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Abstract—Frequency-modulated continuous
wave (FMCW) radar sensors are widely used to
measure range, velocity, and target status. As
the range of applications for FMCW radar
sensors expands, there is an increasing demand
for smaller FMCW radar sensors suitable for use
in confined spaces. To reduce the form factor of
the FMCW radar sensor, the distance between A
the transmit (Tx) and receive (Rx) antennas is /
also reduced. This decrease in antenna
separation increases the magnitude of the
leakage signal transmitted from the Tx to the Rx
antenna. However, the leakage signal makes it
difficult for the FMCW radar sensor to detect the
target by increasing the noise floor. In this
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article, we present an advanced method to mitigate the increased leakage signal power in the miniaturized FMCW radar
sensor. We have fabricated a miniaturized homodyne FMCW radar with consistent leakage signal characteristics. We
also propose a method to minimize the influence of the leakage signal by storing the leakage signal characteristics and
using the stored data when operating the radar. Experimental results show significant leakage signal power reduction.
This technique not only preserves the power of the received target signals but also improves the overall performance of
compact FMCW radar sensors. The proposed method provides a basis for miniaturized radar sensors to contribute to
various industries by providing an effective solution to the leakage signal problem of small radar technology.

Index Terms—Leakage signal, frequency-modulated continuous wave (FMCW) radar sensor,

miniaturization,

time-synchronized, phase-synchronized, signal to noise ratio (SNR), homodyne, noise floor, subtraction, digital signal

processing, phase noise.

I. Introduction

ADAR, known for its ability to operate in adverse weather
Rconditions and at night, is widely used for target detection

[1]. Its reliability makes it an indispensable sensor in
situations where consistent performance is essential. Two types
of radar are commonly used. Depending on how they transmit
and receive radio waves, there are pulse radar and
frequency-modulated continuous wave (FMCW) radar. Pulse
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radar transmits for short periods of time, but is not suitable for
short-range detection because it cannot receive signals while
transmitting. It means that the deactivation of the receiver
during pulse transmission limits the minimum measurable
range, making it blind at short ranges. In contrast, FMCW radar
transmits and receives signals continuously, which is ideal for
short-range target detection [2]. There are two architectures of
FMCW radar systems: Heterodyne and Homodyne.
Heterodyne radar forms the beat signal in the intermediate
frequency (IF) stage, so it requires an additional band pass filter
(BPF), local oscillator (LO) and many components for
implementation, which increases power consumption and
device area. On the other hand, homodyne radar directly mixes
the reference signal and the received signal to generate a
baseband beat signal without an IF stage. Therefore, homodyne
radar has a relatively simple structure and requires fewer
components than heterodyne radar [3]-[4].

In contrast to past radar systems, which were large and
complex, the development of semiconductor technology,
advancements in radio frequency (RF) circuit fabrication, and
improvements in central processing unit (CPU) performance
have facilitated the miniaturization of radar systems [5]. These
technological advances have enabled the development of
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compact radar systems that consume less power and are
suitable for short-range detection applications. Therefore, the
FMCW type, ideal for short-range detection, has been
predominantly selected for small radar systems. In addition, the
homodyne architecture has been selected because of its simple
structure and suitability for integration on small circuit boards.
Because of its diverse advantages, the FMCW homodyne radar
sensors are increasingly used in various industrial applications
[6]. For instance, the FMCW radar sensors are used for
surveillance [7] and serve as important tools in monitoring
vehicle density on roadways [8]. While not as sophisticated as
optical sensors that can detect the quality of a person’s sleep [9]
or measure very minute amounts of histamine [10], radars are
also used as sensors for human recognition, heart rate
measurement, and human health monitoring [11]-[13]. In
addition, radar sensors play a pivotal role in autonomous
driving applications when integrated with cameras and Light
Detection and Ranging (LiDAR) systems [14].

As in the case presented above, the small size of the FMCW
homodyne radar sensor makes it very versatile for many
applications. However, as the size of the FMCW radar sensor is
reduced, the chronic problem of leakage signals occurs [6],
[15]-[17]. The reduced distance between the transmit (Tx)
antenna and the receive (Rx) antenna increases the magnitude
of the leakage signals. These leakage signals consist of
low-frequency signals and DC components. The problem of
leakage signal is that its frequency is similar to the target
signals for short-range detection. Consequently, the increased
power of the leakage signals can significantly impede the radar
performance to identify the target frequencies, thereby
complicating the target detection process [17]. In addition,
compact small radar sensors typically use microcontroller units
(MCU) with relatively lower performance capabilities than
conventional radar systems. The use of MCUs with limited
memory capacity and lower analog-to-digital converter (ADC)
sampling rates poses challenges. These limitations become
particularly evident when lower sampling rates reduce signal
resolution. Such a reduction in resolution can complicate the
distinction between target signals and background noise,
thereby impacting the overall performance of the sensor in
reliably detecting targets. In summary, the increased leakage
signal of miniaturized FMCW radar sensors contributes to the
degradation of sensor performance.

Various methods have been proposed to mitigate the leakage
signals in FMCW radar. One method was to increase the
distance between the Tx and Rx antennas using fiber optic
cable [18] and long coaxial cables to mitigate the leakage
signals [19]. In addition, the power of the leakage signals was
attenuated by placing a wall between the antennas [20]. More
advanced approaches involved analyzing the amplitude and
phase of system-generated leakage signals over a period of time
and then generating appropriate adaptive signals using
hardware or digital modules [21]-[22]. Balanced topologies,
applicable in radar front-ends, have been proposed to cancel the
leakage signal [23]-[24]. In addition, the noise of the signal
reflected from the object in front of the antenna was defined as
short-range leakage, and a similar signal was generated on
board artificially at the RF stage and then subtracted at the IF
stage to mitigate the leakage signal [25]-[26]. Reference [27]
statistically modeled noise and applied background subtraction

based on this modeling to attenuate leakage signals. A
technique introduced in [15]-[16] is to digitally shift the
frequency of the leakage signal directly to DC to minimize the
influence of the phase noise of the leakage signal from the
heterodyne structure, thus improving the target signal-to-noise
ratio (SNR). Recently, hybrid analog-digital compensation
techniques have been proposed to mitigate leakage signals and
stationary clutter in short-range FMCW radar [17].

