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Abstract

A novel super-resolution angle estimation algorithm using low complexity-multiple signal classification (LC-MUSIC)-based relaxation
(RELAX) for multiple-input multiple-output (MIMO) frequency-modulated continuous-wave (FMCW) radar is proposed in this paper.
FMCW radar is widely used to estimate target location information in various fields, including autonomous driving, defense, and robotics.
However, FMCW radar struggles to provide high-resolution direction of arrival (DOA) data. To obtain precise target positions, especially
tor multiple targets, FMCW radar with high-resolution DOA capability is needed. Conventional FMCW radar employs MIMO-based
technology to improve angular resolution because of its low complexity and ease of implementation, but MIMO-based radar still struggles
to provide precise angular resolution. To improve the angle resolution, we propose a novel super-resolution DOA algorithm in a MIMO
scheme. The new method consists of RELAX-based CLEAN and LC-MUSIC. Combining the MIMO technique with the new super-
resolution algorithm enables FMCW radar with high angular resolution to be obtained. To analyze the performance of the proposed es-
timation, Monte Carlo simulations are performed, and root-mean-square error results are analyzed. Using the FMCW radar module,

experiments comparing the proposed and conventional algorithms were performed in an indoor environment.
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I. INTRODUCTION

Radar systems are widely utilized to precisely detect, track,
and classify targets in airborne, surveillance, and autonomous
vehicle applications. These radar sensors operate well in various
weather conditions and both day and night, unlike, for example,
camera and LIDAR sensors. In the past, mechanical scanning of
antennas has been used to obtain radar results. Synthetic aper-
ture radar is used as a replacement for high-resolution radar
using a moving antenna platform. Autonomous driving applica-

tions use a large number of transmit and receive elements-based
frequency-modulated continuous-wave (FMCW) phased-array
radar systems [1-3]. Detecting the angles where humans are
located is a particularly important issue in finding a precise posi-
tion for FMCW phased-array radar [4, 5]. Digital beamforming
has generally been utilized through the fast Fourier transform
(FFT) algorithm to obtain direction of arrival (DOA) results.
However, the DOA parameter estimator based on FEFT has
notably low resolution and accuracy [4].

Better radar performance can be achieved by utilizing a mul-
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tiple-input multiple-output (MIMO) FMCW architecture [6],
which has the advantage of having a smaller antenna than
phased-array radar. The MIMO-based FMCW radar system
can be established using the time division multiplexing (TDM)
method to switch between transmit antenna elements. The
switching method using TDM achieves the final number of
virtual antennas given by the product of the transmit and receive
elements. For indoor applications, a portable platform-installed
small radar system is urgently needed. Several studies of MIMO
radar have been proposed [7-9]. For short-range applications,
the MIMO radar system can provide high-resolution angular
results. However, to achieve precise location information, this
solution requires further improvement in angular resolution.

To improve the angular resolution, we propose a new super-
resolution algorithm for a MIMO scheme. This method con-
sists of a relaxation (RELAX)-based CLEAN and multiple
signal classification (MUSIC) algorithms. Combining the
MIMO technique with the new super-resolution algorithm,
called low-complexity MUSIC-based RELAX (LC-MELAX),
enables the implementation of high-resolution FMCW radar.
The LC-MELAX algorithm has high complexity because it
uses low-complexity MUSIC (LC-MUSIC) repeatedly. The
LC-MELAX is required to solve this problem. The basis of the
proposed system is that the wide bandwidth of the FMCW
radar has high range resolution while the MIMO-based ME-
LAX algorithm has high angular resolution. The system archi-
tecture of the radar system is presented in the next section with
an in-depth description.

This paper is structured as follows. For the range and angle of
the MIMO-based FMCW radar, Section II presents the basic
principles of the system model. Section III provides the proposed
MELAX algorithm-based MIMO technique for FMCW radar.
Sections IV and V present the simulation and experimental re-
sults for various parameters, respectively. Finally, conclusions are
provided in Section VL.

