (Vrr= 0.4V, fre= 1 GHz).
The third harmonic of the upper sideband is the dominant undesired term in both the



architectures. ER is a relative measure within the CS-SSB spectrum and does not vary
with insertion loss of the components. However, the MUPR changes with the insertion
loss of the individual components, and the MUPR curve has to be shifted down by the
insertion losses of the components in one of the parallel paths from input to output.
Semiconductor optical amplifiers available in the InP platform can be used to compensate

for these losses.
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Figure 3 (a) ER (extinction ratio) and MUPR (modulated to unmodulated power ratio) as a function of RF drive voltage
in parallel and cascaded MZM architectures. (b) Lower sideband of cascaded architecture at Vrr=0.4 Vx, and (c)

Lower sideband of parallel architecture at Vrr=0.4 Vx
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Figure 4 (a) ER (extinction ratio) and MUPR (modulated to unmodulated power ratio) dependence on optical
amplitude imbalance (Vrr =0.1 V;) in cascaded architecture and parallel architecture (Vrr =0.141 Vz). MUPR values
for imbalances in child (green dashed line) and parent arms (blue dashed line) of parallel architecture almost overlap
each other. Spectrum with an optical amplitude imbalance of -0.12 between (b) parent arms of parallel architecture,
(c) child arms of parallel architecture, and (d) arms of cascaded architecture.



Effect of optical amplitude imbalance

Asymmetry in optical powers among parallel optical paths degrades ER of the system. In
the parallel architecture, the arms can be identified as child arms (forming the | and Q
MZMs) or parent arms (forming the outer MZM), as shown in Figure 1. Figure 4(a) shows
the effect of introducing an optical amplitude imbalance(AE) in one of the parallel paths
(as a factor of (1+ AE )) on ER and MUPR. The RF drive voltages are adjusted to yield
the same ER when no imbalance is present to compare the architectures. In the parallel
architecture, the carrier is suppressed between the arms of the child MZM. Therefore,
imbalances in the parent arms do not affect carrier suppression (Figure 4 (b). On the other
hand, the imbalances in a child's arms lead to incomplete carrier suppression (Figure 4
(c)). Cascaded architecture has the highest sensitivity to imbalance (Figure 4 (d)). The
amplitude imbalance where the ER falls to 20 dB is ~ -0.18 (~1.72 dB power imbalance)
for the parent arms in a parallel architecture. For the child arms in the same architecture,
the value is ~-0.09 (~0.82 dB power imbalance). In the cascaded architecture, the
corresponding imbalance is ~-0.07 (~0.63 dB power imbalance).

Conclusions

The extinction ratio (ER) and modulated to unmodulated power ratio (MUPR) in
cascaded and parallel architectures are analyzed through MATLAB simulations to
evaluate their performance for FMCW LIiDAR systems . For a given ER, the cascaded
architecture requires lower RF drive power and has higher MUPR than the parallel
architecture. However, the parallel architecture is more resilient to imbalance (~0.82 dB
power imbalance for 20 dB ER) than the cascaded architecture (~0.63 dB power
imbalance for 20 dB ER).
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