However, approaches such as [18]-[20] become less practical
as system volume increases and requires a large space for
operation. Methods that involve the generation and removal of
analog or digital signals similar to leakage signals also require
additional hardware. Furthermore, the process of creating a
target in front of the radar sensor also requires the insertion of
chip-level hardware. In addition, the leakage signal modeling in
[27] requires complicated computational processes that are
unsuitable for small radar sensors with limited memory
capacity. The technique proposed in [15]-[16] focuses on
mitigating the leakage phase noise from using multiple
oscillators in heterodyne FMCW radar structures. However,
homodyne FMCW radar sensors that use a single oscillator
exhibit fewer phase noise levels than heterodyne FMCW radar
systems. While the method in [17] facilitates the subtraction of
leakage signals by aligning time synchronization, we find it
insufficient in miniaturized FMCW radar sensors. In addition,
the method presented in [17] uses an approach that includes
externally injected signals, which increases hardware
complexity. Therefore, this method is not suitable for
application in small radar sensors.

We proposed a novel approach to mitigate the leakage signal
of miniaturized radar sensors by time- and phase-synchronized
leakage subtraction. To verify the proposed method, we
fabricated a miniaturized K-band FMCW radar sensor. Unlike
the conventional sawtooth FMCW radar, we changed the
frequency sweep pattern to minimize the noise in the baseband.
We also applied a sophisticated control mechanism to make a
coherent radar sensor. As a result, the radar sensor can maintain
consistent coherence in the baseband signals over time. To
mitigate the leakage signal in a miniaturized radar sensor, we
pre-store the in-phase and quadrature (IQ) data about the
leakage signal. However, there is a phase difference between
the stored leakage signal data and the leakage signal data
generated during operation. By eliminating the phase difference
and implementing time synchronization, we can subtract the
time- and phase-synchronized leakage signal data from the
leakage signal data. Thus, we significantly attenuate the power
of the leakage signal in a miniaturized radar sensor. We present
the results of three experiments to validate the proposed
leakage attenuation method in a compact FMCW radar sensor.
The first experiment shows a significant reduction in leakage
signal power and noise floor. The second experiment involves a
drone (DJI Inspire 2) with a very low radar cross-section (RCS)
0.01m* and evaluates the improvement in SNR. The third
experiment is extended to targets with higher RCS 0.22m".
Unlike the methods in [17], [20]-[22], [25]-[26], the proposed
method does not require any additional hardware. All digital
signal processing (DSP) and data storage in our experiments are
performed using MATLAB R2023a.

The contents of this article are as follows. Section II presents
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the theories of FMCW radar and the signal model in FMCW
homodyne radar. Section III presents the design of the proposed
system and a detailed description of the proposed method.
Section IV shows the fabricated FMCW radar sensor and
outlines the experimental setup. Section V shows the results of
applying the proposed algorithm through outdoor experiments
and conducts a comparative analysis. Section VI compares the
proposed method with a recent leakage mitigation method.
Section VI deals with the conclusions.

[I. THEORY
A. FMCW Radar Principle.
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Fig. 1. Linear sawtooth FMCW waveform with stationary target. (a)
Frequency of transmitted and received ramp chirps as a function of
time. (b) The resulting beat frequency as a function of time.

FMCW radar continuously transmits a signal whose
frequency varies linearly with duration time (T). This linear
frequency modulation (LFM) signal, known as a chirp signal, is
a sinusoidal wave. BW is the frequency difference between the
upper frequency and the lower frequency. Because the
waveforms continuously transmitted by an FMCW radar
exhibit a sawtooth pattern of frequency values over time, these
systems are classified as sawtooth FMCW radars. When the
sawtooth FMCW radar transmits a chirp signal as illustrated in
Fig. 1(a), it receives the reflected chirp signal from the target
after the delay time (¢, ). The received signal is mixed with

target
the reference signal, resulting in the generation of a beat
frequency ( f,") that corresponds to the frequency difference

between the transmitted and received signals, as illustrated in
Fig. 1(b). This frequency difference enables the FMCW radar
to measure round-trip delay to the target. Multiplying this delay
time by the speed of light (¢ ) calculates the target range. The
target range (R, ) can be expressed as follows:

target

— cx Tturget (1)

target 2

B. Signal Model in FMCW Homodyne Radar Sensor

Fig. 2 shows the block diagram of a homodyne FMCW radar
system. The phase-locked loop (PLL) circuit, including the
oscillator, generates the chirp signal. The chirp signal passes
through a divider and is split into two paths. On one path, the
chirp signal passes through a power amplifier (PA) before
being radiated by an antenna. On the other path, which serves as
the reference signal (S ), the chirp signal passes through

reference

Tx “'-’r.u.-\.m.a_- (n

ILeakage : oy
! - Targset

Oscillator Ry | o

MCU

LPF Mixer LA

Fig. 2. Block diagram of homodyne FMCW radar.

an isolator and is sent to the mixer in the receiver for
down-conversion. Patch antennas, with their small form factor,
are well-suited for applications involving small radar sensors.
Nonetheless, the limited bandwidth of patch antennas may
result in amplitude inconsistencies during the transmission of
chirp signals. Consequently, the mathematical expression for
the radiated signal through the patch antenna and the chirp
signal for the reference signal can be expressed as follows:

S ansmit (1) = Ay (1) OS2TT frt + wkt* + 6 +o()) )
Smfer(m (t)=Acos(2m fr it + wkt* + 6+, (1) 3)

for 0<t < T, where A4,,(¢),Aand f,, represent the amplitude
and start frequency of the chirp signal, respectively. &

represents the slope of the chirp (k:%] . 6,6" and

@,(1), ¢,'(t) correspond to the fixed phase and phase noise of

the radiated chirp signal and the reference signal, respectively.
Most of the chirp signal radiated by the Tx antenna travels
toward the target. However, a portion of the radiated signal is
received directly by the Rx antenna. This signal, which is
delayed by the distance between the Tx and Rx antennas, is
called the leakage signal. Additionally, the Rx antenna receives
the signal delayed by the distance between the target and the
radar sensor. These signals pass through the low-noise
amplifier (LNA) and then to the mixer for down-conversion.
The received signals can be expressed as follows:

Sreceive (t) =
Alea/cuge '(t) cos (ZﬁfRX (t - Tleakage) + ﬁk(t - Tleakage )2 + 02 + ¢2 (t))

leakage signal

Ay, (0008 (27 fry (£ =T ) + k(L =T, ) +0, '+ 0, (t))

target signal

“4)

for 0<t<T , where A,eakage '(t),Am,,ge, '(¢) and  for (= frx)
represent the amplitude and start frequency of received leakage
and target signal, respectively. 6,',6,' and ¢,(¢), ¢,(¢)
correspond to the fixed phase and phase noise of the received
leakage and target signal, respectively. 7, is the total

internal delay between the Tx to Rx antenna path. 7,

target
signifies the round-trip delay to the target. The received signals
are down-converted after mixing with the reference signal. The
down-converted signal passes through a low-pass filter (LPF).
These signals then pass through an amplifier before being
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passed to the ADC within the MCU chip. The signals y(¢)
before the MCU chip can be expressed as follows:

y(t) = [Srgference (t) x Sreceive (t):| * hLPF (t)
= Aptage (1) €08 (27T, 1+ 0, + 0, (1) = 0, (D))

leakage signal

+ Ay (D008 (27K, 1+ 0, + 0, (-0, (1) (5)

target

target signal

for O0<t<T , where

Aleakage (t )’ Atarget (t )
amplitude of the received leakage and target baseband signal,
respectively. De-ramping occurs when the received signal is
mixed with the reference signal. This process results in the
generation of a beat signal. The frequency of this beat signal
can be characterized as a singular frequency that represents the
frequency difference between the received and reference
signals. ~ Therefore, k7, » k7, represent the beat

target

represent the

frequency of the received leakage and target signals,
respectively. 6,, 6, and @,(t)—,(t), ¢,(t)—@,(t) correspond
to the fixed phase and phase noise of the received leakage beat
signal and the target beat signal, respectively. In the homodyne
FMCW radar, since the same oscillator generates both the
transmitted and reference signals, the phase noise in these
signals is correlated. Therefore, the phase noise magnitude of
the leakage signal after de-ramping is significantly reduced
because of the range correlation effect [15]. This reduction
occurs because the leakage signal, which has a small delay,
self-cancels the phase noise in the received and reference
signals. As a result, the phase noise of the leakage signal in
¥(¢) shows minimal variation. In summary, the de-ramped

signal y(¢) can be expressed as follows:

()@, ()= () - (1 - z‘k’akuge) =0 (6)

Range correlation effect

Y(O) = Ay (1008 (27K 1 + 6, )

leakage signal

+ Alargel (t) cos (Zﬂ-k‘[mrgelt + 93 + (/71 (t) - ¢)3 (t)) (7)

target signal

I1l. PROPOSED AND REALIZATION METHOD

A. Small Radar Sensor With a Diameter of 35 mm

We designed a miniaturized homodyne FMCW radar sensor
with a diameter of 35 mm. As there was limited space for
components, we made two different printed circuit boards
(PCB) to accommodate all components of the radar sensor. A
block diagram of two PCBs is shown in Fig. 3. We divided the
roles into two 35 mm diameter PCBs, which enable the
operation of the radar sensor through interconnection. The
first-floor PCB was designed to supply power, control the radar
sensor through the MCU chip, store IQ data, and process the
target range estimation algorithm. The second-floor PCB
operates under the control signals of the serial peripheral

2nd Floor Board

I
PLL e} )] [[>_j

24.45~24.75GHz

SPI <

Clock
Generator

40 MHz

LNA

PC | MCU 1st Floor Board
UART 1FL, IFQ
T40 MHz
Voltage Clock
Regulator Generator

Fig. 3. Block diagram of miniaturized K-band homodyne FMCW radar
sensor.

interface (SPI) communication in the MCU. Its primary
function is to generate and radiate K-band signals. To generate
a K-band signal, the second-floor signal generator uses a
delta-sigma modulated N-PLL chip. It allows fractional-N
division, which enables precise frequency tuning. This feature
is ideal for applications requiring wide bandwidth and
high-frequency resolution. After the PLL chip, the signal is
converted to a K-band signal by a voltage-controlled oscillator
(VCO) within the 24GHz transceiver. The K-band signal passes
through a series of components, such as a divider and PA,
before being transmitted by the Tx patch antenna. In some cases,
Vivaldi antennas have been used to minimize the antenna size
and maximize the gain [28]. However, we have designed and

12.55mm
A
1 e | - =) | =l
e 35mm )

Fig. 4. Patch antenna of K-band homodyne FMCW radar sensor.

TABLE |
PARAMETERS OF ANTENNA SIMULATION RESULTS
Parameters Values
Operating frequency 24.45-24.75 GHz
Bandwidth 300 MHz
Radiation Efficiency 71.61 %
Isolation -25dB
Gain 11.56 dBi
3dB E-plane o
Beam width 36.4
3dB H-plane .
Beam width 40.8
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used patch antenna to radiate in the boresight on a 35mm
substrate, as depicted in Fig. 4. In the compact design of our
small-sized FMCW radar sensor, the antenna configuration was
oriented towards maximizing gain rather than focusing on
Tx-Rx isolation. This design was driven by the limitations of
the reduced PCB space, which often requires a trade-off
between antenna gain and isolation. To address the issue of
isolation, we implemented a system synchronization method
and phase-synchronized subtraction to increase the SNR of the
target. The antenna parameters are presented in Table I. The Rx
antenna receives the signal reflected from the target and the
leakage signal. After passing through the LNA, the received
signals are mixed with reference signals and filtered to produce
analog baseband signals. After de-ramping, it passes through a
differential amplifier and filter. Finally, the baseband signal is
converted to digital data by an ADC in the MCU and stored in
memory.