II. SYSTEM MODEL

This section presents the system model for the MIMO-based
FMCW radar. We consider MIMO TDM FMCW radar sys-
tems with P transmit (TX) antennas and Q receive (RX) anten-
nas [10] in this paper. Fig. 1 illustrates the TX signal of a typical
MIMO-based FIMCW radar system with a saw-tooth waveform
where T, is the time duration of a chirp signal, and fy and B

are the center frequency and bandwidth of the system, respectively.
The TX FMCW signal x(t) is given by:

. E 2
() = 1P (]27T (for +5t )) for0<t<T,
0 elsewhere @
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Fig. 1. Signal of typical TDM MIMO-based FMCW radar.

where u = B/T, is the frequency rate of the FMCW signal,
and [ is the frame index. The TX signal x(t) generates the

continuous wave signal, which is emitted to a target through a
TX antenna with time duration Ty,;. The TX FMCW radar
signal from the p-th TX antenna at the [-th frame for 1 <

p<P and 1 <[ <L isdenoted as xl(,l)(t) and is given by:

x,? () = x(t = (p = DT, = (L = DTy, @

Fig. 2 illustrates the antenna structure of a typical MIMO-
based FMCW radar system. The TX part is at the [-th frame,
and the RX part is at the p-th TX signal, as shown in Fig. 2(a)
and 2(b), respectively. dr and dp are the distances between
adjacent TX antennas and RX antennas, respectively, in Fig. 2.

As in Fig. 2(a), the FMCW TX signal xz(,l) (t) transmits se-
quentially through the P TX antennas. Then, xr(,l) (t) is re-
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Fig. 2. Antenna structure of typical MIMO-based FMCW radar: (a)
TX part at the /th frame and (b) RX part at the p-th TX signal.
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flected by the M targets and is received by a total of @ RX
antennas, as in Fig. 2(b).

An analog-to-digital converter (ADC) is used to convert the
analog RX signals into digital signals with sampling frequency f;.
The sampled RX signal is transmitted from the p-th TX anten-
na and received by the g-th RX antenna and is denoted by
Vp,q[1, 1]. The primary goal of MIMO-based FMCW radar is
to estimate the parameters for range and angle information, ex-
cept Doppler information. The Doppler information is omitted
by employing only one chirp symbol, namely, v, ,[n, [], which
can be simply expressed as ¥, ;[n] by omitting the frame index
L. The sampled beat signal y,, ,[n] is expressed as:

Ypqlnl =
N dp,q SIn(0)
Tmn sin
Zamexp j2m “;" + P
m=1 LI s
range term angle term
+ zpq4ln], for0 <n < Ny —1, 3)

where Nj is the number of samples, a,, represents the complex
amplitude, 7, is the delay in which the distance between the m-
th target and the radar is converted, 8, is the DOA of the m-th
target, d, 4 is the relative distance made by the p-th TX and
antenna and the q-th RX antenna, thatis, d,, ; = dr(p — 1) +
dr(q — 1), A is the wavelength, and z,,[n] is the additive
white Gaussian noise. The amplitude a,, with complex value
consists of the amplitude term @, due to the reflected effect at
the m-th target and the Doppler effect due to the TX timing
difference, that is, a,, = @pmexp (J2mfp,(p — 1)T,), where
fp.m represents the m-th target-based Doppler frequency.

II1. PROPOSED MELAX ALGORITHM FOR
MIMO FMCW RADAR

For the MIMO FMCW radar, the proposed novel algorithm
based on super-resolution is described in this section. Fig. 3 rep-
resents the proposed algorithm. As shown in Fig. 3, first, range
estimation based on the Ni-point FFT is achieved on the
ADC beat signal y, 4[n], and the r-th FFT output Y, ,[r] is

obtained, as follows:

Ypqlrl =
Ng—1

Z Vp,q[n] exp(—j2nnr/Ng), for 0 < r < Np — 1.
n=0 4

Then, peak detection of FFT outputs is performed to select
range bins where targets are estimated to exist. This reduces
unnecessary computations in the angle estimation process, as

Vg ADC Vpqlnl Ng-point FFT| Y, [r] Selectionalgf
for range range peaks
Ny PxQ information NgxPxQ and stacking
YP(p—1)+q [[r] Mk xPQ
Estimated range and angle
(RO)=(R.8)...(R,.6,) | Mpactimes |yt [Extrapolation
<— MELEX using
algorithm Mpearc *Ke[ AR model

