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Abstract—In this work, we demonstrate a novel In0.52Al0.48As
based top-illuminated avalanche photodiode (APD), designed to
circumvent the problem of serious bandwidth degradation under
high gain (>100) and high power operation and significantly en-
hance the dynamic range in the established frequency modulated
continuous wave (FMCW) lidar system. In our APD design, the
carriers transiting through the dual multiplication (M-)layers are
subjected to a stepped-up electric field profile, so they can be ener-
gized by the first step and propagate to the second step to trigger
the avalanche processes. Such a cascade avalanche process leads
to an ultra-high gain bandwidth product (460 GHz) with a 1 A/W
responsivity at unit gain. Compared to the high-performance and
commercial p-i-n PD and photo-receiver (PD + trans-impedance
amplifier (TIA)) installed in the same lidar test bed, our demon-
strated APD receiver (without TIA) has a larger S/N ratio under
high operation gain (33 A/W) with less optical local-oscillator
(LO) power required (0.25 vs. 0.5 mW), while exhibiting a wider
dynamic range in each pixel. These advantages in turn lead to the
construction of a better quality of 3-D lidar image by using the
demonstrated APD.

Index Terms—Avalanche photodiode, p-i-n photodiode.
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I. INTRODUCTION

THE development of light detection and ranging (lidar)
technologies has continued unabated and has found many

applications in autonomous cars, robots, medical applications
and unmanned aerial vehicles [1]–[3]. In contrast to the pulsed
time-of-flight (ToF) lidar system operating around the 905 nm
wavelength regime, a frequency-modulated continuous-wave
(FMCW) lidar system which can be operated at telecommu-
nication wavelengths (∼1550 nm) is attractive because it can
leverage the advanced technology of the well-developed fiber
communication industry and achieve excellent resolution with-
out requiring any fast electronics or high peak optical power
[4]–[10]. Furthermore, the interference issues in ToF systems,
which can be attributed to the multiple reflected optical pulses
from different objects, can be eliminated.

In these two kinds of lidar systems, two different receiver end
schemes are adopted to handle the weak reflected light. The ToF
system usually adopts single-photon APDs operated at Geiger
mode with infinite gain for direct-detection (D-D) [11]. With
respect to FMCW lidar, the high-linearity p-i-n photodiode
(PD) integrated with the self-heterodyne beating detecting setup
is usually preferred for serving as its receiver-end. The weak
received light can be amplified by strong optical local-oscillator
(LO) power pumping onto the PD [12]. Nevertheless, in the
advanced photonic integrated circuit (PIC) based FMCW
lidar system, significant optical insertion loss remains a
challenge, which leads to a limited output optical LO power
(several mWs) [9], [10], [13], [14]. In order to compensate for
such on-chip insertion loss, a semiconductor optical amplifier
(SOA), which is monolithically integrated with the high-power
waveguide type uni-traveling carrier photodiodes (UTC-PDs)
has been successfully demonstrated [15], [16] for application
in a coherent communication system. However, for lidar
applications, the size of the optical aperture of the waveguide
type PD is usually too small to capture the weak light reflected
from the object. Vertically-illuminated type APDs with a large
aperture size, high responsivity, and high internal gain (around
20 dB), which is comparable with SOA, as well as low excess
noise, and decent performance of speed under moderate (∼mW)
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optical LO pumping powers, are highly desired for modern
chip-scale or PIC based lidar applications. However, for most of
the reported InP or In0.52Al0.48As based APDs, there is usually
serious degradation in their speed and excess noise performance
with the increase of avalanche gain. In order to overcome
the problematic trade-off between avalanche gain and excess
noise, the In0.52Al0.48As based tandem APD structure has been
demonstrated to effectively reduce the excess noise of APD
under high-gain operation [17], [18]. State-of-the-art sensitivity
has been demonstrated for 1.25 Gbit/sec data communication
[18]. However, compared with that of traditional APDs, its
gain-bandwidth product (GBP) performance is sacrificed for
low excess noise performance due to the slowdown of the hole
avalanche process in its multiplication layer [17].

