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Multipoint Combined Processing
for FMCW LiDAR

Sehun Kim , Yunho Jung , Senior Member, IEEE, and Seongjoo Lee , Senior Member, IEEE

Abstract—This paper proposes a multipoint processing
method (MCP) for FMCW LiDAR. The proposed method
reduces the number of fast Fourier transform (FFT) calcula-
tion compared to the traditional FMCW LiDAR method. This
leads to a reduced power consumption. To end this, the
proposed method accumulates the multiple beat frequencies
in the time domain before the FMCW LiDAR extracts the
measured distances from the beat frequencies using the fast
Fourier transform (FFT). In order to distinguish the distances
that are extracted from the FFT operation, a pulse-width
modulation (PWM) counter and an analog comparator were
applied. A hysteresis analog comparator was used to increase the immunity from the external noise. When the measured
distances are too close to be indistinguishable by the FFT, it may fail to distinguish the measurement order. In order to
respond to this situation, the proposed method includes a point-calibration algorithm. The root mean square error (RMSE)
and hardware resource usage are utilized in order to assess the performance of the proposed method. The experimental
results show that the proposed method achieves power usage time savings compared to the traditional method.

Index Terms— LiDAR, FMCW, ADAS.

I. INTRODUCTION

VARIOUS types of heterogeneous sensors are used
for advanced driver assistance systems (ADASs) and

unmanned aerial vehicles [1]. LiDAR has been used for obsta-
cle detection and intelligent avoidance maneuvers, because it
provides accurate distance measurements unlike the general
RGB cameras [2]. LiDAR, which is used in various environ-
ments such as applications that must be operated by batteries
as well as environments in which power can be supplied all the
time, is increasing in demand for low-power usage operation.
In the unmanned aerial vehicle applications, for example, the
LiDAR consuming lower current can increase the flight time
of drones. There are two methods that are broadly used for
commercial LiDAR applications from smart factory robots to
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automotive cars [3]. The first method is the full waveform
(FW) method, and the other method is the Time-of-Flight
(ToF) method [4]. However, these methods are limited by the
optical output power and the complexity of the processing
units [5]. High-speed analog-to-digital converters and time-
to-digital converters are required in order to calculate the
distance information, because the range resolution is directly
dependent on the sampling rate [6]. The maximum measurable
range is dependent on the optical output power. These methods
are subject to strict eye safety regulations, because the near-
infrared spectrum is used for the output light length [7].
However, the frequency modulated continuous wave (FMCW)
method for LiDAR makes it possible to increase the optical
output power, because it uses a 1550nm light length [8]. It also
mitigates the difficulty of the range resolution improvement,
because a lower sampling rate analog-to-digital converter can
be used for the FMCW method unlike the full-waveform and
the Time-of-Flight methods [9]. With these advantages, the
FMCW method will be broadly applied to LiDAR systems
in the future. The FMCW LiDAR sensor transmits a chirp
signal and receives a reflected signal. Mixing the transmit
signal and the received signal produces an IF signal with
constant frequency. The frequency (i.e., beat frequency) can
be converted into the distance information [10].

Td = 2 · d

c
(1)

fb = Td · Fsweep

Tsweep
(2)
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In Equation (1), Td is a round-trip delay of the light for
the distance (d) where c is the constant of the light. the
chirp frequency bandwidth (Fsweep) is the difference between
the start and stop frequencies of a chirp-modulated signal
in Equation (2). The sweep time (Tsweep) is the time which
is taken for the chirp-modulated signal to reach the stop
frequency from the start frequency. The chirp frequency
bandwidth and the sweep time are the system parameters.
For example, achieving a distance resolution of 3cm requires
5GHz of the bandwidth (Fsweep) by Equation (3).

dres = c

2 · Fsweep
(3)

When the distance resolution (dres) and the maximum mea-
surable distance (dmax) are fixed, the range of fb depends on
the sweep time (Tsweep) as like Equation (4).

max ( fb) = 2·Fsweep · dmax

Tsweep · c
(4)

However, max ( fb) should be lower than the sampling rate
of the Analog-to-Digital Converter (ADC) to capture samples
without loss.

d = fb · Tsweep · c

2 · Fsweep
= Td · c

2
(5)

The distance (d) from the LiDAR to the target is calculated
by Equation (5). Getting the frequency information of the
beat frequency needs the FFT processing. The FMCW LiDAR
system requires a complex FFT module in order to increase
discriminable frequency components [10]. As the FFT point
length is increased, the time (T f f t ), which is consumed by the
FFT module, also increased. In the LiDAR system equipped
with a low sampling rate ADC, it is desirable to decrease
the bandwidth of fb by increasing the sweep time (Tsweep)
using Equation (4). However, this causes a poor measurement
throughput by increasing the measurement time (Tmeasure),
which is consumed to measure the distance of an object as
like Equation (6).