Fig. 3. Structure of the proposed algorithm.

empty range bins are not considered. We denote the number of
total peaks among the range bins as M,eq, and the index vec-
tor of peaks I is selected, that is, I = [I, 1, ""IMpeak]' The
index vector of peaks I refers to the information in range bins
where targets exist among all range bins. After the selection of
the peak indices, the data for the P TX and Q@ RX antennas
are stacked. That is, the I;-th stacked angular vector is denoted
by Y[I;] for 1 <t < Mpeqy,and it is expressed as:

Ve = ML Valled o Yogponyralld Yoo ll)] - (9)

This 2D stacked data matrix ¥ with PQ X Myeqy is rep-
resented as follows:

y=[Y1 Y, Yu,,]=
RAIAERAIA Y [IMpeak] |
AARRAA Y [ ] |

[YPQ (L] Yeoll]l -~ Yo [lMpcak]J ©

The stacked data matrix ¥ is used as the input to the extrap-
olation algorithm, called an autoregressive (AR) model [11], for
pre-processing to improve resolution before the LC-MELAX
operation. The u-th extrapolated data at the t-th peak
Y.¢¥t[1,] is obtained as follows:

Np
Pl == ) by ell] for Np +1 < u < Kg,
2, %

where N, is the model order, ay values are the AR compo-
nents, and Ky is the number of extrapolated data samples. The
extrapolated data V¢¥¢[I,] are expressed in vector form Y&t
that is, Y&t = [VE¥[1,], V¥ 1,], ..., ?1?;“ [I¢]], and employed
as input to the proposed super-resolution algorithm, which is
called the LC-MELAX algorithm, as shown in Fig. 4.

The LC-MELAX algorithm is a combination of the RE-
LAX and LC-MUSIC algorithms. The RELAX algorithm is a
kind of CLEAN algorithm that is used to estimate frequency
with high resolution [12]. As shown in Fig. 4, the RELAX algo-
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Fig. 4. Start of target angle 6 and end of target angle 6,.

rithm first performs FFT on the input signal and then estimates
the frequencies corresponding to the peaks of the magnitude of
the FF'T output. The complex sinusoidal signals of the estimat-
ed frequencies are generated. After the generated sinusoid signal
is subtracted from the input signal, the FF'T is performed on the
remaining signal. By repeating this process, high-resolution fre-
quencies are estimated.

The LC-MELAX algorithm uses LC-MUSIC instead of
FFT. As the first step of the LC-MELAX algorithm, the LC-
MUSIC algorithm is performed. The extrapolated signal Y§*t
obtains the angle spectrum results through FF'T as follows:

Y& = DYE*, ®)

where D is N X Ky matrix for an FFT operation. The FFT consists
of column vectors such as D = [DO,Dl,DZ, ...,DKE_l] where
D, =JF11,<ex (— —k) , exXp (— %) , -, EXP (— W)]
This spectrum results can detect the start of target angl
05 and the end of target angle 6, through the target threshold
detection. 85 and 6, are expressed in Fig. 4.

Then, the extrapolated signal V,¢¥[I,] is used as the input of
the correlation matrix R, calculated as:

R, = YPE(YEOH, ©)

where (-)"is the Hermitian operator. The forward-backward
technique achieves the correlation smoothing effect, such that:

1
R[" == (R +]R)), (10)

where J is the size of the Kp X Kg-based exchange matrix.
Eigenvalue decomposition (EVD) [13, 14] is used to process

. . b
the autocorrelation matrix R{ as:

g 0 ¢ 0
0 o =~ *
R{b=[s N] : -.2 . 0 }S\;*
0 - 0 ok (11)
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where the eigenvectors are composed of the signal eigenvector
matrix § = [sy, ..., Sy] and the noise eigenvector matrix N =
[y, ..., Ny, _y]. The signal eigenvector matrix § with the di-
mension M and the noise eigenvector matrix N with dimen-
sion Kr — M span the signal subspace and the noise subspace,
respectively. Furthermore, o0, represents the n-th eigenvalues
of the autocorrelation matrix R{ ? The largest M eigenvalues
of oy, ..., oy correspond to the M signal eigenvectors of §.
The remaining eigenvalues Gy41, .., O, correspond to the
noise eigenvectors of N, that is, Oy 4q =+ = 0y, = €2, The

decreasing order-based eigenvalue is expressed as:
01 20, 2 20y 2 Oyyq = = Ok, = €2, (12)