In this work, we demonstrate a novel In0.52Al0.48A based
vertically-illuminated APD. By use of a novel design of dual
multiplication (M-) layers, the trade-off between avalanche gain
and bandwidth can be greatly relaxed. An ultra-high gain band-
width product (460 GHz) and high responsivity (1 A/W) at unit
gain can be achieved by using a device with a large optical
window diameter (200µm). We use such an APD connected with
a RF low-noise-amplifier (LNA) to serve as the receiver-end in
our home-made FMCW lidar system. The optimum bias voltage
for the highest quality of captured lidar image is achieved with a
responsivity as high as 33 A/W and a 1.25 GHz 3-dB bandwidth.
Compared to the commercially available p-i-n PD and p-i-n PD
based photo-receiver, our demonstrated APD receiver can have
a larger S/N ratio under high operation gain (33 A/W), with
a lower required optical local-oscillator (LO) power (0.25 vs.
0.5 mW), while exhibiting a wider dynamic range in each pixel.
These advantages in turn lead to a better quality of constructed
3-D lidar image.

II. DESIGN OF DEVICE STRUCTURE AND FABRICATION

Fig. 1(a) shows a conceptual cross-sectional view of the
demonstrated APDs with a top view in the inset. Fig. 1(b)
shows the band diagram of the demonstrated APDs along the
AA’ axis. Note that Fig. 1(a) is not drawn in scale. From
top to bottom, the structure of our devices is composed of
a p+-In0.53Ga0.47As contact layer, p+-In0.52Al0.48As window
layer, intrinsic In0.53Ga0.47As absorbing layer, two p-type
In0.52Al0.48As charge layers, and two intrinsic In0.52Al0.48As
multiplication layers and N+ In0.52Al0.48As /InP contact lay-
ers. Two In0.52AlxGa0.48-xAs graded bandgap layers are in-
serted in the interfaces between the absorber/window and ab-
sorber/multiplication layers, respectively. The thickness of each
epi-layer is specified in detail in this figure. As can be seen,
the 500 nm thick multiplication (M-) layer is divided into two
partitions of 200 nm and 300 nm by an additional charge control
layer to obtain a stepped electric field profile [19], [20]. The
electric field distribution within the device is simulated by using
the Silvaco Technology Computer Aided Design (TCAD) tools.1

Fig. 2(a) shows the calculated electric fields of the demonstrated

1Silvaco, 2811 Mission College Boulevard, 6th floor, Santa Clara, CA 95054.

Fig. 1. (a) Conceptual cross-sectional view of the demonstrated APD. The
radius of the active mesa is 120 µm, as specified in this figure. Inset shows the
top view. (b) Simulated band diagram of the fabricated device along AA’.

Fig. 2. (a) Electric field profiles at Vpt and Vbr along the vertical direction
AA’. Electric field profiles at Vbr for the (b) first and (c) second (bottom)
multiplication layer along lateral directions BB’ and CC’, respectively.

APD along the vertical direction (AA’) at the punch-through
(Vpt) and breakdown voltage (Vbr).

