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Abstract—This paper presents an analog front-end (AFE)
designed for an optical receiver in a frequency-modulated con-
tinuous wave (FMCW) light detection and ranging (LiDAR)
system. To achieve high linearity and low noise, a shunt feedback
transimpedance amplifier (SF-TIA) is proposed with an input
DC current cancellation (IDCC) circuit, followed by a post-
amplifier (PA) and a 50 ) output buffer. The measurement
results, implemented in a 28-nm CMOS process with a 1 V
supply, demonstrate an AFE gain of approximately 85.5 dB(2, a
bandwidth of 130 MHz, an acceptable input DC current range of
0 pA to 100 pA, an input-referred noise of 4.04 pA/\/ H z, a power
consumption of 343 pW, and chip size of 0.61 x 0.53 mm® with
I/0O pads. Consequently, the overall operation of the optical sensor
combined with the transmitter is evaluated to verify system-level
performance with a 0.75% accuracy error.

Index Terms—Frequency modulated continuous wave
(FMCW) Light detection and ranging (LiDAR), analog front
end (AFE), transimpedance amplifier (TIA), input dc current
cancellation (IDCC), low power.
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I. INTRODUCTION

Light Detection and Ranging (LiDAR) systems have
rapidly emerged as a promising solution for applications such
as autonomous vehicles and 3D imaging technologies [1]. In
particular, Frequency-Modulated Continuous Wave (FMCW)
LiDAR has several advantages compared to direct Time-of-
Flight (dToF) LiDAR. FMCW LiDAR offers high resolution,
signal-to-noise ratio (SNR), and measurement of velocity as
well as distance and operates with low power for driving
the laser diode (LD) by mixing the local oscillator signal
with the received signal in the receiver (RX). As a result,
the problems indicated in dToF LiDAR, such as eye safety
generated by multi-shots consisting of high-power laser pulse
signals, are resolved in FMCW LiDAR system [2]. However,
the system can generate unwanted DC current due to various
factors, resulting in effects of a stable bias condition during
signal processing [3]. Furthermore, the detection of useful
signal information is limited by the noise level. In this work,
an active DC cancellation technique is presented to enhance
reliability, and it is designed to minimize noise, area and
power consumption for a sensitive and compact LiDAR sensor.

II. SYSTEM ARCHITECTURE AND CIRCUIT
IMPLEMENTATION

A. Frequency Modulated Continuous Wave(FMCW) optical
system

FMCW LiDAR system generally measures the round-trip
time 7 of light and obtains the distance as follows:

OR = cxr = cx Jbeat (1)

~

where R is the distance to the target, c is the speed of
light, v is the chirp rate (i.e., the slope of the modulated
frequency over time), fpeq: iS @ beat frequency, meaning the
frequency difference between transmitted and received signals.
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In the transmitter (TX) of this system, the LD that generates
continuously frequency modulated waveforms (local light) in
Fig. 2 is used as a signal source to detect the target. It is
important to maintain the linearity of the frequency sweep
(i.e., constant ) because the distortion of the signal occurs if
~ varies along the current [2]. As shown in Fig. 1, the laser
signal emitted from the TX is reflected by the target, received
in the optical sensor, and generates the beat signal combined
with local light, where it is converted into current, called the
photocurrent, by a photodiode (PD) in the RX. The driving
ability of PD is represented by the responsivity [A/W], which
indicates how sensitive PD is to light. The current is then
amplified and processed by the AFE.

After processing, the measured beat signal that is propor-
tional to distance as described in Equation (1) is synchronized
with the reference signal generated in part of the local signal
to proceed with the sampling and DSP process [4].

