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ABSTRACT Radar signals generated from other vehicles can act as interference to ego-vehicle, which
degrades the inherent detection performance of radar. In this paper, we address an efficient solution to the
interference problem in frequency-modulated continuous wave (FMCW)-based automotive radar systems,
named geometric sequence decomposition based interference cancellation (GSD-IC). With the method of
GSD-IC, we can decompose the received signal into different non-orthogonal superposed signals, which
means the interference signal and the signal reflected from the desired target are separated. It is based
on the facts that 1) each single sampled signal can be interpreted as a geometric sequence and 2) the
useful physical features, such as the time delay and the Doppler frequency, are extracted after converting
the superposition of these geometric sequences into several transformed matrices. Through this approach,
we can achieve effective interference signal cancellation while minimizing the loss of meaningful target
information. Moreover, the proposed method does not require the generation of specific radar waveforms,
and can mitigate interference through signal processing even with existing waveforms. Numerical results
show that our algorithm outperforms existing methods in various scenarios.

INDEX TERMS Automotive frequency-modulated continuous wave (FMCW) radar, geometric sequence

decomposition (GSD), interference cancellation, joint delay and Doppler estimation.

I. INTRODUCTION

In recent years, automotive sensors for autonomous driving,
such as radar, lidar, camera, and ultrasonic sensors, are getting
attention. These sensors are mounted on the automobiles
to provide safety and convenience for the driver. Among
these sensors, the importance of the radar sensor has been
emphasized because of its robustness to the weather con-
ditions and longer detection range than other automotive
sensors [1]. As an automotive radar, frequency-modulated
continuous wave (FMCW) radars operating in the 77-81 GHz
are widely used due to the low power consumption and high
range resolution [2]. This automotive FMCW radar can be
used to estimate the exact location of the target, classify
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the types of detected targets [3], [4] and recognize road
environments [5], [6].

As the number of vehicles equipped with automotive
radar systems increases, interference between automotive
radar systems will inevitably occur [7]. When an FMCW
radar signal transmitted from another vehicle is received by
the radar of ego-vehicle, the signal acts as an interference.
If the frequency difference between the transmitted signal of
the ego-vehicle and the interference signal is smaller than
the cut-off frequency of the low-pass filter, a signal with
undesired frequency components is detected [8]. In addition,
the intensity of the interference signal is 30 dB higher than
that of the signal reflected from the desired target [9]. Thus,
the beat frequency corresponding to the desired target is
buried by interference, and the desired target may not be
detected [10]. Because missing the target can be a great
risk to the driver using automotive radar functions, such as
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adaptive cruise control and autonomous emergency braking,
an efficient method to suppress the effects of interference has
to be devised.

Several studies have been conducted to mitigate the effect
of interference between automotive FMCW radar systems.
In [11]-[16], the authors devised new waveforms or modified
existing waveforms to avoid the interference. For example,
the pseudo-noise coded FMCW radar signals [11], [12] and
the orthogonal noise waveform [13] were proposed. In addi-
tion, the frequency hopping was used with the FMCW radar
system [14] or a method of irregularly changing the sweep
time and the bandwidth of the FMCW radar signal was also
presented in [15], [16]. Moreover, research to suppress the
interference through signal processing techniques has been
proposed [9], [17]-[21] without changing the existing radar
hardware. In [9], the author eliminated the interference by
padding zeros in the interval where the interference occurred.
When the interference interval is short, interference can
be effectively suppressed without loss of the desired target
information even by the method proposed in [9]. However,
if the interval is long, the information of the target may be
erased by the zero-padding. To overcome such a problem, the
authors reconstructed the interference signal by estimating
its amplitude and phase and suppressed the interference by
subtracting it from the original received signal [17], [18].
In addition, the authors in [19] presented the signal processing
technique that can effectively suppress the mutual interfer-
ence in the time-domain received signal. Recently, a wavelet
transform-based interference cancellation technique has been
introduced in [20], and a method of mitigating interference in
transform domains where the desired signal and the interfer-
ence are effectively separated has been proposed in [21].