B. Coherent Small Radar Sensor

Nonlinearity exists!

Frequency
A

» Time
(@)
IQ \follagf“ Noncoherency exists!
R ‘ S _ oSy
Ml oMo | ——Qdata |
Mo III| [ ] o I || | B WY O sl )
ov JLULALIILIU AR LA 0 LTI

®)

Fig. 5. Linear sawtooth conventional FMCW waveform with no target.
(a) Frequency of transmitted ramp chirps as a function of time. (b) The
resulting noncoherent leakage 1Q data as a function of time.

In conventional sawtooth FMCW radar systems, a
continuous sequence of chirp signals is generated. Following
the radiation of these chirp signals, the baseband IQ signal is
sequentially sampled by an ADC, as shown in Fig. 5. We
experimented with a conventional sawtooth FMCW radar
system to obtain the baseband leakage IQ signal. We set the Tx
and Rx antennas to point toward the sky to receive only leakage
signals. Fig. 5(a) illustrates the linear frequency increase of the
chirp signal in the time domain. Fig. 5(b) shows the resulting
baseband leakage IQ signal in the time domain. As
demonstrated in Fig. 5(b), the coherence of the leakage 1Q
signal is inconsistent for each chirp. This is because of the
nonlinear characteristics of the PLL as it moves from upper to
lower frequency bands in signal generation. The nonlinearity in
the PLL causes randomness at the beginning of each chirp due
to the difference in phase lock time chirp to chirp.
Consequently, when the PLL generates a chirp signal, as

illustrated in Fig. 5(a), a noisy signal is generated at the end of
the chirp and the beginning of the next chirp. In addition, the
non-coherence results in different phases of the leakage 1Q
signal over different chirps in conventional sawtooth FMCW
radar.

To create a compact and coherent FMCW radar sensor, we
synchronize the generation and radiation of chirp signals with
the sampling of ADC at the baseband stage. Initially, the MCU,
PLL, and transceiver chip are configured to the desired
specifications via SPI communication. After the initial
configuration, MCU sends a short triggerl signal to the PLL
chip to operate the radar. In response to triggerl, the PLL
generates a trigger2 signal, which is separated into two paths, as
depicted in Fig. 6. Trigger2 makes the transceiver radiate a
K-band signal, and at the same time, MCU performs the
sampling via ADC. This timing synchronization works to

Trigger2
(Radiation Switch)

@ Tx

m Control Signal |

PLL —) Transceiver
Rx
Triggerl @ Trigger2
(PLL Switch) (Sampling
Switch)
MCU [ IFLIFQ

Fig. 6. System control mechanism for coherent FMCW radar sensor.
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Fig. 7. FMCW radar sensor operation for coherent FMCW radar sensor
as a function of time. (a) The frequency of transmitted ramp chirps as a
function of time. (b) The system control signal for coherency as a
function of time.

maintain coherent radar sensor operation between chirps.

To minimize the PLL nonlinearity during signal generation,
the frequency sweep plan differs from conventional FMCW
sawtooth radar, as illustrated in Fig. 7(a). After each chirp
signal is generated, the system includes a rest period. This
reduces sudden frequency transitions, a major cause of
nonlinearity in the PLL. When the PLL receives the short
triggerl signal from the MCU for radar operation, the PLL
immediately begins to generate a down chirp signal by
interacting with the VCO in the transceiver. The bandwidth or
duration of the chirp is based on the value previously written
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via SPI communication. When the PLL and VCO start
generating the chirp signal, the PLL generates a system control
DC signal (trigger2) of the same length as the chirp duration as
illustrated in Fig. 7(b). Simultaneously, PLL sends the control
signal to the transceiver and MCU. This trigger2 signal acts as a
switch and controls the start and end of K-band signal
generation in the transceiver. Also, the trigger2 signal governs
the start and end of ADC sampling in the MCU. Therefore, the
efficiency in power and memory is high because the transceiver
radiates and MCU samples only when the chirp is generated. In
addition, the noise caused by the difference in PLL lock time is
reduced by the frequency sweep illustrated in Fig. 7(a).

C. Leakage Subtraction Scheme

By implementing the consistency of system operation and
changing the frequency sweep, the FMCW radar sensor can
produce every chirp signal with consistent characteristics. This
ensures that the FMCW radar sensor can maintain coherency in
its baseband signal for each chirp. Then, the baseband leakage
signal of the miniaturized radar sensor is also coherent.
Therefore, the leakage IQ data of the miniaturized radar sensor
can be stored in advance and used to subtract and mitigate the
leakage signal. When the radar sensor operates, leakage
mitigation can be effectively obtained by subtracting the
pre-stored leakage IQ data from the received 1Q data in the
sampled time domain. To store the radar leakage 1Q data, it is
necessary to create an environment where only the leakage
signal is present. This is typically not feasible in the operating
environment where radar sensors are commonly used.
Therefore, pointing the radar to the sky is used to ensure a pure
leakage signal environment.

In addition, there is one more thing to consider before
subtracting the pre-stored leakage IQ data from the received IQ
data in the sampled time domain. The operating environments
for radar sensors differ from those in which the leakage 1Q data
are saved. The radar sensor needs to operate after collecting the
leakage signal data in advance. This discrepancy requires a
system restart (power off and on cycles) during which subtle

variations in the constant phase of the leakage signal may occur.

This can be due to several factors, including thermal changes
[29], electronic component settling times, and minor
instabilities in the oscillator or other electronic components
during power-up. Therefore, considering the phase difference
between the leakages before subtraction is essential to
minimize the leakage signals.