B. Transimpedance Amplifier (TIA)

A transimpedance amplifier (TIA) converts current to volt-
age, with its gain corresponding to the impedance. Fig. 3(a)
shows a simple shunt-feedback transimpedance amplifier (SF-
TIA). The transfer function in (2) and the input impedance
in (4) are derived as follows:

o RF Ao
ZT(S)__1+8RF(CF+C[N)(1—AO) 2)
~ fir (if 4] >1) O

- _1 +8RF(CF +C]N)

979-8-3315-8907-3/25/$31.00 ©2025 |EEE

Cr
11
Re

AAA
VW

I Ao 0 Vour

In

.||_@_

@

Fig. 3. (a) Equivalent model of SF-TIA. (b) A proposed SF-TIA.
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Rin(0) = — AF 4)
1
BW~_

where Rp and Cp are the feedback components, A, is the
open-loop gain, Ry is the input resistance of the TIA, and
Cin is the equivalent input capacitance consisting of the PD
and I/O pad. Based on this, the bandwidth of the SF-TIA
model is approximately given in (5).

The gain of the proposed SF-TIA, shown in Fig. 3(b), is
calculated as follows:

Ao = _(gmnl + gmpl)(ropl || gmbrobronl) (6)

where gp,,1 and g, are the transconductance of My and
Mp1, respectively, and 14,1, Top1 and 1, are the equivalent
small-signal resistance of Mpy1, Mpy and Mp. As shown
in (3), A, should be large enough to approximate Rp as
the DC gain. To achieve high gain, the output impedance is
boosted by inserting a transistor Mp into the output node.

C. Input DC Current Cancellation (IDCC)

If DC current is generated at the input of the TIA due to
several factors, such as the variation in junction bias needed
to operate PD in reverse bias or external noise [5], the bias
condition of the TIA can be changed, making it impossible
to process the signal meaningfully. Therefore, techniques are
needed to maintain a stable bias current. In Fig. 4, the circuit
for canceling the input DC current is placed between the input
and output of the TIA, providing a feedback path by detecting
the output voltage of the TIA and feeding the input current of
the TIA.

To achieve high gain and low bandwidth in the feedback cir-
cuit, the aspect ratio except for M5 and Mg is minimized. The
overall behavior of the circuit is described by the following:

9gm3

G I
m3 R
1+9325

IR

[(gm3rosroa) || (gm2ro17o2)](gms) (7)

1
BW = 8
27[(gm3aro3To4) || (gmaro1702)]Cp(1 — A2) ®
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Fig. 5. Other circuits; a fully differential post amplifier and output buffer.

where G and BW are the total gain (voltage to current) and
bandwidth for two stages in Fig. 4, A5 represents the gain of
the second stage in (8). By the Miller effect, C'p is multiplied
by A, at the input node of second stage and Rp, inserted for
stability, generates a zero frequency with Cp. Furthermore, the
value of the DC current, denoted as I;,, in Fig. 4, is directly
determined by M5 and Mg, which have to ensure the range
of acceptable DC current input.

D. Post amplifier and Output buffer

Figure 5 shows the post-amplifier stage, which boosts the
gain for larger output swings. The differential input pair, M;
and M, receives the output voltage from the TIA and the
voltage filtered by the low-pass filter (LPF), respectively. The
output impedance of the unity gain buffer is designed to be
50 © to match the impedance with the measurement setup.

ITII. POST LAYOUT SIMULATION RESULTS

Fig. 6(a) shows the total transimpedance gain across the
frequency response along the DC in the range of Fig. 6(b)
achieved by cascading the stages of TIA, IDCC, PA, and
output buffer. Considering the capacitance of the PD and I/O
pad in a value of 1.7 pF, the transimpedance gain is 86.8
dB(2 and the bandwidth is from 1.3 kHz to 144.5 MHz when
no DC current is injected. The low-frequency cut-off point
results from the characteristics of the active feedback loop in
the IDCC. In Fig. 7(a), the equivalent noise of the transistors
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and the resistor is depicted as thermal noise. The average input
referred current noise, I2 . is determined by [6]:

n,in

ITQL,out = 4kT’Y(gmp1 + 9mb + gnl)
V2

n,out —

2 .72

n,out“out

IQ ~ Vriout 4kT
n,in A?, RF

9)

where T and v are the temperature and the noise figure of
the transistor, respectively. For minimizing input noise, as
shown in (9), lower transconductance, larger open loop gain
and large transimpedance gain are required.