The results of the LC-MUSIC algorithm use the orthogo-
nality of the target-based steering angular vector (6) and the
noise subspace N, that is:

Y(O)N" =0, (13)
where Y(0) is defined as:

1, exp <j27r (%) sin(@)),
(o) = _ \
. (dr(Kg — D\ |
l...,exp j2m — sin(0) J (14)

where the range of 6 consists of 65 and 6,. Through the

property of (13), in the first target among M humans, the angu-
lar LC-MUSIC spectrum Pyysic(6) can be obtained from:

1
P(OIN"NPH(0) (15)

Pyysic(0) =

After the first LC-MUSIC step, the angular components of
the angle value are obtained using threshold detection. Based on
the estimated angular components, maximum peak detection is
performed. Then, the generated sinusoidal signal is subtracted
from the original angular signal. The subtracted original angular
signal is fed into the input of the second LC-MUSIC step. The
second LC-MUSIC step is processed as in (9) and repeated
until the peak no longer exists. Because the result of the LC-
MUSIC algorithm provides a significant improvement in reso-
lution performance compared to FFT, the LC-MELAX algo-
rithm is expected to achieve an even greater improvement in
performance than the RELAX algorithm.
The principal steps of the proposed algorithm are as follows:
Step 1: To obtain range estimation, the received chirp signals
with the first chirp index; the p-th TX and the ¢-th RX
antenna array become the input of the range FFT.

Step 2: After the range FFT produces the target’s range infor-
mation, we extract the angular information through the
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magnitude and phase information of the detected range
FFT results.

Step 3: To precisely obtain angles, we accomplish the extrapola-
tion algorithm using the AR model.

Step 4: Using extrapolated angular data, we employ the results
of the novel MELAX algorithm. Using MELAX, the
proposed structure yields high-resolution angular in-
formation.

Step 5: The MELAX process first generates a sinusoidal signal

based on the highest magnitude value through MUSIC.

Then, the generated sinusoidal signal is subtracted from
the original signal. This process is repeated until the
peak no longer exists.

Step 6: Finally, high-resolution range and angular information
is obtained, and the high-resolution FMCW radar re-
sults are achieved.

All the above steps are shown in Figs. 4 and 5.

IV. SIMULATIONS

The estimation performance of the proposed FMCW radar
is verified in this section. Various simulation results indicate that
the proposed structure outperforms the conventional structure.

1. Simulation Environment

This paper considers two simulations to validate the angle es-
timation performance of the proposed structure. In the first simu-
lation, the angle information is obtained by performing the spec-

trum results of the MELAX-based proposed algorithm and FFT

1
| I
| exf ext I
R Yerr |
\ FFT Detect |
1 |
l 0. 6 i
I s € 1
} ) N 1 Ausic (0)!
1 EVD a,HNNHa :
| I
o |
v
ext Low
t compexity Awsic@ | Maximun
MUSIC peak detection
- algorithm

| Generation of
sinusoidal signal

Estimated range and angle
(R.9) :(RI’Q)*"--(RM’Q‘J)

Fig. 5. Block of the proposed LC-MELAX algorithm.

and MUSIC-based conventional algorithms. In the second simu-
lation, we calculate the root-mean-square error (RMSE) of two
targets with different angles and the same range. Table 1 lists the
simulation parameters of the MIMO-based FMCW radar.