Assuming that the phase of the leakage signal collected in
advance and the phase of the leakage signal during the
operation of the radar sensor are different from each other, the
signal after leakage subtraction can be expressed as follows:

y(t) - yleakage saved "(t) =
A/eakage (t) Cos(zﬂ-krleakaget + 92 )

leakage signal

+4,.(t)cos (Zﬂkrlm,ge,t +6,+¢,(t) -0, (t))

target

target signal
(1) cos2kT et +6, ") (8)

leakage saved in advance

-4

leakage

Because a coherent miniaturized radar sensor can produce
every chirp signal with consistent characteristics, the
amplitudes of the leakage signals are almost identical. Thus, the
expression can be written as below:

Aleakage (t) = A/eakage "(t) (9)
0," =06, + A ( phase difference ) (10)

y(t) - yleakage saved "(t)
= Ap e (O (COSQIKT  y t + 0,) — COSQIKT ot + 0 + A) )

leakage substraction

o(1)

——
+ Azargez (t) cos(zﬂkrzargezt + 93 + ¢1 (t) - ¢3 (t)) (1 1)

target signal

D. Phase-Synchronized Leakage Subtraction
Considering I1Q Imbalance Factor

The process in the receiver of a homodyne radar sensor
typically uses an RC polyphase filter to down-convert the RF
signal to the baseband in the analog domain. However,
down-conversion with an RC polyphase filter results in
amplitude and phase imbalances. These imbalances are caused
by factors such as asymmetry in the phase paths within the filter,
differential length between the signal paths, and phase noise in
the reference chirp signal. Because amplitude and phase
imbalances occur between I and Q channels, we will prove the
validity of the proposed method by considering these factors in
the mathematical expression. In radar operation, subtraction of
the pre-stored leakage signal data from the received signal data
is done by the DSP. Therefore, we can express the leakage
subtraction process considering the amplitude imbalance factor
(@) and the phase imbalance factor ( £ ) as the formula shown

below:

y[n] - y]eukagﬁ saved "[n]

= A,m,mgg[n](cos[27zkr,magen +6,]1+ ja sin[27zkr,mkagen +6, + ﬂ])

leakage signal

+4 [n](cos[Zﬂkrla,gdn + O]+ jasin[27kz,, .0+ (1) + ,B])

target

target signal

-4 "[n](cos[27rkr,mkagen +6, +A]

leakage

(12)
+ja Sin[Z”kTm,kagen +6,+A+ ﬂ])

leakage saved in advance

If the subtraction operation is performed only with the time
synchronization without considering the phase difference, it
does not significantly reduce the amplitude of the leakage
signal because of the phase difference. Therefore, we
mathematically analyze whether the amplitude of the leakage
signal can be further reduced by adjusting the
phase-synchronized leakage subtraction through the
multiplication operation of exp(j#) with the pre-stored

leakage data. A block diagram of the phase synchronization
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process between leakage signals is shown in Fig.8. To simplify
the formula, we express it as follows:

27KT e + 65 = A
2rkr,, . n+ot)=B

target

(13)
(14)

NN~ Viakage savea "111% €Xp(j )
= Apprage[71(c0OS[A] + jasin[ A+ B])
leakage signal
= Aotage "[n](cos[A +Al+jasin[A+A+ ,6']) xexp(j@)
leakage saved and phase synchronization
+ Atm_get[n](cos[B] + jasin[B + f3])

target signal

(15)

To calculate the phase synchronization term ¢ in (15), we propose
a method for determining the relative phase value between the
baseband signals and the pre-stored leakage. We apply the FFT to
Y[n] and ¥, savea "[1] > and then transform these results into

frequency domain and phase response. Subsequently, the phase
response value of the leakage signal could be identified by
finding the maximum value within the frequency domain. This
approach is effective because of the substantial power of the
leakage signal compared to that of the target signal. To
minimize errors caused by inadequate frequency domain
resolution, zero-padding is used before applying the FFT. This
enables accurate identification of the signal peak in the
frequency domain. This technique facilitates the extraction of
the index number corresponding to the peak power, which is
necessary for calculating the phase difference between y[n]

and ¥, uuee savea "1 - TO achieve phase-synchronized leakage
mitigation, Ve smeq 17 18 multiplied by exp(j¢), where ¢

represents the calculated phase difference. Therefore, as shown in
Fig.8, there are 4 steps for implementing phase synchronized
leakage subtraction.

1) FFT analysis: applying FFT to the IQ data of y[n] and

Vieakage savea L1 » transforming into the frequency domain.

2) Phase extraction: extracting the phase value
corresponding to leakage signal.

Fiage = argmax VAT (16)

phase of leakage = LY [k, 0] 17)

3) Phase difference (¢) calculation: determining the phase
synchronization term ¢ by calculating the phase difference
between y[n] and Ytcakage saved "[n] .

phase difference = LY, [kzwkag@]_4yz[kzmkag@] (18)

Where Y [k],Y,[k]is the result of N-point FFT of y[n] and
Vieakage savea L] - £ Y is the phase response of Y[k]. The phase

W (t ) Y leakage saved "(7)
MCU MCU
ADC ADC

by [I’Z] Y leakage saved “[I’I]

Finding | +— | Finding |_ |
1) \ 1 lh ]
¢
Generating Digital Phase Constant
exp(j¢)
+|—
Target
SNR
Maximum

Fig. 8. Block diagram of the phase synchronization process for
miniaturized FMCW radar.

difference between y[n] and Y, .. avea '] 18 known from

(18). The synchronized phase can be estimated as:

¢ = 4Y] [kleakage] - AYZ [kl (19)

leakage ]

4) Phase-synchronized leakage subtraction: implementing
the mathematical expression in (15).

Then, the phase synchronized leakage is expressed as
Vieakage savea " M1x €xp(j@).  Considering ~ the  consistent

characteristics of the coherent FMCW radar sensor, the
amplitudes of the leakage signal data are almost similar. The
result of the subtraction between the leakage signal data and the
phase-synchronized leakage data is as follows:

Aleukuge (l’l) = A/eakage "(n) (20)
ZYl [k/eakage ] -Z Y; [kleakage ] =-A (2 1)
y[”l] - yleakage saved "[n] x exp(]¢)
= Ay g, [1]( cOS[AJ+7ATA] + j sin[ A](c cos f—1)
+ jacos[A]sin j)

= Aipitage "11] ( cos[A4 Fsin[ A+ A]
+ jsin[4+ A](acos S —1)
+jacos[A+Alsin B)x exp(—jA)
phase synchronized

+ Ay [1](cOS[B]+ jasin[ B+ fB])

target signal

= Ay [1](Jsin[4](a cos f-1)
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+ ja cos[A]sin S
—exp(—jA)jsin[4+ Al(excos f-1)
—exp(—jA) ja cos[ A+ Alsin j)
remaining leakage components
F Arger [n](cos[B]+ jasin[B+ f]) (22)

target signal

We simplify the mathematical description by focusing mainly
on the analysis of the leakage signal data characterized by their
main beat frequency components, namely sin[ A] and cos[4].