Tmeasure = T f f t + Td + Tsweep (6)

Ttotal = P · Tmeasure (7)

To increase measurement throughput (i.e., to decrease
Tmeasure) without distance resolution loss, it is desirable to
decrease the sweep time (Tsweep) although a high-speed ADC
is required. Equation (7) shows the total measurement time
(Ttotal) when the LiDAR measures the distances for P points.
In the LiDAR having its parameters as like TABLE I, for
example, it should wait for FFT processing to be completed
before starting a new distance measurement. Because the FFT
processing time (T f f t ) is a major bottleneck, utilizing multiple
FFT modules could be a solution for the bottleneck problem.
However, it not only requires a larger silicon area, but it
consumes more power. The total power (Wtotal) required to
measure the distances P times is calculated using Equation (8).

Wtotal = P ∗ (WF FT + Woptic) (8)

In the LiDAR, there are two major parts. The first part is an
optical module, which mainly consists of a laser diode and a

TABLE I
AN EXAMPLE OF THE FMCW LiDAR ENVIRONMENT PARAMETERS

TABLE II
A COMPARISON OF THE POWER CONSUMPTION

FOR THE MODULES [11], [12]

photo diode. The power used for the optical part working is
Woptic. The second part is the Digital Signal Processing (DSP)
module, in which a significant amount of power is needed for
the FFT module as shown in TABLE II.

In existing FMCW LiDAR methods, the FFT processing
is required for each measurement to obtain the actual dis-
tance information, and the FFT processing time (T f f t ) is a
bottleneck for the measurement throughput when the LiDAR
continuously takes measurements. Therefore, the total power
usage (Wtotal) and the total measurement time (Ttotal) are
increased linearly by increasing the number of measurements
(P). In this paper, a novel FMCW LiDAR method is proposed
to extract the distance information from the beat frequencies
with a decreased number of FFT calculations. The proposed
method does not extract the distance information through the
FFT module for each measurement, but it accumulates a dig-
itized beat frequency signal in the time domain and stores the
result in memory. When the number of measurements reaches
P , the actual distance information is extracted by working the
FFT module. The method can take the measurements for P
points with only one FFT calculation. This reduction saves
the power to the FFT module as like Equation (9).

Ŵtotal = (
P · Woptic

) + WF FT (9)

Because the proposed method does not need to wait until the
FFT processing is done, the LiDAR can start to take a new
measurement immediately. This improves the measurement
throughput by decreasing the total time required for the
measurement operation of P points as like Equation (10).

T̂total = P · (
Td + Tsweep

) + T f f t (10)

In the FFT processing result, there is no X-axis and Y-axis
information of the target, and the result has only the distance
information excluding the measurement order. For this reason,
constructing a point cloud using only the beat-frequency
information can be difficult. In order to mitigate this problem,
an analog comparator and a pulse-width modulation (PWM)
counter are proposed. The analog comparator detects that an
analog beat-frequency signal bounces a threshold level, and
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Fig. 1. Traditional FMCW LiDAR architecture [14].

it outputs a high state when the analog signal voltage is
higher than the threshold voltage. The PWM counter counts
the rising edge of the comparator and stores its value in the
measurement order. This information is concatenated with the
FFT results in order to obtain the point cloud data. A hysteresis
function is applied to the analog comparator, because the
analog signal is susceptible to noise. A fluctuation introduced
by the noise can affect a large difference in the PWM counter.
It is important to select suitable upper and lower hysteresis
threshold voltage values in order to minimize the root-mean-
square error (RMSE). The hysteresis threshold voltage values
were selected based on the simulation results. The simulation
program tested all the threshold voltage combinations and
collected the RMSE results. After completion, the lowest
RMSE was selected using a threshold voltage combination.
In this study, in order to verify the improvement of the
proposed method, its performance was compared with the
performance from the previous study [13].