Due to the stepped electric (E-) field profile, the electrons will
be energized by the first M-layer with a thickness of 200 nm,
where the electric field strength is not high enough to trigger
significant impact ionization, and then transit to the second 300
nm thick M-layer to initiate successive impact ionization. This
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design provides better localization of impact ionization than can
be achieved in a uniformly thick 500 nm M-layer, which can
reduce the delay time induced by the avalanche process in the
APD. The use of a stepped E-field may also reduce excess noise
(k-factor) in the APD. In our demonstrated device structure, the
hole impact ionizations are suppressed because of the lower E-
field encountered as they travel back toward the absorption layer.
Furthermore, the cascade avalanche process in the demonstrated
dual M-layer structure avoids pushing the single M-layer into
the deep avalanche regime under the desired high-gain operation.
Overall, a shorter avalanche delay time, a lower excess noise (k-)
factor, and a larger GBP than those obtained with the traditional
APD design with the same M-layer thickness can thus be ex-
pected for our dual M-layer design. In our previous work [20],
using dual In0.52Al0.48As M-layers with different thicknesses
of 60 and 90 nm, the APD exhibited bandwidth-responsivity
product (∼180 GHz × A/W) and k-factor (∼0.14) values close
to those of the high-performance In0.52Al0.48As APD with the
traditional single M-layer design and with a thickness of only
90 nm [21]. This result suggests that our dual M-layer design
offers superior performance in terms of noise and GBP to that
of the conventional APD design with the single M-layer and the
same M-layer thickness. Similar working principles are real-
ized for the impact-ionization-engineered (I2E) APD structures
[22], [23] which localizes the impact ionization process in the
materials with the narrowest bandgap in the M-layer, which
is hetero-junction with several different bandgap materials. In
contrast to the I2E structure, our M-layer acts as a homo-junction
but with several charge layers and different doping densities to
localize the avalanche process in the region which has the highest
E-field.

As shown in Fig. 1(a), the triple mesa structure is adopted
to confine the E-field in the first mesa (active region) with a
diameter of 240 µm, which is etched through the p-type window
layer and stops at the 2µm thick In0.53Ga0.47As absorption layer
[24]. Figs 2(b) and (c) show the calculated electric fields for the
demonstrated APD along horizontal directions (BB’ and CC’),
respectively, at the first and second M-layers under a breakdown
voltage of (−43 V), which will be discussed later. We can clearly
see, as expected, that there is a discrepancy in the M-layer
electric (E-) field between the active region (first mesa) and the
edge of the mesa. Better confinement of the E-field to suppress
edge breakdown in the proposed APD structure can be realized
by the etching of an inverted n-side up structure [21] or mesa
structure through the charge layer [19], [20]. However, edge
breakdown may not be a serious issue in our demonstrated APD
due to the large active diameter (240 µm) of the first mesa. The
inset to Fig. 1(a) shows a top-view of the device fabricated with a
240 µm diameter active mesa. The diameter of the active optical
window is 200 µm. Such a large window diameter is beneficial
for the collection of weak reflected light in our established lidar
system, which will be discussed in detail later.

III. DEVICE MEASUREMENT RESULTS

Figs 3 shows the measured bias-dependent dark current, pho-
tocurrent, and operation gain of the demonstrated APDs, subject
to different optical pumping powers at an optical wavelength of

Fig. 3. The measured dark current, photocurrent, and operation gain versus
bias voltages under different optical pumping powers of the demonstrated APD
at the 1.55 µm wavelength. The specified values of responsivity are measured
under 50 µW.

1.55µm. As can be seen, the measured breakdown voltage (Vbr)
and punch through voltage (Vpt) are around −43 and −24.2 V,
respectively.

We assume a zero coupling loss and single-pass of injected
light into the absorption layer of our device. With a 2 µm-
thick In0.53Ga0.47As absorption layer, the theoretical maximum
unit gain responsivity will be around 1 A/W at the 1.55 µm
wavelength. Here, the photo-absorption constant used for the
In0.53Ga0.47As layer at such a wavelength is around 0.8 µm-1

[25]. The gain versus bias voltages under different optical pump-
ing powers (1 to 100 µW) are also provided in the figures for
reference. As can be seen, there is a significant reduction in all
the measured operation gains when the reverse bias voltage is
over Vbr due to the tremendous increase of dark current, which
occupies most of the measured total current (i.e., summation
of photocurrent and dark current). In addition, we can clearly
see that the maximum operation gain gradually decreases with
increasing pumping power. This phenomenon can be explained
by the space charge screening (SCS) effect induced by the
photo-generated holes in the thick and undoped In0.53Ga0.47As
absorption layer, which reduces the net E-field and multiplica-
tion gain in the M-layer [20].

