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ABSTRACT In a binary phase shift keying (BPSK)-based multiple-input and multiple-output (MIMO)
frequency-modulated continuous wave (FMCW) radar system, real and ghost targets are detected simul-
taneously, causing ambiguity in target detection. In this paper, we define the targets that are inevitably
generated by the BPSK modulation as ghost targets and propose a method for suppressing them. The
proposed ghost target suppression method consists of two main steps. First, at the receiving end, a received
signal is demodulated using a specific code orthogonal to binary codes used to modulate transmitted signals.
Due to the Doppler shift caused by the spectrum of the code used at the receiving end, only ghost targets
remain in the demodulated received signal. Then, by subtracting the demodulated signal including the
ghost targets from the initially received signal, only the information of the actual targets can be restored.
We verify the performance of the proposed method through simulations and actual signal measurements.
In addition, the target estimation performance of the proposed method is compared with that of the time-
division multiplexing MIMO FMCW radar system.

INDEX TERMS Binary phase shift keying, frequency-modulated continuous wave, ghost target, multiple-
input and multiple-output.

I. INTRODUCTION
To detect targets with high resolution in the automotive
radar system, high range and angular resolution are required.
In general, to obtain high range resolution, a frequency-
modulated continuous wave (FMCW) [1] using a wide band-
width is used [2], which has a high pulse compression
ratio. In addition, an array antenna composed of multiple
antenna elements is widely used to achieve high angu-
lar resolution [3]. Recently, a multiple-input and multiple-
output (MIMO) antenna system capable of generating a large
number of receiving channels in a limited space has been
adopted [4].

To estimate the distance, velocity, and angle information
of a target using the MIMO FMCW radar system, signals
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transmitted from each antenna element must be distinguished
at the receiving end [5]. Therefore, the antenna system adopts
a time-division multiplexing (TDM) [6], [7], a frequency-
division multiplexing [8], [9], or a code-division multiplex-
ing [10], [11] to transmit FMCW radar signals. Currently,
the TDM-based MIMO scheme is most commonly used,
but it has a disadvantage in that the maximum detectable
velocity is reduced in proportion to the number of transmit
antenna elements [12]. In addition, the time delay between
the waveforms transmitted from different antenna elements
greatly degrades the angle estimation accuracy [13].

To solve these issues of the TDM-based MIMO FMCW
radar system, a binary phase shift keying (BPSK)-based
MIMO FMCW radar system [14] can be considered. In the
BPSK-based MIMO FMCW radar system, signals to which
the binary phase modulation is applied are transmitted.
A decrease in the maximum detectable velocity can be
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avoided through the binary phase modulation, but ghost tar-
gets are detected along the Doppler axis [15], [16]. To dis-
tinguish between real and ghost targets in this system, the
intensity of the received signal can be used [15]. In addi-
tion, the authors in [17] used the Chinese remainder theorem
(CRT) to resolve ambiguities in target detection. However, the
method proposed in [15] cannot be used in a complex road
environment in which multiple targets exist at the same time.
Moreover, target detection results in multiple consecutive
frames are required to resolve the Doppler ambiguity in the
CRT-based method [17], not resolving in a single frame.

In this paper, we propose a method for identifying ghost
targets at the receiving end by decoding the received signal
with the proposed code and extracting only actual targets by
removing the identified ghost targets from the range-Doppler
map. In summary, the major contributions of our work can be
summarized as follows :

• Through the proposed decoding method, ghost targets
generated by the binary phase code can be extracted
clearly.

• Unlike the methods proposed in [15] and [17], the
desired signal corresponding to the actual target can be
obtained simply by suppressing the ghost targets with
the proposed method.

• Comparedwith target detection results in the TDM-based
MIMO FMCW radar system, the decrease of the max-
imum detectable velocity could be overcome in the
BPSK-based MIMO FMCW radar system with the pro-
posed method.

The remainder of this paper is organized as follows.
In Section II, we describe the basic principle of the
BPSK-based MIMO FMCW radar system. Then, in
Section III, a method for removing ghost targets in the BPSK-
based MIMO FMCW radar system is proposed. In addition,
the performance of the proposed method is compared with
that of the TDM-based MIMO FMCW radar system in this
section. In Section IV, we verify the performance of the pro-
posed method through actual signal measurements. Finally,
we conclude this paper in Section V.