II. MULTIPOINT COMBINED PROCESSING METHOD

Fig. 1 shows a traditional FMCW LiDAR architecture that
is based on a previous study [14]. It consists of two major
parts. The first is an optical module that converts an electric
signal into physical light energy and vice versa. The module
includes a laser diode, a photodiode, and an optical modulator.
The other is a digital signal processing module that consists of
a low-pass filter, a band-pass filter, and a fast Fourier transform
processing unit. An FMCW chirp signal, which is created
by the waveform generator, was modulated using an optical
light source. The modulated signal is transmitted using a laser
diode. The beat frequency is extracted by demodulating the
chirp signal that is received from the photodetector. The beat
frequency is analyzed by the fast Fourier transform module

Fig. 2. A MEMS mirror with a rotator for the LiDAR scanner.

in order to obtain the actual distance information [15-16].
Finally, the actual distance information is converted from the
beat frequency information that is analyzed by the FFT module
using Equation (2). In traditional FMCW LiDAR architecture,
the FFT processing should be conducted for each measurement
in order to extract the distance information from the LiDAR
to a target. In Fig. 1, the spectrum has only one major beat
frequency component. This means that the power to operate
the FFT module is consumed in order to extract only the
frequency component [17].

This means that the power usage increases linearly when the
number of measurements is increased. The FMCW LiDAR
can measure a fixed position’s distance, because it has a
single optical module, which is unlike a traditional RGB
camera that has multiple optical array cells. A LiDAR is
equipped with a scanner in order to measure the distances
over a wide area. The scanner is made from a physical
actuator using MEMS technology and a rotator. Fig. 2 shows
a typical scanner architecture that is used in LiDAR systems.
It contains a beam splitter, a micro-mirror, and a rotator in
order to manipulate the irradiation angle of a laser diode
[18-19]. When the FMCW LiDAR measures distances, the
rotator angle information, which is obtained from a Hall effect
sensor, is saved into memory with a measurement order. The
laser diode emits photons according to the signal input that
is generated by an analog front-end module. A photodiode
converts the photon strength into an electric current. The
optical device and the scanner module, which convert an
electrical signal into physical light energy and vice versa, is a
spearhead on the FMCW LiDAR system [20]. As a result, the
controller obtains the distance information and a rotator angle
value. The FMCW LiDAR constructs the point cloud data by
converting this information into Cartesian coordinates [20].
Fig. 3 shows a block diagram of the FMCW LiDAR system
using the Multipoint Combined Processing (MCP) method.
The system consists of a DSP, an analog frontend, and the optic
and scanner parts. The analog front-end part preprocesses the
signals between the optic and DSP parts. The analog front-end
part generates an FMCW chirp signal and modulates it using
a phase-locked loop (PLL) and an analog multiplier. A beat
frequency signal, which is demodulated from the multiplier,
is transferred to the analog-to-digital converter (ADC) and
the analog comparator input. The ADC transfers the digitized
samples to the adder. The proposed method includes an analog
comparator, which is unlike the traditional FMCW LiDAR.
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Fig. 3. The proposed method applied FMCW LiDAR system architecture.

Fig. 4. A waveform of the analog comparator working.

Fig. 5. The PWM counter value (ZCx,y ) and the rank (r x,y ) example.

It compares the beat-frequency signal voltage with a reference
threshold voltage. When the signal voltage is higher than
the upper threshold voltage, the comparator outputs a high
state. The output was connected to the PWM counter input
in the DSP. The PWM counter counts the rising edge of the
comparator output, which is shown in Fig. 4.

Fig. 4 shows an example of a working comparator. The
higher the beat frequency, the higher the value of the PWM
counter, because the signal crosses the threshold more often.
The point-ordering module in the DSP sorts the PWM counter
values in an acceding order.

rx,y = rank(ZC, ZCx,y) (11)

In Equation (11), ZCx,y is the PWM counter value when the
scanner coordinates are (x, y). ZC is a set of sizes P with
ZCx,y as an element. The rank(ZC, ZC x,y) is the rank of the
element ZCx,y in ascending order. In order to determine the
rank of ZCx,y , the values of ZC are sorted in an ascending
order and ranked. The result of the point ordering module, rx,y

Fig. 6. The beat-frequency adder and an FFT result example.

is the rank of the PWM counter values when the scanner’s
position is (x, y).