To achieve this, we have performed a comprehensive
mathematical extension including complex exponential and
trigonometric functions. This process allowed a more in-depth
analysis of the effects on the amplitude of the leakage signal
data by integrating the results into expressions involving
sin[ A] and cos[4].

y[n] - yleakage saved "[n] x exp(_jA)
—_—

phase synchroized

——

=SiNAX A, (1] (sin[A] {asin Bsin A+ (1-acos f)cosA
<1

+ cos[A]{(l —acos f)sinA—asin fcosA
+ jsin[4] {a sin fcos A —sin A(1—a cos )

asin fsin A +sin A(1—a cos )

——

+jcos[4]

remaining leakage components

+ Ay [n](cOS[B+@(0)] + jarsin[ B+ (1) + B1) (23)

target signal
Mathematical analysis shows that after subtracting the
phase-synchronized leakage signal data, the remaining
components are composed of the amplitude and phase
imbalance factor. Given that the sin(A) term is less than one

and the IQ imbalance factor is also small [30]-[32], the
amplitude of the leakage signal is significantly diminished. The
mathematical analysis proved that the phase-synchronized
leakage subtraction can significantly reduce the original
leakage signal amplitude. Therefore, we mathematically verify
that the time- and phase-synchronized leakage subtraction
method can effectively reduce leakage signal power with the
target power unchanged.

IV. FABRICATION AND EXPERIMENT SETUP

As shown in Fig. 9, we fabricated a miniaturized FMCW
radar sensor (diameter 35 mm). To make it small, we used a
multi-layer design, integrating circuits with different functions
on each layer, and constructed the system with two functionally
different boards. The specifications of the fabricated radar
sensor are detailed in Table 2. To verify the operation of the
miniaturized radar sensor, the control mechanism was
measured using a logic analyzer (16702B). This procedure is
essential to verify the control functionality of the sensors in
accordance with the synchronized approach proposed in
Section III. The measurement results from the logic analyzer
showed that after the transceiver enable signal is activated, the
MCU gives a start trigger to the PLL. Subsequently, the PLL

TABLE Il
PARAMETERS OF HOMODYNE FMCW RADAR SENSOR FOR EXPERIMENT

Parameters Values
Operating frequency 24.45-24.75 GHz
Transmit power 23 dBm
Antenna gain 11.56 dBi
Sweep bandwidth 300 MHz
Range resolution 0.5m
Chirp duration 500 us
# of samples in a chirp 256
NFFT 1024
Chirp type Triangular

Kifst-Floor Bodrd
{ Power+MCLL)

Second Floor Board
( RE +Antenng

First Floor Board

T © )

Fig. 9. Picture of manufactured K-band homodyne FMCW radar (a)
Bottom view of the first-floor board. (b) Top view of the second-floor
board. (c) Bottom view of the K-band homodyne FMCW radar. (d) Side
view of the K-band homodyne FMCW radar.

sends control signals to the MCU for ADC sampling and the
transceiver for K-band signal radiation simultaneously. The
measurement results shown in Fig. 10(b) confirm that the
control mechanism functions correctly as proposed in Fig. 7(b).

We conducted three different experiments at the playground
of the KAIST mun-ji campus to validate the proposed method
in Section III to mitigate increased leakage signals in the
miniaturized radar sensor. In Experiment A, the antennas of the
radar sensor were pointed at the sky to collect the leakage IQ
data of the FMCW sensor as shown in Fig. 11(a). This
experiment facilitates the analysis of the baseband IQ signal for
each chirp. We examined the coherence and amplitude
variation in leakage IQ signals generated by the chirps. In
addition, the leakage 1Q data were collected at different times to
ascertain the phase difference. We also focused on how much
the proposed method can reduce the power of leakage signals
without a target. Experiments B and C are conducted with a
target to see how much the power of the leakage signal can be
attenuated. In Experiment B, we flew a drone (DJI Inspire2)
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Trigger 2(Radiation Switch)
Trigger 2(ADC Switch)
Trigger 1(PLL Switch)

I'ransceiver Enable Signal fS38

First Floor Board

Transceiver Enable Signal

(b)

Fig. 10. Measurement of radar sensor control mechanism. (a) Logic
analyzer measurement setup with fabricated first-floor board. (b) Logic
analyzer results.

with low reflectivity (RCS 0.01m>) while the antennas of the

radar sensor pointed to the sky as shown in Fig. 11(b).
Experiment B is conducted to assess the effectiveness of the
proposed method in detecting targets with low reflectivity. In
Experiment C, we focused on the practical applicability of the

e )
=,

Miniaturized Radar
Pointing towards the sky

Miniaturized Radar
Pointing towards the sky

Leakage

() (b)

Fig. 11. Radar sensor experiment setup at KAIST Mun-ji Campus. (a)
Experiment A with no targets. (b) Experiment B with a drone (DJI
Inspire2.)

Mininturized Radar

Horizomtally to (he groand

Leakage

(a) (b)

Fig. 12. Radar sensor experiment setup at KAIST Mun-ji Campus. (a)
Experiment C setup. (b) Experiment C with targets.

sensor when the antennas of the radar sensor radiate radio
waves horizontally parallel to the ground as shown in Fig. 12.
Experiment C is conducted to investigate how the proposed
method contributes to enhancing radar sensor sensitivity.

V. MEASURED RESULTS AND DISCUSSION
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Fig. 13. Measurement of leakage 1Q signal at different times in

Experiment A. (a) Frequency of transmitted ramp chirps as a function of
time. (b) The resulting leakage 1Q data at time 1 as a function of time. (c)
The resulting leakage 1Q data at time 2 as a function of time.