The two targets were placed at a range of 15 m from the radar.
Based on a variety of signal-to-noise ratios (SNRs), the angle
RMSE:s of various algorithms were performed C times, where
C means the number of simulations. The average RMSE is

\/1/6 ¥ (8, —0)?, where the number of
simulations C is configured to 10% and 8, is the estimated
angle of the target based on the n-th Monte-Carlo trial.

represented by

2. Simulation Results

In this simulation environment, the targets are placed at a range
of 15 m from the radar, as shown in Fig. 6. In terms of angle, the
proposed algorithm can separate two targets while the conven-
tional algorithms cannot. With dr = Q X dg and dy = 1/2,
the field-of-view ranges from —60° to 60° [15], and the angular
resolution is approximately 9° [16]. The SNR value is set to 20 dB.
Fig. 6 shows the simulation environment of the two targets, where
§ represents the difference distance between the targets and is set

Table 1. Simulation parameters for MIMO-based FMCW radar

Parameter Value
Bandwidth (GHz) 1.79
Center frequency (GHz) 77
Chirp duration, 7" (ps) 60
Number of chirps, L 64
Transmitted channel, P 3
Received channel, Q 4
Number of samples per chirp, NV 256

|
Target 1 : Target 2

Radar

Fig. 6. Simulation environment of the two targets.
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to 15 m to evaluate the angle resolution of each algorithm.

In Fig. 7, the spectrum result for each algorithm is obtained
using a virtual MIMO array of PQ = 12.1In Fig. 7(a), the simu-
lation results of the FFT and the RELAX with PQ = 12 ex-
hibit two peaks in terms of angle parameter compared to the
actual reference signal. All the algorithms can classify the two
targets properly when the two objectives are positioned at 6; =
20° and 6, = 38, with an angle difference of 18", as shown in
Fig. 6(a). When the two objectives are in close proximity at 6;
=20"and 6, = 29°, with an angle difference of 9°, all the algo-
rithms can still classify the two targets appropriately, as shown in
Fig. 7(b), which is close to the theoretical resolution value.

When the two targets are located very close together at 6, =
20° and 0, = 24° at an angle difference of 4°, the spectrum of
the proposed algorithm and RELAX obtain two peaks, while
the conventional algorithms cannot separate the two targets, as
shown in Fig. 7(c). The proposed algorithm demonstrates the
best performance in terms of accuracy. In Fig. 7(d) with 6; =
20° and 8, = 22°, at an angle difference of 2°, the proposed

06

Normalized power spectral density
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0.1 : ‘ :
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algorithm performs best in terms of accuracy, while the conven-
tional algorithms obtain one peak compared to the actual refer-
ence data. Based on these simulation results, the proposed
method is suitable for high-resolution FMCW.

Next, the RMSEs of the proposed and conventional algo-
rithms were obtained based on various angle differences for sev-
eral SNRs with a virtual MIMO array of PQ = 12. This simu-
lation considers the RMSEs of the first target when a second
target exists. The angle separations were configured to 18°,9°, 4,
and 2°, respectively.

With an angle difference of 18°, the RMSEs of all the algo-
rithms, as shown in Fig. 8(a), showed similar performances be-
cause the angle difference was sufficiently wide. The proposed
algorithm showed higher accuracy than the conventional algo-
rithms. As shown in Fig. 8(b), when the angle difference of two
targets approached the resolution limitation with an angle dif-
ference of 9°, the proposed structure also achieved the highest
accuracy with a virtual MIMO array of PQ = 12 under —8 dB
< SNR.When -8 dB = SNR, the proposed and conventional
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Fig. 7. Simulation environment of the two targets. Spectrum results of angle difference of two targets: (a) 18°, (b) 97, (c) 4°, and (d) 2°.
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Fig. 8. RMSEs according to SNR when the angle differences between two targets: (a) 18°, (b) 97, (c) 4°, and (d) 2°.

algorithms have similar accuracy, indicating that all the algo-
rithms are weak at low SNR.

With an angle difference of 4°, the proposed structure in Fig.
8(c) also achieved the best RMSE performance, while the pro-
posed algorithm, OMP, and RELAX algorithm performed
similarly because the angle difference is very narrow. With an
angle difference of 2°, the proposed structure in Fig. 8(d) per-
formed notably better as regards RMSE than the others. The
FFT, OMP, and RELAX algorithms performed similarly but
more poorly than the proposed structure. The results in this
section demonstrate that the estimation performance of the
proposed algorithm with PQ = 12 is better than that of the
conventional FF'T, OMP, and RELAX with PQ = 12. As indi-
cated in Fig. 6, we configured the FFT size of the range spec-
trum to 1,024 and showed that the error of the angle estimation
approached about 0.5° when the angle difference was 2°.