Algorithm 1 ẐC = Sort(ZC, max(x), max(y))
Input:
ZC− A set of size P having ZCx,y as an element.
max(x), max(y) – The biggest number of x and y.
Output:
ẐC− A set of the sorted ZC x,y in the ascending order.

1: X �=0, Y �=0, x �=0, y’=0 -
2: WHILE: X �<= max(x),
3: Y �=0
4: WHILE: Y �<= max(y)
5: x �=0
6: WHILE: x’< max(x)
7: y�=0
8: WHILE: y’< max(y)
9: IF: ZC X �,Y � > ZCx �,y�

10: Swap(ZC X �,Y � and ZCx �,y�)
11: y �=y �+1
12: END
13: x �=x �+1
14: END
15: Y �=Y �+1
16: END
17: X �=X �+1
18: END

Algorithm 1 shows the pseudocode that is used to sort the
set ZC in an ascending PWM counter order. If the counter
value of ZC x,y is higher than ZCx,y , the values are swapped
by the point ordering module in the DSP part. By sorting the
set ZC, the sorted set (ẐC) is ranked according to its value.
In Equation (11), the rx,y is the rank of an element (ẐCx,y)
in the set (ẐC). If there are two or more ZCx,y with the same
counter value, they will have the same rank (rx,y), which is
shown in Fig. 5.

The multipoint combined processing (MCP) method mea-
sures the distances P times before the FFT module is working.
When each measurement is taken, the beat-frequency samples
are accumulated by the adder, and the results are stored in the
memory up to P times, which are shown in Fig. 6.

The notation sp has beat-frequency samples at the p-th
measurement in Equation (12) and Fig. 6. The received
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signal (sp) is accumulated with the last received signal until
the number of measurements reaches P, in which is illustrated
in Equation (12).

k[n] =
P−1∑
p=0

sp [n] (12)

When the number of measurements reaches P, the FFT
module in the DSP part starts to work, which is shown in
Equation (13), where N is the number of FFT points. The
results of the FFT processing are shown in Fig. 6.

K [ f ] =
N−1∑
n=0

k [n] e
− j2π f n

N (13)

After the FFT processing is completed, the frequency selection
module in the DSP part selects the local maxima in the
frequency spectrum obtained from the FFT module.

M = Local Maxima (|K [ f ]|) (14)

In Equation (14), K [ f ] has the frequency component values
analyzed by the FFT module, and the local maxima (M) in the
frequency bins (K [ f ]) are extracted using the peak extraction
algorithm.

Algorithm 2 M = LocalMaxima(|K[f ])
INPUT:
K [ f ] - FFT result
N - FFT length or the size of K
OUTPUT:
M– The local maxima of K [ f ]

1: i = 1, j = 1, prev_slope=1.0, cur=0, slope=0, prev=0
2: DO
3: i=i+1
4: cur= K [i ]
5: slope=cur-prev
6: IF: cur < prev and prev_slope > 0
7: M( j)= K [i ]
8: j= j+1
9: END

10: prev=cur
11: prev_slope=slope
1) WHILE: i < N

In Algorithm 2, the local maxima in the frequency bins
(K [ f ]) are extracted when a strength of the i -th frequency bin
(K [i ]) is lower than the one that is preceding it (K [i -1]), while
the prev_slope is a positive value, which means that it is a
rising state just before. As a result, the set M has local maxima
in an ascending order, and the number of local maxima is
num[M]. According to Equation (4), the longer the measured
distance, the larger the beat frequency, and the higher the
beat frequency, the higher the PWM counter value. When two
object distances are measured, the PWM counter has counter
values for each measurement, and the two local maxima from
the beat frequency bins are found by the frequency selection
module. However, only one local maximum can be found in
the FFT result by the peak extraction algorithm when the

Fig. 7. A flowchart of the point calibration module.

target distances are close enough to be indistinguishable by
the FFT resolution. In this situation, the number of PWM
counter values (num[ZC]) and the number of local maxima
(num[M]) obtained from the FFT processing are different.
In order to resolve this situation, the point range calibration
module in the DSP part attempts to match between the PWM
counter values and the local maxima obtained from the FFT
bins. Fig. 7 shows a flowchart of the point-calibration process.
The algorithm looks over the PWM counter values (ZCx,y) in
order to find the two elements with the closest counter value.
After the algorithm determines these two elements, it assigns
the value of the first element to the other, which results in two
elements with equal count values. It iterates as many times
as the difference between max(rx,y) and num[M]. After the
processing is complete, the PWM counter values (ZC) are re-
ranked, and the number of ranks equals the number of local
maxima.