IV. MEASUREMENT RESULTS

In Fig. 8, the proposed AFE is implemented in a 28-nm
CMOS process with a 1 V supply. By employing the low-
voltage threshold (LVT) devices in a fully depleted-silicon on
insulator (FD-SOI) technology and incorporating a relatively
small number of stages with optimized device sizes, the design
achieves significant low power consumption, resulting in a
total measured power dissipation of 343 puW.

612.39 pm 195.82 pm

wrl 7778

Fig. 8. Micrograph of the proposed AFE circuit.
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Two methods are conducted to evaluate the performance
of the proposed AFE circuit. The frequency response of AFE
measured in test mode, and then, an experiment was conducted
to evaluate the overall performance and feasibility of the
proposed AFE as an optical receiver by implementing overall
FMCW LiDAR optical system.

A. Test mode

The Tektronix AFG3252 is used to generate the voltage
signal, therefore, the series resistor (Rg) is located between
the input of the chip and the output of the function generator.
In addition, the parallel capacitor (C'pp) is implemented in
the terminal capacitance of the PIN PD. The value of Rg and
Cpp is 10 k2 and 1 pF, which is a typical value specified in
the datasheet.

As shown in Fig. 9, the transimpedance gain of 85.5 dB{Q2
and the bandwidth of 1 kHz to 130 MHz are obtained.

When the AFE input is open-circuited to measure the
input-referred noise current, the output RMS noise voltage is
measured using the AC RMS Full Screen (standard deviation)
function of Agilent Technologies DSO-X 3034A, as shown
in Fig. 10, which is also conducted for background noise
measurement. Therefore, the input-referred noise of AFE is
calculated as follows:

2 2
\/‘/n,out_vn,background
Rf * BW

In,zn

(10)
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TABLE I. PERFORMANCE SUMMARY OF THE PROPOSED AFE WITH PRIOR
WORKS

Parameter [5] [71 [8] This work
Process Technology (nm) 160 180 90 28
Architecture SE-TIA SF-TIA SF-TIA SF-TIA
Cpp (PP 2 3 3715 1
Gain (dBQ2) 107 46 60 85.5
Bandwidth (MHz) 165 200 450 130
Input referred noise (pA/v/Hz) 2.29 5 61.3 4.04
Input dc current (HA) -150250  -1257125  -0.570.5V* 07100
Power Consumption (mW) 51.48 119 10.1 0.343
*input bias voltage adjustment mechanism.
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Fig. 11. Digital signal processing of the beat signal; (a) pre-corrected and (b)
post-corrected for target detection.

, resulting in 4.04 pA /v H z with 500 uV of background RMS
noise. The comparison of other works is given in Table I.

B. Optical mode

The overall optical sensor is composed of an off-chip
InGaAs PIN photodiode with a responsivity of 0.95 A/W at
a wavelength of 1550 nm in RX, combining the LD and the
splitter in TX. A triangular wave generated by the function
generator is used to drive the LD through an LD controller.
There is nonlinear characteristic of LD in the conventional TX
system, a linearization resampling technique for highly time-
resolved LiDAR was accepted [4]. The comparison between
Fig.11 (a), before resampling, and Fig. 11(b), after resampling,
shows that the post-corrected FFT result reveals a distinct
single-tone frequency.

In this system, a distance of 30 meters was measured,
resulting in a measurement error of 0.75% (29.7727 meters).
These results validate that the proposed AFE circuit enables
high-resolution FMCW LiDAR in dynamic motion.

V. CONCLUSION

The design of the AFE for optical receivers in FMCW
LiDAR system using 28 nm CMOS process is presented.
The proposed AFE consists of SF-TIA with a feedback loop
for input DC cancellation. Two types of measurement results
provide the potential to realize low-power and compact
solutions for applications such as autonomous vehicles and
3D imaging technologies.
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