Figs 4 and 5 show the bias-dependent O-E frequency re-
sponses measured under a low (1 µW) and high (100 and
240 µW) optical pumping power at the 1.55 µm wavelength,
respectively. Under such a low optical pumping power, we can
clearly see that the measured 3-dB O-E bandwidths can be
sustained at the same value (∼1.25 GHz) with an increase of the
reverse bias voltage (operation gain). Only a slight degradation
on bandwidth (from 1.25 to 0.95 GHz) can be observed under
the −43 V bias, which is close to Vbr. This is in contrast to the
phenomenon reported for most APDs, which usually exhibit a
significant degradation in the O-E bandwidth with an increase
in the operation gain due to the increase in the avalanche in-
duced delay time with the gain. The trade-off between operation
gain and speed can be fundamentally overcome because of the
cascade avalanche processes in our dual M-layer design, as
discussed above. On the other hand, as shown in Fig. 5, the
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Fig. 4. The measured bias dependent O-E frequency responses of the demon-
strated APD under a 1 µW optical pumping power at the 1.55 µ m wavelength.

Fig. 5. The measured bias dependent O-E frequency responses of the demon-
strated APD under a 100 and 240 µW optical pumping power at the 1.55 µ m
wavelength.

measured 3-dB O-E bandwidths are pinned at around 1.3 GHz,
regardless of the changes in the reverse bias voltages. These
bandwidth values are close to the maximum O-E bandwidths of
the device measured under low power excitation, as shown in
Fig. 4. Such invariant high-speed performance can be attributed
to the values of the operation gain significantly decreasing
and becoming much less sensitive to the reverse bias voltage
under high-power operation, as shown in Fig. 3. The delay time
induced by the avalanched gain, which is the major bandwidth
limiting factor of an APD under high-gain (high-bias) operation
is thus minimized, resulting in the observed invariant 3-dB O-E
bandwidth [20].

Fig. 6 shows the 3-dB O-E bandwidths versus operation
gains of the demonstrated APD measured under low (1 µW)
and high (100 µW) optical pumping powers. As can be seen,
for the low pumping power case, our demonstrated device can
achieve a gain-bandwidth (GB) product as high as 460 GHz
with a 1 A/W unit-gain external responsivity. On the other hand,
there is a gradual decrease in the values of the GB product
when the optical pumping power reaches 100 µW, which can
be attributed to the reduction in the multiplication gain versus
the increase of optical power [20]. The achieved high GB product
(460 GHz) can be attributed to the cascade avalanche process in
the dual M-layers, as discussed earlier. Furthermore, compared
to the gain-bandwidth curves of typical APDs, which usually
exhibit monotonic decreases of bandwidth with the increase
of the multiplication gain [21], [26], our device curves exhibit

Fig. 6. The measured 3-dB O-E bandwidths versus multiplication gain of the
demonstrated APD at low (1 µW) and high (0.1 mW) optical pumping powers.

Fig. 7. Conceptual diagram of the demonstrated FMCW lidar system. Three
different kinds of Rx are adopted in our system for comparison. FG: function
generator. EDFA: erbium-doped fiber amplifier. LNA: low-noise amplifier. ESA:
electrical spectrum analyzer. Red solid line: optical path in fiber. Red dash line:
optical path in free space.

different trends. As can be seen, our demonstrated APD has a
good operation window, which means a constant O-E bandwidth
(∼1.25 GHz) can be sustained over a wide range of operation
gains (from 10 to ∼300). This should be of great benefit in
applications for FMCW lidar, which will be discussed in detail
later.

IV. FMCW LIDAR SYSTEMS

We built an FMCW lidar system with a fiber-based self-
heterodyne interferometer and mechanical scanning mirrors
[27], as shown in Fig. 7. The laser source is split into a signal path
and a local-oscillator (LO) path using a 90/10 fiber splitter. The
signal light passes through a circulator and a fiber collimator,
producing a beam with a spot size of 0.87 mm (1/e2 diameter)
and a full-angle divergence angle of 0.129°. We use two scanning
galvanometer mirrors to steer the beam in two dimensions with a
field of view of±12.5° and a mechanical repeatability of 15µrad
(Thorlabs GVSM002-US). The received light is redirected by
the circulator to follow a different path and then combined with
the LO via a 50/50 fiber splitter. A variable attenuator is included
in the LO path for power adjustment. The combined signal and
LO light is fed to the receiver (Rx) part of the demonstrated lidar
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Fig. 8. Picture of the demonstrated FMCW lidar with N, C, and U targets as
OUTs for testing. FOV: field of view.