The pairing rank (rx,y) and M create a set M(rx,y) with the
beat-frequency information when the coordinates of the scan-
ner are (x , y). Using Equation (5), the actual distance (dx,y)
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Fig. 8. The analog comparator and the PWM counter working example.

can be converted from the beat frequency using the point range
calibration module in the DSP part in Equation (15).

dx,y = M(rx,y) · Tsweep · c

2 · Fsweep
(15)

The distances of the targets, which are paired with their x and
y coordinates, are constructed as a point cloud using this flow.
It is the PWM counter value that significantly affects the dis-
tance measurement accuracy except when it comes to the dis-
tances that are close enough to be indistinguishable by the
FFT resolution. If the PWM counter values interfere with the
external noise, the ranks of the counter values are changed.
This change makes an incorrect pair between rx,y and K [ f ],
which results in a poor RMSE performance. Minimizing the
interference from the noise is important in order to minimize
the RMSE value. In order to improve the immunity from the
external noise, a hysteresis analog comparator is applied to the
multipoint combined processing (MCP) method.

III. THE PWM COUNTER METHOD COMBINED WITH

THE HYSTERESIS COMPARATOR

The PWM counter module counts the rising edges of the
analog comparator output. The analog comparator detects
whether the voltage of the received beat frequency signal
exceeds a threshold voltage value. When the received signal
voltage level exceeds the threshold voltage level, It outputs
logic high state. The high-frequency signal voltage value
bounces the threshold voltage back and forth more often than
a low-frequency signal, so a high PWM counter value means
that a high-frequency signal is received.

Fig. 8 shows an example of a PWM counter. The demodu-
lated beat frequency that is obtained from the analog multiplier
is transferred to the analog comparator, which is illustrated in
Fig. 8. Every time the rising edge of the analog comparator
occurs, the value of the PWM counter increases by 1. An ana-
log comparator has only one threshold voltage. However,
when a single threshold voltage comparator is used for the
PWM counter, the counter value is subjected to external noise.
A small amount of noise may cause a vicious effect on the
counter value, which results in a higher RMSE value. A
hysteresis comparator was used to increase the immunity to
the noise [21]. In analog circuits, hysteresis prevents unstable
transitions from a comparator by having two threshold lev-
els. In the multipoint combined processing (MCP) method,

Fig. 9. Hysteresis and non-hysteresis comparison.

Fig. 10. Hysteresis comparator Simulink circuit model.

a hysteresis comparator is utilized in order to increase the
immunity of the comparator from the external noise.

Fig. 9 shows the comparison of the operation of a com-
parator with hysteresis function and a comparator without
hysteresis function for a beat frequency signal mixed with
noise from inside or outside. The biggest difference of hys-
teresis comparator is that it has two threshold values, upper
and lower threshold, unlike the non-hysteresis comparator,
which has only one threshold value. Unlike the non-hysteresis
comparator in which the output of the comparator fluctuates
with only a slight error around the threshold due to noise, it
can be seen that the hysteresis comparator has considerable
immunity to slight noise.

Fig. 10 shows the hysteresis comparator circuit. It has upper
and lower threshold voltages. The circuit consists of resistors
to create a reference voltage and the threshold levels. The
threshold voltages are calculated using Equation (16) and
Equation (18).