II. SYSTEM MODEL
A. SIGNAL MODEL IN MIMO FMCW RADAR SYSTEM
For simplicity, we first describe transmitted and received sig-
nals in a single-input and single-output FMCW radar system.
In the FMCW radar system, a transmitted signal consists of
a series of chirps. The p-th (p = 1, 2, . . . , Nc) chirp of the
transmitted signal in (p−1)1t ≤ t < p1t can be expressed as

sp(t) = αp exp
(
j
(
2π

(
fc −

2p− 1
2

1f
)
t

+ π
1f
1t

t2 + φp

))
, (1)

where αp and φp represent the amplitude and phase offset
of the p-th chirp. In addition, fc, 1f , and 1t indicate the
center frequency, bandwidth, and chirp duration of each

chirp, respectively. Then, the transmitted signal of one period
including all chirps can be expressed as

s(t) =

{
sp(t) for (p− 1)1t ≤ t < p1t
0 for Nc1t ≤ t < 1T ,

(2)

where 1T indicates the transmission period. In addition, the
received signal can be expressed as

y(t) =

NK∑
k=1

βks(t − τk ) + n(t), (3)

where βk is the amplitude of the received signal and τk is the
time delay caused by the distance (dk ) and velocity (vk ) of
the k-th target. In addition, NK is the number of targets and
n(t) is the noise added at the receiving antenna element.

Now, consider a MIMO antenna system in which the num-
ber of transmit antenna elements is NT and the number of
receiving antenna elements is NR. When the signal transmit-
ted by all q (q = 1, 2, . . . , NT ) transmit antenna elements is
received by the r-th (r = 1, 2, . . . , NR) receiving antenna
element, it can be expressed

yr (t) =

NT∑
q=1

( NK∑
k=1

βks
(
t −

(
τk + uq, k + vr, k

) ))
+ nr (t), (4)

where nr (t) is the noise added at the r-th receiving antenna
element. In (4), uq, k and vr, k denote the time delays due
to the spacing (dT ) between the transmit antenna elements
and the spacing (dR) between the receiving antenna elements,
respectively. If the angle between the k-th target and the
boresight of the antenna is denoted as θk , the total time delay
caused by the antenna spacing can be expressed as

uq, k + vr, k =
2π
λ

(
(q− 1)dT + (r − 1)dR

)
sin θk , (5)

where λ is the wavelength corresponding to the center fre-
quency of the FMCW radar signal.

B. BPSK MODULATION FOR MIMO FMCW RADAR
In the BPSK-based MIMO FMCW radar system, the FMCW
radar signal transmitted from the q-th antenna element is
modulated as

xq(t) = s(t) exp
(
jπcq(t)

)
, (6)

where cq(t) is a code assigned to the q-th antenna element
for the BPSK modulation. In general, orthogonal codes are
used as cq(t) to lower the cross-correlation between signals
transmitted from different antenna elements. For example,
Hadamard code [18] can be used for the BPSK modulation.
In this paper, the binary codes are assigned by dividing the
total number of chirps by units of NcLc , which can be expressed
as

cq(t) =

Nc
Lc∑
m=1

gq
(
t − (m− 1)Lc1t

)
, (7)
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where gq(t) exists between 0 ≤ t < Lc1t and has a value of
1 or−1 every1t . Here, we setNc to be amultiple of Lc so that
Nc
Lc

becomes an integer. In addition, gq(t) satisfies the property
of being orthogonal to each other, which can be expressed as

1
LC1t

∫ Lc1t

0
gi(t)gj(t)dt =

{
0 for i ̸= j
1 for i = j.

(8)

In the FMCW radar system, the received signal is down-
converted to a baseband signal by passing through a fre-
quency mixer and a low-pass filter. In general, the time
delays, τk , uq, k , and vr, k , are very small compared to 1t ,
which means cq

(
t −

(
τk + uq, k + vr, k

))
∼= cq(t). Thus, the

signal transmitted from the q-th transmit antenna element
is sampled by the analog-to-digital converter at the r-th
receiving antenna element, and it can be expressed as a two-
dimensional signal as follows:

zq, r [n, p] =

NK∑
k=1

γkejπcq(nTs+(p−1)1t)

× exp
(
j2π

(
2dk1f
c1t

nTs +
2vk fc1t

c
p

+ uq, k + vr, k +
2dk fc
c

))
,

(9)

where n (n = 1, 2, . . . , Ns) is the index of the time sam-
ples at each chirp and Ts is the sampling interval. In addi-
tion, γk denotes the amplitude of the k-th baseband signal.
In the MIMO antenna system, the signal received by the
r-th antenna element is the sum of signals transmitted by
all transmit antenna elements, which can be expressed as
follows:

zr [n, p] =

NT∑
q=1

zq, r [n, p]. (10)