system. Three kinds of Rx are adopted and their performance
compared in detail. One is our demonstrated APD as discussed
above and the second one is the commercially available p-i-n
PDs based Rx (PT-40D/8XLMD)2, which is composed of a
high-speed p-i-n PD integrated with a trans-impedance amplifier
(TIA). This module has a fiber pigtail package which can provide
a 35 GHz bandwidth and 1300 V/W conversion gain. The final
p-i-n PD module integrated with a 50 Ω load (Newport 1623)3

has an In0.53Ga0.47As photo-absorption layer. This PD module
has a ball lens in its optical window to collect the free-space
input light. It is powered by a battery for low-noise performance
and has a responsivity of 1 A/W with a 3-dB O-E bandwidth at
around 0.6 GHz. All kinds of Rx (APD, p-i-n PD, and p-i-n PD
+ TIA) are then connected with the same low-noise amplifier
(LNA; Miteq AM-1309)4 to further boost the magnitude of
the O-E converted signal. The photomixing down-converted IF
signal output from the PD module or APD is then sent into an
RF spectrum analyzer for analysis. A collimator followed by
an aspherical lens is adopted in our setup to feed the combined
optical LO with reflected signals from the object to the window
of our home-made APD chip, without an optics package, and the
commercial p-i-n PD module. It forms a spot size of 23 µm (1/e2

diameter). The lidar system is tested using targets made from
Styrofoam shaped like the letters N, C, and U. The targets were
covered with retroreflective tapes and place at certain distances,
as shown in Fig. 8.

Aside from the receiver, the transmitter side also plays an
important role in the FMCW lidar system. Wavelength sweeping
can be realized by changing the bias current to the mirrors of
tunable sampled grating distributed Bragg reflector (SGDBR)
lasers [10], usually integrated with an external feedback loop to
linearize the wavelength sweeping process [10]. However, the
loop bandwidth usually limits the maximum ramp rate for wave-
length sweeping. The other approach for wavelength sweeping
is through the use of the linewidth enhancement effect (LEE) in
distributed-feedback lasers (DFB) [28] or single-mode VCSELs

2Picometrix, LLC. 2925 Boardwalk, Ann Arbor, MI, 48014.
3Newport Corporation, 1791 Deere Avenue, Irvine, CA, 92606.
4L3Harris Narda-MITEQ, 435 Moreland Road, Hauppauge, NY, 11788.

Fig. 9. The measured optical spectra of our wavelength sweeping laser under
different driving-voltages (Vpp).

[6]. By pushing these lasers into the saturation regime and
driving them with large current pulses, a significant frequency
modulation (FM) with a suppressed amplitude modulation (AM)
can be achieved due to LEE. However, the residual amplitude
modulation (RAM) noise and nonlinear relation of wavelength
shift versus driving current both remain challenges [8]. Here,
the working principle of our sweeping laser is based on the
LEE. A conceptual diagram of its function blocks appears in our
previous works [29], [30]. This module fully customized design
by Alnair Labs5 is primarily composed of a commercially avail-
able distributed feedback (DFB) laser chip (NEL Laser Diodes;
NLK1C6DAAA),6 alternating current (AC) laser current driving
circuit, and an optical limiting amplifier [31]. Compared with
the sweeping laser reported in our previous work [29], [30], we
obtain a further increase in the maximum wavelength ramp rate
from 10.3 to 88 GHz/µs by improving the laser driving circuit.
During wavelength sweeping operation, the driving circuit is
used to convert and amplify the external injected voltage signal
into current waveforms to effectively modulate the output optical
amplitude of the DFB laser. Due to the LEE (chirp parameter)
in this DFB laser [32], the values of the central wavelength
can also be swept with the variation of output optical power
(injected carrier density). In order to obtain a strong LEE (FM),
it is necessary to use huge amplitude current pulses (hundreds
of mA) to modulate our DFB laser chip. An optical limiting
amplifier is integrated with the output of the DFB laser chip
to minimize serious RAM during wavelength sweeping. Fig. 9
shows the output optical spectra of our sweeping laser measured
under 1 MHz sweeping rate and different driving voltages. The
central wavelength of a sweeping laser under static operation (no
AC driving signal injection) is also shown here for reference. The
measured 3-dB linewidth (0.06 nm; 7.5 GHz) is much broader
than the specification of the adopted DFB laser (∼100 KHz)
and this can be attributed to the limited resolution (∼0.05 nm)
of our optical spectrum analyzer (Ando AQ6315A). As can be
seen, the scanning wavelength range will slightly enhance with
an increase in the amplitude of the driving voltage and flat topped
output optical spectra can be realized. This result implies that the