Vre f = V CC · R4

R4 + R3
(16)

Vlth = Vre f · (R1 + R2)

R2
(17)

Vuth = Vre f · (R1 + R2) − V CC · R2

R2
(18)

It is important to determine the most suitable threshold volt-
age level in order to minimize the RMSE value. Hysteresis
threshold voltages were determined using simulations. The
simulator generates random distances from 10m to 80m for
the simulation. The generated distances were converted into
beat frequencies using additive white Gaussian noise (AWGN).
The adder module accumulates the beat frequencies in the time
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Fig. 11. A flowchart of the beat_frquency function in the simulation.

domain. After the accumulation is completed, the FFT module
starts to analyze the combined signal. The simulator recovers
the distance from the analyzed frequencies using Equation (2),
and it calculates the RMSE value. The simulation iterates for
all possible threshold voltage combinations. The simulation
program determined the threshold voltage combination with
the lowest RMSE value for the signal strength change. The
threshold voltage varies with 0.1V step from −1V to 1V,
while the upper threshold voltage is always higher than the
lower threshold voltage. The detailed process of the simulator
program is shown in Algorithm 3 and Fig. 11.

Algorithm 3
OUTPUT: RMSE – root mean square error of the system at
Vuth, Vlth

1: Vlth=-1.0, Vuth=-0.9
2: DO
3: Vuth=Vlth+0.1
4: DO
5: RMSE= beat_frequency(Vuth, Vlth)
6: WHILE: Vuth<=1.0
7: WHILE: Vlth<0.9

Algorithm 3 shows how the simulator works for all thresh-
old voltage combinations. The threshold values (Vuth , Vlth)
are initialized with -1V and -0.9V. The initialized threshold

Fig. 12. RMSE result for the threshold combinations.

voltages are transferred to the beat_frequency function, which
returns the RMSE value, which is shown in Algorithm 3.
In Fig. 11, the beat_frequency function in the simulation, the
load threshold voltages (Vuth, Vlth) for the analog comparator,
and the simulator program generate a random distance value
(Dx,y) to be simulated. The random distance ranged from
10 m to 80 m. The generated distances are used for the
RMSE calculation at the end of the simulation process, and the
distances (Dx,y) are converted to a beat-frequency signal ( fb)
using Equation (2). The time-domain beat-frequency signal
samples (sp[n]) are compared with the threshold voltages
(Vuth , Vlth) of the hysteresis comparator that results in the
PWM counter value (ZCx,y), which is shown in Fig. 5.
The PWM counter value is replaced with the rank (rx,y) by the
sorting and rank decision, which is shown in Algorithm 1 and
Equation (5). Meanwhile, the time domain samples (sp[n])
are also accumulated by the adder, and the accumulated
signal (k[n]) is used to extract the frequencies (K [ f ]) using
fast Fourier transform (FFT) processing. The local maxima
(M) of the frequencies are selected from the beat-frequency
information (K [ f ]) using Algorithm 2, and the local maxima
(M) and the PWM counter rank (rx,y) are calibrated, which
are shown in Fig. 7. When the number of local maxima is
equal to the largest number of ranks (max(rx,y)), the local
maxima (M) and the PWM counter rank (rx,y) are paired,
which results in M(rx,y), and it is the local maximum value
according to the PWM counter’s rank when the coordinates of
the LiDAR scanner are x and y. The extracted and paired beat
frequencies are converted to the distance information (dx,y)
using Equation (2). Finally, the randomly generated original
distances (Dx,y) and the recovered distances (dx,y) from the
beat frequencies were calculated in order to obtain the RMSE
result using Equation (19). These processes, which are shown
in Fig. 11, are repeated as many times as the number of all
threshold combinations in order to find the smallest RMSE
value, which are shown in Algorithm 3.

Fig. 12 shows the RMSE results that were obtained from
the simulations. There were changes in the RMSE values
according to threshold variation. The simulation results show
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Fig. 13. FPGA configuration and test of the system.

Fig. 14. Verification environments.

TABLE III
VERIFICATION ENVIRONMENT PARAMETER

the lowest RMSE value at 0.7V for the upper threshold voltage
(Vuth) and -0.5V for the lower threshold voltage (Vlth).

IV. SIMULATION AND VERIFICATION RESULTS

The performance comparison of the proposed system with
the other system was conducted using Xilinx XC7Z020, which
is a field programmable grid array (FPGA), and MATLAB
Simulink, which is shown in Fig. 13. The analog frontend,
which includes a noise channel and analog comparators, was
emulated using MATLAB Simulink [22]. The FPGA includes
the digital signal processing (DSP) part of the proposed
system, which includes the pre-made digital IPs. It consists
of a direct memory access (DMA) and an FFT IP, which are
shown in Fig. 14.