Next, we examine the RMSEs between the proposed struc-
ture and the conventional structures in the presence of a clutter.
In the case of certain specified SNR, this simulation obtains the

RMSEs of the first target when there are two targets according
to the change of the signal-to-clutter ratio (SCR). The Weibull
distribution is used for clutter. The probability density function
of the Weibull distribution is expressed as:

b b—-1 2
——en{-(5) } (16)

where x is the random variable, a is the shape parameter, and

P(x) =

b is the scale parameter. In automotive radar or drone applica-
tions, most stationary clutter is caused by wooden poles, for which
the Weibull parameters are set to a = 1 and b =1 [17]. This
simulation was also performed at angle intervals of 18°, 9%, 4°, and
2°. In Fig. 9(a), since all algorithms are well distinguished at an
angle interval of 18°, no significant difference in RMSEs is noted.
In Fig. 9(b), at 9°, it can be seen that the proposed structure and
RELAX structure achieve better RMSE performances than the
FFT. Fig. 9(c) shows similar results to Fig. 9(b), confirming that
the proposed and RELAX structures perform better in RMSE
than the FFT. Fig 9(d) shows that the proposed algorithm
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Fig. 9. RMSEs according to SCR when the angle differences between the two targets: (a) 18, (b) 9°, (c) 4°, and (d) 2°.

achieves better resolution than conventional algorithms at an an-
gle interval of 2°. In Fig. 9(d), the proposed method is based on
the MUSIC algorithm, while the conventional RELAX algo-
rithm is based on FFT. According to [18], the MUSIC algorithm,
which utilizes singular value decomposition (SVD) or EVD,
tends to suffer from performance degradation in low-SNR envi-
ronments. Therefore, it is understandable that the RMSE per-
formance of the MUSIC-based proposed structure deteriorates
compared to the RELAX algorithm under conditions where the
SCR is below —4 dB. However, the proposed structure clearly
exhibits superior performance when the SCR is above —4 dB.

3. Complexity Analysis

In this chapter, we perform a complexity analysis following
the simulation results presented in the previous section. The
complexity of the conventional PQ-point FFT in (17) for angle
estimation is represented in [11]. In (18), the RELAX algo-
rithm’s complexity is M times PQ-point FEF'T. The OMP algo-
rithm is based on (19) [19]. The proposed algorithm in (20)
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consists of LC-MUSIC and extrapolation. The LC-MUSIC
algorithm consists of the autocorrelation matrix, EVD, and
spectrum generation by region of interest, as shown in (20). The
extrapolation uses the prediction order N, and the number of
extrapolated samples K. In Fig. 10, the MUSIC algorithm has
the highest complexity, while the FF'T and extrapolation meth-
ods have lower complexity. The proposed structure features a

complexity that lies between that of MUSIC and FF'T.

PQ log (PQ), 17)
MPQlog(PQ), (18)
5M R M3
= +2M?PQ +—+ MPQ, (19)

PQN, + (Kg _PQ)Np +w

. ?M(PQF | MPQ(PQ +21)(PQ - M)

+ M2PQ(PQ + 1). (20)
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V. EXPERIMENTS

To assess the estimation performance, this section provides
an experimental estimation performance of the proposed and
conventional algorithms, including FFT and RELAX, for
MIMO FMCW radar. The experiment was conducted in an

indoor room. All the experimental parameters are provided.

1. Experimental Explanation

A 77-GHz FMCW radar system, with the parameters listed
in Table 1 of [20], was employed for the experiments. The
FMCW radar system can synthesize a MIMO radar with
PQ = 12 virtual receivers, providing high angular resolution. The
system consisted of an integrated phase-locked loop (PLL),
transmitter, receiver, and ADC. The transmitter included a ramp
generator, synthesizer, phase shifter, and power amplifier with a
power output of 13 dBm. Each transmitter antenna had an azi-
muth beamwidth of 72° and an elevation beamwidth of 36°,
which was the same as that of the receiver. The receiver included
low-noise amplifiers, a mixer, an intermediate frequency filter,
and an ADC. The receiver’s noise figure was 12 dB, and the
phase noise at 1 MHz was —96 dBc/Hz at 76-77 GHz and —94
dBc¢/Hz at 77-81 GHz.