5Alnair Labs Corporation, Westside Gotanda 2F, 6-2-7 Nishi-Gotanda,
Shinagawa-ku, Tokyo 141-0031, Japan.

6NTT Electronics, New Stage YOKOHAMA, 1-1-32 Shin-urashimacho,
Kanagawa-ku, Yokohama-shi, Kanagawa, 221-0031, Japan.
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Fig. 10. The IF beating frequency versus different delay line distances for two
different driving conditions (200 KHz; 1.9 Vpp and 300 kHz; 1.4 Vpp) on the
sweeping laser. The inset shows a picture of the measurement setup.

Fig. 11. The measured IF spectra for different delay line distances for modu-
lation frequencies of (a) 200 KHz and (b) 300 KHz on the wavelength sweeping
laser.

RAM noise during FM modulation has been well suppressed in
our sweeping laser output and its wavelength ramp rate is nearly
1000 times faster than that of the reported DFB with an external
feedback loop (88 GHz/µs vs. 100 GHz/ms) [28]. Here the ramp
rate is determined by both the sweeping (modulation) frequency
and amplitude of the driving voltage (Vpp).

V. FMCW LIDAR MEASUREMENT RESULTS

Fig. 10 shows the self-heterodyne beating intermediate fre-
quency (IF) versus different delay line distances (time) under
two different driving conditions, which are specified on the
figures, for our sweeping laser source. For measurement, the
metal plate (reflector) served as the object under test (OUT);
the setup is shown in the inset to Fig. 10. The delay line length
is achieved by changing the distance between the OUT and the
scanning mirror. The IF frequency in an FMCW lidar system
is determined by taking the product of the frequency ramp rate
and delay time. As can be seen, a linear relation between delay
time (distance) and beating frequency can be obtained, which
is essential for a high-performance FMCW lidar system. The
distance information can be determined according to the slope
of these traces and the measured IF frequency of the OUT, which
will be discussed in detail later. Fig. 11 shows the corresponding
output IF spectra from the commercial photoreceiver (p-i-n PD
+ TIA). In order to compare the performances of different
Rxs in the established FMCW lidar systems, we measured the
signal-to-noise ratio (SNR) of the down-converted IF signal
output from the three Rxs based on the above setup. Fig. 12
shows the measured SNR versus received optical power of the

Fig. 12. The measured SNR vs. received optical power under different optical
LO pumping powers onto APDs and photoreceiver (p-i-n PD + TIA). The APD
bias is fixed at −40 V.

Fig. 13. The measured SNR vs. received optical power of APDs (under
different reverse bias voltages), photoreceiver (p-i-n PD + TIA), and p-i-n PD.
The optical LO pumping powers on the p-i-n PD and APD are 0.5 and 0.25 mW,
respectively.

photoreceiver (p-i-n PDs+TIA) and APDs under a fixed reverse
dc bias at −40 V. Here, the SNR is defined by the difference
in power levels between the peak of the IF tone and the noise
floor. The received optical power represents the measured optical
power in the 3rd port of the circulator, as shown in Fig. 7. In the
measurement, we vary the optical LO pumping power on the two
receivers to find out their optimized operating conditions. As can
be seen, the optimized optical LO power for the highest SNR
of the APD and photoreceiver is 0.25 and 0.5 mW, respectively.
Furthermore, our APD based receiver has a better SNR than that
of the p-i-n + TIA module, over the whole range of received
optical powers (0.1 to 200 µW), with a lower required optical
LO power.