The PWM counter in the FPGA counts the pulses that are
generated by an analog comparator in MATLAB Simulink.
In Fig. 14, the FFT module starts to work after the adder

module completes the accumulation of the beat frequency
samples, while the PWM counter counts the rising edges from
the PWM signal. The point-ordering module sorts the PWM
counter values and ranks them as sorted counter values. The
frequency-selection module determines the local maxima from
the FFT results. Finally, the range calibration module starts
the pairing between the PWM counter rank and the local
maxima of the beat frequencies. After the range calibration
was completed, the measured distance (dx,y) was transferred to
MATLAB Simulink in order to compare the original distance
and the measured distance. Simulink calculates the RMSE with
the original distance (Dx,y) and the measured distance (dx,y)
by using Equation (15).

TABLE III lists the specifications of the verification envi-
ronment. The FFT and DMA IP operate at 100MHz. The
FMCW chirp frequency bandwidth was 5GHz, and an
8192-points FFT was used. The theoretical range resolution
(dres) was 3cm according to Equation (3).

RM SE =
√√√√ 1

P

P−1∑
p=0

(dx,y − Dx,y)
2 (19)

In this study, in order to show how the RMSE performance
changes depending on multiple parameters, a simulation was
conducted on multiple distances, multiple signal strengths, and
variation of the number of combined beat frequencies. The
experiment was performed under the following conditions,
which four targets were applied. The positions of the targets
were located at 10, 20, 40, and 80m. The signal strength was
tested under two conditions, which included 40 and 80dB.
In the proposed method, the number of combined beat frequen-
cies was tested for five cases, which included 5, 10, 15, 20,
and 25. For a performance comparison with the previous stud-
ies, the RMSE result table includes the single-point FMCW
LiDAR method results [13]. A total of 1500 experiments were
repeated in each case in order to calculate the RMSE using
Equation (15). TABLE IV - V shows the RMSE performance
results of the Multipoint Combined Processing (MCP) method
and the traditional single-point FMCW LiDAR methods at
signal strengths that ranged from 40dB to 80dB. The tradi-
tional single-point methods [13][14] are based on Fig. 1 which
extract the distance information from the spectrum including
one beat frequency component only. The experimental parame-
ters of the traditional methods are also based on TABLE III
(but Kim’s method uses 256-point FFT). The MCP method
shows a poor RMSE performance compared to the single-point
FMCW LiDAR method when the signal power is 40dB, which
is shown in TABLE IV. The RMSE result of the conventional
method, which had the largest RMSE value in the single-
point method, was 15.25cm, whereas RMSE result of the MCP
method was significantly larger than the result of the single-
point method for all the measurement distances. The hysteresis
analog comparator is used to increase the immunity of the
received signal against an external noise. However, the PWM
counter has the possibility of creating an error, which results in
a chaotic ranking of the PWM counter values when the signal
power is low. If the signal strength of the beat frequency is
low, the point select module of the DSP part will select the
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TABLE IV
RMSE(cm) RESULT FOR SIGNAL STRENGTH 40dB

Fig. 15. The RMSE variation of the MCP method when the number of
cumulative beat frequency is 15.

incorrect local maximum in the frequency spectrum. However,
when the signal strength of the beat-frequency is 80dB, the
RMSE is decreased up to 0.15cm when the measurement target
distance is 20m. It was confirmed that the RMSE performance
improved as the signal strength increased, which is shown in
TABLE IV - V. However, the RMSE performance tended to
gradually deteriorate as the number of combined points (num∗)
increased, even though the received signal strength increased
to 80dB, which is shown in TABLE V. This is because the
greater the number of combined beat frequencies, the higher
the probability that a small distance difference was measured
than the FMCW measurement precision. The FMCW LiDAR
can have a relatively strong signal strength, because it can use a
stronger light output. However, the number of beat frequencies
to be combined in the system is determined by the experi-
mental results. Fig. 15 and Fig. 16 show the RMSE variation
of the multipoint combined processing method with the beat
frequency signal strength change. The number of combined
beat frequencies was 15 and 25. The beat frequency signal
strength ranged from 10dB to 80dB with a target distance of
20, 40, and 80m which is shown in Fig. 15 - Fig. 16.