Fig. 13 presents the leakage IQ signal obtained from
Experiment A. Fig. 13(a) illustrates the chirp signal in the
miniaturized FMCW homodyne radar sensor, explaining the
linear frequency decrease and increase in the time domain. Fig.
13(b) corresponds to the resulting leakage 1Q signal data in the
time domain at time 1. Fig. 13(c) corresponds to the resulting
leakage IQ signal data in the time domain at time 2. Unlike the
IQ in Fig. 5(b), the leakage IQ signal were coherent for each
chirp. At time 1, the leakage 1Q signal remained coherent when
the chirp slope was the same. After turning off the power and
resuming the experiment, the leakage IQ signal at time 2 was
also confirmed to be coherent between chirps with the same
slope. These results demonstrate that our miniaturized radar
sensor, designed with a frequency sweep plan to minimize
baseband noise and equipped with a synchronized control
mechanism in the MCU, successfully achieves a coherent
baseband signal. However, when comparing the leakage IQ
signal at different times (Time 1 and Time 2), there is a
difference between the leakage IQ signal, even those generated
by the same chirp. The crossing points of the I and Q values,
indicated by the red and blue dots, occur at different points.
This variation in the crossing points is due to the phase
difference between the time 1 and time 2 leakage 1Q signal.
These phase differences are caused by turning power on and off
in the FMCW radar sensor.

To address the phase synchronization of leakage signals in a
miniaturized FMCW radar sensor, our study introduces an
approach to calculate the phase difference directly from the
frequency domain characteristics of the signals, as shown in
section I1I-D. Based on this method, the phase difference values
between the leakage signals in Experiments A, B, and C are
calculated and presented in Table 3. By applying the proposed
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TABLE IlI
PHASE DIFFERENCE VALUE FOR PHASE SYNCHRONIZATION

Experiment Parameters Values
A Up chirp angle difference 13.37°
A Down chirp angle difference 13.96°
B Up chirp angle difference -8.34°
B Down chirp angle difference -8.77°
C Up chirp angle difference -8.84°
C Down chirp angle difference -8.86°

method, we found out how much the power of the leakage
signal can be attenuated compared to leakage signal power
before subtraction. 0° phase synchronization subtraction means
the time-synchronized leakage subtraction. Fig. 14 presents the
results obtained from Experiment A. Fig. 14(a), (b), and (c)
show the results obtained by the radar sensor during the
emission of an up chirp, while Fig. 14(d), (e), and (f) show the
results corresponding to the emission of a down chirp. Fig.
14(a) and (d) illustrate the impact of the ¢ values used in the
phase adjustment on the power of the leakage signal at time 1
after the subtraction operation. The blue line in Fig. 14(a) and
(d) represents the residual power of the leakage signal after
subtraction leakage signal at time 2 multiplied by a series of
exp(jg) from leakage signal at time 1. These exponential

factors were implemented in 0.5° increments, covering a range

synchronization term in Table 3 obtained from the method in
section III-D, the phase synchronization term is indicated by a
red point in Fig. 14(a) and (d). Fig. 14(a) and (d) indicate that
the 13.5° and 14° phase exponential constants are needed for
phase synchronization between leakage signals in Experiment
A. This red point closely approximates the point that yields the
lowest residual leakage power, confirming the precision of the
synchronization term. Also, this minimum leakage power
confirms the need for phase synchronization in the leakage
subtraction process. Fig. 14(b) and (e) provide a comparative
analysis of power spectra after three different results: the
leakage signal before subtraction, applying time-synchronized
leakage subtraction, and applying proposed leakage subtraction.
We observed a significant reduction in leakage signal power
following the application of our proposed method. Specifically,
the power reduction for the leakage signal in the up chirp is
approximately 33 dB, while in the down chirp, it is around 31
dB. Fig. 14(c) and (f) show the comparative noise improvement,
showing the difference between the power spectra of the
leakage signal after time-synchronized leakage subtraction and
proposed leakage subtraction. This comparison is made by
subtracting the aligned power spectra shown in Fig. 14(b) and
(e). After subtracting the aligned power spectra, as shown in
Fig. 14(b) and (e), the resulting data were processed through a
fourth-order curve fitting function. Subsequently, the
magnitude of the noise improvement for the up chirp ranged
from 9 to 13.5 dB, and for the down chirp it ranged from 6 to 9

-35
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Fig. 15. Results of Experiment B. (a) and (d) Variation of leakage power after subtraction of leakage signal multiplied by exp(jg). (b) and (e)
Performance comparison of the power spectra between time sync and the proposed method. (c) and (f) Power spectra from proposed method.
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Fig. 16. Results of Experiment C. (a) and (d) Variation of leakage power after subtraction of leakage signal multiplied by exp(jd). (b) and (e)
Performance comparison of the power spectra between time sync and proposed method. (c) and (f) Power spectra from proposed method.
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proposed method in reducing the leakage signal power and the
associated noise floor.

In Experiment B, a triangular chirp was used to detect a
drone (DJI Inspire2) with a small RCS at a distance of 20 m.
The distance between the radar sensor and the drone was
accurately ascertained using GPS data in the remote control.
Fig. 15 presents the results obtained from Experiment B. Fig.
15(a), (b), and (c) show the results obtained by the radar sensor
during the emission of an up chirp, while Fig. 15(d), (e), and (f)
show the results corresponding to the emission of a down chirp.
Fig. 15(a) and (d) indicate that the -8.5° phase exponential
constant is needed for phase synchronization between leakage
signals in Experiment B. As shown in Fig. 15(b) and (e), the
drone was not detected using only time-synchronized leakage
subtraction because of low RCS. However, improved SNR was
achieved after time- and phase-synchronized leakage
subtraction. As demonstrated in Fig. 15(c) and (f), the
implementation of our approach showed an improvement in
SNR of about 7 dB in the up chirp and about 6 dB in the down
chirp. In addition, our proposed method attenuates the power of
leakage signals by about 17 dB rather than time-synchronized
leakage subtraction, effectively reducing the overall noise floor
and increasing the SNR. Therefore, the drone was successfully
detected after applying our proposed method, which combines
phase-synchronized leakage subtraction operation.