In addition to the optical LO pumping power, the applied
bias voltage onto the APD also has a deterministic effect on the
system’s SNR. Fig. 13 shows the measured SNR versus received
optical power of the commercial p-i-n PDs, commercial photore-
ceiver (p-i-n PD + TIA), and APDs under different reverse bias
voltages. Figs 14 (a) and (b) show the corresponding IF spectra
for the APD and photoreceiver (p-i-n+TIA), respectively, under
the whole range of received optical power. Here, according to the
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Fig. 14. The measured IF spectra for the cases of different received optical
power for (a) APD under −40 V bias and 0.25 mW LO power and (b) p-i-n PD
+ TIA under 0.5 mW LO power.

measurement results shown in Fig. 12, the launched optical LO
power to the p-i-n and APD based receiver is 0.5 and 0.25 mW,
respectively, needed in order to obtain the optimized SNRs. As
can be seen, under a −40 V bias on the APD, the measured SNR
of the APD is around 10 dB larger than that of the commercial
p-i-n PD (no TIA) under low received optical power (0.1 µW).
Besides, the measured SNR of our APD is also slightly better
(∼1 dB) than that of high-performance photoreceiver (p-i-n
PD+TIA) under such low received power. This can be attributed
to the fact that the multiplication gain (∼1650 V/W) of the APD
is even larger than the trans-impedance gain provided by the TIA
(∼1300 V/W). Here, the conversion gain of the APD module
is obtained by assuming a 50 Ω load integrated with the APD
output and its responsivity (33 A/W) under a −40 V bias.

On the other hand, when the received optical power becomes
larger (>5 µW), both our home-made APD and commercial
p-i-n PD exhibit significant better SNR than that of photore-
ceiver (PD+TIA). This result can be attributed to the excellent
high-power performance of our home-made APD chip. Under
heterodyne beating measurement, our APD device (without
LNA integration) exhibits a saturation current over 12 mA
under 0.9 Vbr operation. The overload optical power of the
photoreceiver is only +3 dBm, which corresponds to an output
photocurrent of around 1.2 mA. This saturation current which is
much smaller than that of our homemade APD (1.2 vs. 12 mA),
can be attributed to the much smaller photo-absorption volume
in the p-i-n PD for its wider O-E bandwidth (35 vs. 1.2 GHz)
performance and the maximum allowable output current from its
integrated TIA. Obtaining such a high saturation current for our
APD can be understood as follows: In contrast to the behaviors
of a typical p-i-n PD under high optical power illumination,
the degradation in the O-E bandwidth and saturation of the
photo-generated RF power from the APDs is minimized due
to the gain reduction effect [20]. As illustrated in Fig. 5, even
for a launched optical power on the APD as high as 0.24 mW,
there is no significant O-E bandwidth degradation.

As shown in Fig. 3, by further increasing the reverse bias
voltage on the APD, a higher responsivity and SNR can be
expected. Fig. 15 shows the measured IF spectra of our APD
under different optical receiving power and reverse bias voltages.
As can be seen, although the responsivity is greatly enhanced
when the bias shifts from −40 to −42 V, this is accompanied
by an increase in the noise floor rather than contributing to the
signal power.

Fig. 15. The measured IF spectra for the cases of different received optical
powers for an (a) APD under −40 V bias and 0.25 mW LO power and (b) APD
under −42 V and 0.25 mW LO power.

Fig. 16. The captured lidar images based on the measured IF power of each
pixel from the (a) p-i-n PD+TIA and (b) APD. The captured lidar images based
on the measured IF frequency of each pixel from the (c) p-i-n PD + TIA and
(d) APD.