For example, consider a BPSK-based MIMO radar sys-
tem with 3 transmit antenna elements, and assume that each
antenna element uses orthogonal Hadamard codes as fol-
lows: g1(t) = [0, 0, 0, 0], g2(t) = [1, 0, 1, 0], g3(t) =

[1, 1, 0, 0], which is shown in Fig. 1. In this example, the
system parameter values related to the FMCW radar were
set to values widely used in commercial automotive radar
systems [19], and they are given in Table 1. As given in the
table, we assumed a 3 by 16 MIMO antenna system with
a spacing of 0.45 λ between all antenna elements, and the
antenna layout of the MIMO radar system in the simulation
environment is shown in Fig. 2. The information of targets is
also given in Table 2.
The signals transmitted from each transmit antenna ele-

ments are shifted along the Doppler axis by assigned binary
phase codes [15], and Fig. 3 shows the Doppler shift accord-
ing to the spectrum of the code assigned by each transmit
antenna element. In the case of Fig. 3 (a), the transmitted sig-
nal coded with g1(t) does not affect the phase. Therefore, the
Doppler shift does not appear and the detection result of the

FIGURE 1. Orthogonal codes used (a) for the transmitted signals and
(b) at the receiving end in the proposed BPSK-based radar system.

TABLE 1. System parameters and their values used in the simulation.

FIGURE 2. Schematic diagram for the (a) transmit and (b) receiving
antenna elements of the MIMO radar system.

TABLE 2. Target information in the simulation.

actual target is maintained. However, in Figs. 3 (b) and (c),
the transmitted signals are shifted along the Doppler axis
by the binary phase codes and show different Doppler shifts
depending on the spectrum of the code.

To understand the effect of the signal multiplied by the
code at each transmit antenna, we decomposed the signal
received from the r-th receiving antenna element, as shown in
Figs. 4 (a), (b), and (c). In reality, three transmitted signals are
combined and received as shown in Fig. 4 (d). As described
in Fig. 3, the positions of the detected targets move along the
Doppler axis. In this study, we define targets other than actual
target as ghost targets. To extract actual targets only, an effi-
cient method capable of suppressing ghost targets occuring at
the receiving end is required.
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FIGURE 3. Doppler shifts of range-Doppler maps in the BPSK modulation:
(a) Tx 1, (b) Tx 2, and (c) Tx 3.

III. PROPOSED GHOST TARGET SUPPRESSION METHOD
A. IDENTIFICATION OF GHOST TARGETS
First, we propose a method of extracting only ghost targets
from the receiving end. Unlike previous studies, we use
NT + 1 codes for the BPSK modulation, which means the
number of cq(t) becomes NT + 1, not NT . The transmit end
uses the 1st to NT -th codes, and the last (NT + 1)-th code is
used by the receiving end. If zr [n, p] is multiplied with the
proposed code ejcNT+1(t), the decoded received signal can be
expressed as

z̃r [n, p] = zr [n, p] × ejcNT+1(t). (11)

When the received signal is decoded by the proposed
method, the Doppler shift occurs due to the code multiplied
at the receiving end, as shown in Fig. 5. Therefore, the
actual target information disappears and only the Doppler
shifted signals remain. In other words, the signal components
corresponding to the actual targets were removed from the
received signal and only ghost targets can be extracted by
decoding the received signal with the proposed code. For
example, the result of decoding the received signal with the
proposed method for the target detection result in Fig. 4 (d)
is shown in Fig. 6. At the receiving end, a code c4(t), which
is orthogonal to c1(t), c2(t), and c3(t), is used as shown in
Fig. 1 (b). As shown in the figure, when the code c4(t) is
multiplied by the received signal, only the information of the
actual targets disappears from the range-Doppler map.