In Fig. 15, when the number of combined beat frequencies
is 15, the RMSE starts to decline sharply at the beat frequency
signal strength of 30 dB. However, when the number of
combined beat frequencies is 25, the RMSE started to decrease

Fig. 16. The RMSE variation of the MCP method when the number of
cumulative beat frequency is 25.

from 50 dB as shown in Fig. 16. This is because a noise makes
the rank of the PWM counter value (rx,y) and the local maxima
(M), which are obtained from the point ordering module of
the DSP part, incorrectly matched one another. The multipoint
combined processing method used in the experiment uses the
8192-point FFT module. In a previous study, which reduced
the hardware complexity by reducing the number of FFT
points through the digital down converter (DDC) technique, a
256-point FFT was used [13]. In this study, the beat frequency
is extracted using multiple operations of the FFT module.
With these properties, the hardware complexity comparison
between the proposed method and the traditional single-point
processing method shows that the proposed method has twice
the complexity of the traditional method. However, when
it comes to the processing time for the multiple measured
distances, the multipoint combined processing method takes
the same amount of time as the single point processing (SP)
method in order to extract distance information, because the
proposed method processes multiple beat frequencies simulta-
neously. As the traditional single-point FMCW LiDAR method
can extract the distance from the beat frequency for each
measurement, the FFT processing time increases depending
on the number of measurements. TABLE VI shows the results
of comparing the processing time that is required to extract
the actual distance between the traditional method and the
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TABLE V
RMSE(cm) RESULT FOR SIGNAL STRENGTH 80dB

TABLE VI
COMPARISON OF PROCESSING TIME USAGE

TABLE VII
COMPARISON OF HARDWARE RESOURCE USAGE

new method when the distances were measured from 5 to
20 with intervals of 5 each, which takes 3.4 milliseconds,
and the MCP takes only 0.5 milliseconds. The multipoint
combined processing method has a disadvantage in terms of
time complexity compared to the traditional LiDAR method,
which assumes that only one distance is measured, because the
actual distances can be extracted by executing the FFT module
with a complexity of 8192-points at least once in the multi-
point combined processing method even for a single mea-
surement. However, when measuring the distance of multiple
measurement points in order to create a point cloud, the MCP
method, which does not perform an FFT operation for every
measurement, is superior in terms of the time complexity.

TABLE VII shows the hardware complexity comparison
between the proposed method (MCP) and the traditional
method (SP). In both cases of LUT and flip-flop, the proposed
method required twice as many hardware resources as the
conventional method, because the proposed method includes
the adder and PWM counter.

V. CONCLUSION

In this paper, a multipoint combined processing method
for FMCW LiDAR is proposed to decrease the number of

FFT calculation. The main idea is to accumulate the received
beat frequency in the time domain. Unlike the traditional
single-point FMCW LIDAR method, which had to activate
the FFT module for each measurement in order to extract
the distance information from the beat frequency signal, the
proposed method, which accumulates the beat frequencies
in the time domain, can extract multiple distances with one
FFT operation. The frequency spectrum obtained from the
FFT operation does not have the coordinate information of
the LiDAR scanner, so the proposed method introduces an
analog comparator and a PWM counter. They were used
to compose the point cloud data by matching the extracted
distance with the x and y coordinates of the LiDAR scanner.
The beat frequency in the analog state that is not sampled by
the ADC is vulnerable to external noise. In particular, when
the voltage of the beat frequency signal swings close to the
analog comparator threshold, the value of the PWM counter
has a significant amount of error. In this study, a hysteresis
comparator was used to increase the immunity from external
noise. The hysteresis analog comparator has two thresholds
and a hysteresis function, so it can mitigate the malfunction
of the PWM counter, which is due to noise in the signal.
Nevertheless, if the strength of the received signal is weak, the
analog comparator will be subjected to noise, which results
in an incorrect value of the PWM counter. Consequently,
an incorrect PWM counter increases the RMSE. This phe-
nomenon was confirmed through the simulation results when
the signal strength of the beat frequency was 40dB and 80dB.
Comparing the proposed method with Kim et al. shows that as
the number of combined points increases, the MCP technique
significantly reduces the time required for an FFT operation.
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