Fig. 16 shows images of the OUTs (N, C, and U) captured
by using the photoreceiver (p-i-n PD + TIA) and APD based
Rx. These images are constructed based on the down-converted
IF frequencies and power in each pixel. The setups for such
measurements are shown in Figs 7 and 8. Here, the output
optical power from the scanning mirror is around 15 mW and
the captured optical power reflected from the OUTs is around
several µWs. The wavelength sweeping laser is modulated at a
200 KHz ac signal with a 1.9 Vpp (peak-to-peak driving voltage).
The values of the optical LO pumping power and bias voltages
applied to the APDs and photoreceiver have been optimized
according to the measurement results, as shown in Figs 12 to 15.
From Figs 16 (a) and (b), we can clearly see that the images of
the letter N captured using the APD based Rx have a larger
contrast ratio in IF power and better quality of image than those
of the p-i-n PD based photoreceiver. This result confirms that
the APD has a superior SNR to that of the photoreceiver when
the received optical power becomes larger, as shown in Figs 12
and 13, and the letter N has the strongest reflected optical signal
among the three letters because it is closest to the light emission
aperture of the lidar. By using the slopes of the IF frequency
vs. delay distance as illustrated in Fig. 10 and the difference in
IF frequency between the pixels of the targets, we can directly
obtain the depth information about these objects. Here we choose
the averaged values of the measured IF frequency from each
pixels of letter N as our reference frequency. Figs 16 (c) and
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Fig. 17. The captured IF spectra of a single pixel from the background and
the N, C and U shaped targets obtained using the (a) APD and (b) p-i-n PD +
TIA.

(d) show the images with depth information obtained using the
p-i-n + TIA and APD based Rx, respectively. We can clearly
see that letter “N” locates at reference plane as discussed and
the lidar measured distances between “C” and “U” is around 5
and 10 cm, respectively. These values match very well with the
real distances between these three targets, as shown in Fig. 8.
Fig. 17 shows the typical measured IF spectra of pixels from the
targets (N, C, and U) and the backgrounds. Here, the background
signal is induced by the parasitic reflections between the port
3 of circulator and the coupling optics (collimators or fiber
connectors) for feeding the light onto Rx. Obviously, APD the
based Rx can provide a narrower linewidth of IF signal, which
leads to clearer depth information than that of the p-i-n based
device, as shown in Fig. 16. Besides, there is a difference in
frequency of the IF beating signal obtained from the APD and
photoreceiver (p-i-n + TIA) based Rx (∼0.53 vs. ∼0.25 GHz)
under the same driving condition (200 KHz; 1.9 Vpp) of the
wavelength sweeping laser. It can be attributed to the combined
optical signals (LO with signal arms) must pass through the
dispersive fiber and then feed into the photoreceiver with the
fiber pigtail package. The dispersion in fiber thus changes the
relative phases between these two optical arms and induce the
variation in frequency of beating signal.

VI. CONCLUSION

In conclusion, we demonstrate novel top-illuminated APD
structures with excellent performance for FMCW lidar applica-
tions. By making use of dual M-layer designs with a cascade
avalanche process, such APDs can fundamentally relax the
trade-off between the multiplication gain and the speed. Under
low power excitation (∼1 µW), such a device with a high unit
gain responsivity (1 A/W) can maintain an invariable speed
performance (∼1.2 GHz) over a wide range of operation gains
(10 to 300). In order to verify the excellent performance of
our demonstrated APD for lidar applications, we constructed
an FMCW lidar system based on the 2-D scanning mirror and
a sweeping laser source. As compared to the commercially
available p-i-n PD based Rx (PD+TIA and PD), the APD
based device, which has no additional integration with TIA,
can provide a larger SNR, with less required optical LO power
(0.25 vs. 0.5 mW), a wider dynamic range over a broad range of
received optical powers (0.1 to 200µW) in each pixel, and a high
operation gain (∼33 A/W; −40 V). The superior performance
of the APD to p-i-n PD in turn leads a better quality of 3-D lidar
images.
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