B. EXTRACTION OF ACTUAL TARGETS
Using the proposed decoding method in III-A, only ghost
targets can be identified in the range-Doppler map. Then,
to extract only real targets from the range-Doppler mapwhere
the ghost and real targets exist at the same time, a method
of subtracting the two signals is proposed. In other words,
by using the signals of (10) and (11), only desired target

FIGURE 4. Range-Doppler maps in the BPSK-based MIMO FMCW radar
system with 0 dB and 30 dB SNR valus: when the signal transmitted from
the (a) Tx 1, (b) Tx 2, (c) Tx 3, and (d) all transmit antenna elements.

information can be extracted, which can be expressed as

dr [n, p] = |zr [n, p]| − δ|z̃r [n, p]|, (12)

where δ is a constant for correcting the signal strength
between two signals, zr [n, p] and z̃r [n, p]. When the max-
imum value of the peaks shown in zr [n, p] including the
real and ghost targets is denoted as zr,max and the minimum
value of the peaks shown in z̃r [n, p] from which only ghost
targets are extracted by multiplying the code is denoted as
z̃r,min, δ is set to zr,max/z̃r,min. Finally, as shown in Fig. 7,
all ghost targets have been removed through the proposed
method and only information on real targets remains in the
range-Doppler map. As shown in the simulation results, the
proposed method was well applied at various signal-to-noise
ratio (SNR) values.

C. PERFORMANCE COMPARISON WITH TDM-BASED
MIMO FMCW RADAR SYSTEM
In this section, we compare the target detection performance
of the proposed method with that of the TDM-based MIMO
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FIGURE 5. Doppler shifts of range-Doppler maps with the proposed code
in the BPSK modulation: (a) Tx 1, (b) Tx 2, and (c) Tx 3.

FIGURE 6. Range-Doppler maps after multiplying the code at the
receiving end: when the SNR value is (a) 0 dB and (b) 30 dB.

FMCW radar system. Both BPSK-based and the TDM-based
MIMO FMCW radar systems share the same system param-
eter values given in Table 1. The signals transmitted in both
methods are shown in Fig. 8. The main differences between
the two transmission methods are summarized as follows.
In the BPSK-based MIMO FMCW radar, Nc chirps are trans-
mitted from all NT antenna elements at the same time. On the
other hand, in the TDM-basedMIMO FMCW radar, a total of
Nc chirps are transmitted alternately on a total of NT antenna
elements, as shown in the figure.

Fig. 9 shows the range-Doppler maps in the TDM-based
MIMO FMCW radar system and the BPSK-based MIMO
FMCW radar system with the proposed decoding method.
As shown in Figs. 9 (a) and (b), the velocities of the Tar-
gets 1 and 2 are accurately estimated in both radar sys-
tems. However, the velocity of target 3 was estimated to
be −1.494 m/s instead of 5 m/s in the TDM-based MIMO

FIGURE 7. Range-Doppler maps after removing extracted ghost targets:
when the SNR value is (a) 0 dB and (b) 30 dB.

FIGURE 8. Signals used in the (a) TDM-based and (b) BPSK-based MIMO
FMCW radar systems.

FMCW radar system. In the TDM-based MIMO FMCW
radar system, the chirp duration increases in proportion to
the number of transmit antenna elements. Therefore, the
maximum detectable velocity is decreased from vmax =

λ
41t

to vmax,TDM =
λ

4NT1t [12]. Thus, the maximum detectable
velocity in the simulation decreases to 3.247m/s proportional
to NT . If the velocity without ambiguity is denoted as vunamb,
the ambiguous velocity can be expressed as vamb = vunamb +

l × vmax,TDM, where l is the integer. Thus, the velocity of
Target 3 moving at 5 m/s was estimated to be −1.494 m/s
(i.e., −1.494 = 5 − 2 × 3.247). However, when the target
was detected by the proposed decoding method in the BPSK-
based MIMO FMCW radar system, distance and velocity
information for three targets was accurately extracted in the
range-Doppler map, as shown in Fig. 9 (b). In summary,
compared to the TDM modulation scheme, the ambiguity in
the target velocity estimation disappears.
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FIGURE 9. Range-Doppler maps (a) in the TDM-based MIMO FMCW radar
system and (b) when applying the proposed decoding method in the
BPSK-based MIMO FMCW radar system.

TABLE 3. Specifications of the MIMO FMCW radar system.

TABLE 4. Target information in the measurement.

IV. PERFORMANCE EVALUATION THROUGH ACTUAL
MEASUREMENTS
A. MEASUREMENT ENVIRONMENT
In this section, the performance of the proposed method
is verified using signals obtained by an automotive radar
sensor. In the experiment, we used the MMWCAS-RF-EVM
manufactured by Texas Instruments, which is a cascade
of 4 AWR2243 MIMO FMCW radar chips [20]. This radar
system provides a function to apply the BPSK modula-
tion to the transmitted signals and also support the TDM

FIGURE 10. Target detection results on the range-Doppler maps and the
Doppler axes for the stationary target in the BPSK-based MIMO FMCW
radar system before applying the proposed decoding method.