For the experiments, corner reflectors were used in an indoor
room as detailed in Fig. 11. The range estimation was per-
formed using a 1,024-point FF'T.

2. Experimental Results

The experimental results verify the performance of the pro-
posed algorithm in estimating the angular parameters of targets
compared to conventional algorithms. The study focuses on
achieving high-resolution FMCW results by extracting the sig-
nal region of the targets and removing clutter in an indoor envi-
ronment. The experiments were conducted to analyze the range

Fig. 11. Experimental environment with two corner reflectors.

and angular parameters of targets, as presented in Table 2. The
estimated positions obtained with the proposed algorithm were
compared to the actual positions. Two far-field targets, namely,
corner reflectors and humans, were placed at S = 2 m. For cases
I, II, and III, two corner reflectors were placed in the indoor
room, as shown in Fig. 11. Fig. 12(a) shows that the proposed
algorithm and conventional algorithms can separate the two
corner reflectors for case I with an angle difference of 18°, which
is a wide-angle difference. With an angle difference of 9°, when
the angle difference of the two corner reflectors approaches the
resolution limit, as shown in Fig. 12(b), the proposed algorithm
and RELAX obtained two peaks, while the conventional FFT
algorithm failed to separate the targets. In case III, when the
two targets were placed very close together at an angle differ-
ence of 4°, the proposed algorithm was able to separate the two
peaks, while the conventional algorithms obtained only one
peak, as shown in Fig. 12(c).

The human-based experimental environments were set up as
shown in Fig. 13, with both the corner reflectors and humans
located at the same range from the radar. The proposed ap-
proach was able to classify two human targets in an indoor room
when they were located at a certain range and angle difference,
as demonstrated in Fig. 13. The experimental estimation results
with humans are presented in Fig. 13. In Fig. 14(a), for case I
with a wide angular difference of 1°, both the conventional and
proposed structures were able to distinguish between the two
humans. As the angle difference reduced to 9°, approaching the
resolution limit, Fig. 14(b) shows that the spectrum of the pro-
posed algorithm and RELAX obtained two peaks, while the

Table 2. Summary of the experimental environments

Parameter Case Case II Case I1I
Range, § (m) 2 2 2
Angle, 6 (°) 18 9 4
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Fig. 12. Experimental spectrum results with angle differences between
two corner reflectors of (a) 18°, (b) 9°, and (c) 4°.

conventional FFT algorithm failed to classify the two targets. In
case ITI, where the two targets were placed very close together at
an angle difference of 4°, Fig. 14(c) shows that the proposed
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Target 1

Target 2

Fig. 13. Two-human-based experimental environment.

algorithm was able to distinguish two peaks in the spectrum,
while the conventional FF'T and RELAX algorithms were una-

ble to separate them.
VI. CONCLUSION

This paper presents a novel super-resolution angle estimation
algorithm using LC-MELAX for MIMO FMCW radar. The
proposed method significantly enhances angular resolution
compared to conventional algorithms, especially when two tar-
gets are located very close to each other. Unlike the convention-
al algorithms that use only one algorithm, the proposed LC-
MELAX algorithm uses a combination of RELAX and LC-
MUSIC. The simulation results based on a virtual MIMO ar-
ray of PQ = 12 show that all the algorithms can differentiate
between two targets when the angle difference value between
them is 18°. However, with an angular separation of 2° between
two targets, the proposed algorithm can distinguish them, while
the FFT and RELAX-based conventional algorithms cannot.
When the angular difference between two targets is set to 187,
both the proposed and conventional schemes maintain consist-
ently low RMSEs across all SNR values. However, when the
angular difference value is below the resolution limit at 2°, the
proposed algorithm performs better than the conventional FET
and RELAX algorithms. Experimental analyses confirm that
the proposed method can identify two targets that cannot be
separated by the conventional FFT and RELAX algorithms.
Based on its superior performance, the proposed method is

highly applicable for FMCW radar.
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Fig. 14. Experimental spectrum results of angle difference between two
humans of (a) 18°, (b) 9°, and (c) 4°.
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