In Experiment C, we put the antenna of the radar sensor
horizontally to the ground for industrial application. Fig. 16
presents the results obtained from Experiment C. Fig. 16(a), (b),
and (c) show the results obtained by the radar sensor during the
emission of an up chirp, while Fig. 16(d), (e), and (f) show the
results corresponding to the emission of a down chirp. Fig.
16(a) and (d) indicate that the -8.5° and -9° phase exponential
constants are needed for phase synchronization between

leakage signals in Experiment C. The results in Fig. 16(b) and
(e) show that targets with greater RCS than drones can be
detected using only time-synchronized leakage subtraction
because of their high RCS. However, time- and
phase-synchronized leakage subtraction allows the target
power to remain nearly constant while reducing the noise
around the target range bin. Specifically, the SNR for a target at
35 mis improved by approximately 7 dB for the up chirp, from
7.13 dB to 14.18 dB, and by approximately 8.1 dB for the down
chirp, from 6.77 dB to 14.9 dB, as demonstrated in Fig. 16(c)
and (f). In addition, the leakage signal power was attenuated by
about 17 dB for the up chirp and 17.7 dB for the down chirp
compared to the leakage signal power after the
time-synchronized leakage subtraction. Therefore, it was
verified that the sensitivity of the radar sensor can be increased
by the proposed method.

VI. COMPARISONS WITH OTHER WORKS

Table IV compares the proposed method with other recent
leakage mitigation methods. The method presented in [15]-[16]
is designed to reduce the phase noise of leakage signals
generated from heterodyne FMCW radar sensors. Unlike
[15]-[16], the baseband signal of the homodyne FMCW radar
sensor has minimal phase noise because of the range correlation
effect. The method proposed in [17] is time-synchronized
leakage subtraction by iterative comparison. However, due to
the significant computational demands, this approach may not
be practical in real applications. Also, additional hardware
other than radar is needed to implement the method proposed in
[17]. In [25]-[26], a signal that is similar to the leakage signal
must be additionally inserted into the chip by implementing a
delay line in the circuit to subtract a leakage signal. This
method also needs an additional delay line within the circuit. In

TABLE IV
COMPARISON BETWEEN PROPOSED METHOD AND OTHER METHOD IN LEAKAGE MITIGATION

Paper Method System size

Requirement of

additional hardware Leakage mitigation

Noise Improvement

Concentrating the phase
noise of the leakage
signal on its stationary
point.

[15]-[16] Bulky

The time synchronization

subtract process through
[17] two distinct iterations
following the advance

save of the leakage signal.

Bulky

Utilizing an artificial
on-chip target(OCT),
which makes use of delay
line within the circuit

[25]-[26] Bulky

The time and phase
synchronization subtract
process without iterations
following the advance
save of the leakage signal.

Proposed 35 mm x 35 mm

Not required 30 dB 7~10 dB

required 35.5~38.5dB 5~10dB

required - 5dB

Not required 31~33 dB 6~9 dB

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on August 05,2024 at 03:01:32 UTC from IEEE Xplore. Restrictions apply.
© 2024 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2024.3422397

IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX

order to specify the delay of the generated leakage signal,
complex calculation processes such as cross-correlation or
mean square error estimator are required. In contrast, we
introduced a highly sophisticated control mechanism to adjust
the time synchronization between signals before proceeding
with leakage subtraction. Also, the proposed phase
synchronization method through relatively simple FFT analysis
adjusts the phase difference between leakage signals. The phase
difference between leakage signals can occur due to changes in
temperature or voltage and can vary due to phase noise. Our
method achieves leakage signal mitigation through software
and signal processing without the need for additional hardware.

VII. CONCLUSION

We have explained and demonstrated the time- and
phase-synchronized leakage subtraction method, a novel
approach to mitigate dominant leakage in miniaturized
homodyne FMCW radar sensors. This study effectively
addresses the variations in the phase of the leakage signal.
Additionally, the paper verifies the solutions to phase variation
mathematically and experimentally. On the basis of theory and
experiments, we have confirmed that this method can
effectively mitigate the leakage signal power, thereby
increasing the sensitivity of radar sensors without the need for
additional hardware. In conjunction with the proposed method,
integrating advanced signal processing techniques such as
adaptive filtering can be highly effective. Also, the proposed
method can be applied to both heterodyne and homodyne radar
architectures because most signals in these systems manifest as
sinusoidal forms. Additionally, we measured the time required
for phase synchronized leakage subtraction. Matlab was used
with the tic-toc function to measure the required time. The
result was approximately 0.056 seconds. This indicates that our
method can be implemented in real-time using a standard MCU
with the operational speeds required for robust radar
applications.

The proposed method can enhance the utility of miniaturized
FMCW radar sensors across various industries, including
robotics and automotive. There are challenges for miniaturized
FMCW radar sensors in various industries. The radar sensor
must process the captured signals in real-time to ensure
immediate responsiveness, which is critical in applications
such as autonomous driving and robotic navigation. Because
the MCU chip controls the radar and processes the captured
signals simultaneously, the MCU needs to allocate the
operational time according to the specific requirements of each
role. Due to the limited time available for signal processing,
reducing computational complexity is important. Our proposed
method, which employs FFT analysis, allows for faster
computational speeds. Consequently, this enables FMCW radar
sensors to be utilized across various industries. In addition,
commercialized small-sized FMCW radars must overcome the
challenge of detecting objects at close range, given that most
radar sensor commercialization is based on short-range
detection [6]-[8], [11]-[13]. From this perspective, we have
fabricated miniaturized FMCW radar sensors, including
antennas, and successfully mitigated the leakage signal
problems through signal processing solutions considering the

random characteristics of leakage signals. In practical
applications, radar sensors are frequently subjected to power
cycling and temperature variations, causing random
characteristics to leakage signals. Despite these random
variations, our proposed signal processing method effectively
maximizes the mitigation of leakage signals. This will increase
their applicability in various industries.
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