transmission scheme. The radar sensor uses 77 GHz and
2.01 GHz as the center frequency and the bandwidth, respec-
tively. In addition, 256 chirps were used in both TDM and
BPSK modulations, and 256 time samples were obtained at
each chirp. Also, the chirp duration was set to 500 µs, so the
total frame time was 128 ms (i.e., 500 µs × 256 = 128 ms).
We set the same frame time for both TDM and BPSK modu-
lations, so that the target detection period is the same in both
cases. Moreover, the number of transmit antenna elements
and the number of receiving antenna elements used in our
measurements were 3 and 16, respectively. The specifications
of the radar sensor we used are summarized in Table 3. This
radar was used to acquire radar sensor data for stationary and
moving targets, and the information of the targets are given
in Table 4. As a target, a trihedral corner reflector made of
iron with a side length of 20 cm was used.

B. PERFORMANCE COMPARISON WITH TDM-BASED
MIMO FMCW RADAR SYSTEM
Fig. 10 shows an initial range-Doppler map for the stationary
target in the BPSK-basedMIMOFMCW radar system. In this
case, as in the simulation environment, the codes c1(t), c2(t),
c3(t), and c4(t) in Fig. 1 were used for each transmit antenna
element and the receiving end. As shown in the figure, three
ghost targets are additionally detected by the codes. Then,
the result of suppressing the ghost targets by applying the
proposed decoding method is shown in Fig. 11. As shown in
the figure, ghost targets are effectively removed even in actual
radar systems.
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FIGURE 11. Target detection results on the range-Doppler maps and the
Doppler axes for the stationary target in the BPSK-based MIMO FMCW
radar system after applying the proposed decoding method.

FIGURE 12. Target detection results on the range-Doppler maps and the
Doppler axes of the moving target in the TDM-based MIMO FMCW radar
system.

In addition, the performance of the proposed method was
verified by comparing it with that of the TDM-based MIMO
FMCW radar system. Based on the radar system of the

FIGURE 13. Target detection results on the range-Doppler maps and the
Doppler axes of the moving target in the BPSK-based MIMO FMCW radar
system with the proposed decoding method.

TABLE 5. Time duration required for detecting the target.

specifications in Table 3, the maximum detectable velocity
decreases from 1.9443m/s to 0.6481m/s in the TDMmodula-
tion. Fig. 12 shows the detection results for the moving target
in the TDM-based MIMO FMCW radar system. As given in
the Table 4, the velocity of the moving target is 0.72 m/s,
which exceeds the maximum detectable velocity of the TDM-
based MIMO FMCW radar system. Thus, the velocity of the
moving target is detected as a velocity with ambiguity beyond
the maximum detectable velocity (i.e., −0.576 = 0.72− 2×

0.6481). However, in Fig. 13, when the proposed decoding
method is used with the BPSK modulation, the velocity of
the moving target was accurately detected as 0.72 m/s.

Moreover, the times required for detecting the target were
measured for the TDM modulation, BPSK modulation, and
BPSKmodulation with the proposed ghost target suppression
method, which is shown in Table 5. This timemeans the dura-
tion taken to output the final detection result by applying the
constant false alarm rate algorithm to the received signal, and
it was computed based on the Intel (R) Core (TM) i5-11600K
processor and Samsung DDR4 16G PC4-25600. As shown
in the table, the time duration of the BPSK-based MIMO
FMCW radar system with the proposed ghost target suppres-
sion method is longer than those of conventional TDM and
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BSPK modulation schemes. Although the calculation time
is increased compared to the TDM-based MIMO FMCW
radar system, the proposed method overcomes the reduction
in the maximum detectable velocity, so it can be efficiently
applied in an environment where vehicles are moving at high
velocities.

V. CONCLUSION
In this paper, we proposed a method for identifying ghost tar-
gets and suppressing them in the BPSK-basedMIMOFMCW
radar system. At the receiving end, by using the code orthog-
onal to the codes used by the transmit antenna elements,
only ghost targets was extracted. Then, information about
the distance and velocity of the ghost targets was suppressed
by subtracting the decoded received signal from the initially
received signal. The performance of the proposedmethodwas
verified through simulations and actual signal measurements.
In the TDM-based MIMO FMCW radar system, target detec-
tion is performed in one step, whereas our proposed method
requires one more step, ghost target identification, for target
detection. However, the decrease of the maximum detectable
velocity in the TDM-based MIMO FMCW radar system
could be overcome through the proposed method, which is
the most important factor determining radar performance.
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