In this paper, as a new approach, we propose a method
to extract the interference signal itself from the received
signal. The radar signals received by the ego-vehicle includes
signals reflected from the desired target and the interferer,
and even a signal transmitted from the interferer. Those sig-
nals have different characteristics in the complex gain, time
delay, and the Doppler shift. To deal with these problems,
we propose an entirely different approach to the cancellation
of interference signal. First of all, we explore the poten-
tial of the geometric sequential representation in time and
frequency domains to pinpoint the desired and interference
signals in the FMCW radar systems. Next, we exploit the fact
that the non-orthogonally overlapped K baseband signals,
i.e., the mixture of desired and interference signals, constitute
a superposition of K geometric sequences. This mathematical
property converts the joint delay and Doppler estimation
problem in the FMCW radar systems into the extraction of the
parameters of geometric sequences from the two-dimensional
(2D) data samples.

The most notable property of geometric sequence decom-
position based interference cancellation (GSD-IC) is that it
results in the high resolution for joint delay and Doppler esti-
mation. This is because the proposed scheme directly extracts
the intrinsic information of the received signal. Acquiring the
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parameters in GSD-IC is equivalent to solving an K-th order
polynomial equation. Overall, GSD-IC significantly reduces
the joint delay and Doppler estimation error compared to
the conventional methods such as fast Fourier transform
(FFT), which is manly based on linear correlation. Unlike the
methods changing the radar waveforms in [11]-[16], we can
mitigate the interference by simple signal processing without
changing the existing radar hardware. In addition, because the
proposed interference coordination extracts the desired target
signal and the interference signal from the actual received
radar signal, it is different from the methods [17], [18] of
mathematically modeling the interference signal. Moreover,
compared to the suppression method in [19], it is not neces-
sary to set or adjust the parameter values according to each
FMCW radar system in our proposed method.

The remainder of the paper is organized as follows. First,
in Section II, we introduce the interference signal model in
the FMCW automotive radar systems. Then, the concept and
basic principles of joint estimation of delay and Doppler are
introduced in Section III. In addition, the proposed GSD-IC
method that separates the interference signal and desired tar-
get signals is presented in this section. Next, the performance
of the proposed method is verified through simulations in
Section IV. Finally, we conclude this paper in Section V.

The following symbols will be used throughout the paper:

o K € N: the number of signals.

o s € CNV*M: the k-th baseband signal.

o W e CN*M: additive noise.

¢ S:= Zszl S; + w: summation of s; with noise, i.e., the
entire received signal.

o Sy € CY*M. the n-th row of s, where n € {0,---,

N—1).
o S.m € CN*l: the m-th column of s, where m €
{0, M—1).

o ai € C: complex-valued amplitude of s.

e T4k € R: time delay of the k-th signal.

e fp.k € R: Doppler frequency of the k-th signal.

e Ry € R: relative distance between the ego-vehicle and
the target.

« V1 € R: relative velocity between the ego-vehicle and
the target.

o Rl € R: estimate of R;.

o ‘71 € R: estimate of V.

« c: speed of light.

o f¢: center frequency of the FMCW radar.

« §: time-frequency slope of the FMCW radar.

o Tsw: sweep time of the FMCW radar.

« fs: sampling frequency at the ego-vehicle.

o Rg: function of extracting of K common ratios to esti-
mate delay and Doppler information.

o Dg: function of denoising the noisy input sequence.

Il. SIGNAL MODEL IN FMCW RADAR SYSTEMS
Transmitting multiple bundles of signals whose frequency
increases linearly over a short period of time is most effective
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FIGURE 1. An illustration of the joint time and Doppler estimation based on geometric sequence decomposition.

for distance and velocity estimation among various FMCW
radar systems [22]. In this radar systems,1 s(n, m) can be
expressed as

s(n,m) =

K
Z si(n, m) + w(n, m)

k=1

K
= > arexpli2[(TaxS +fD,k)];

k=1
+foxTswm + feTq r1} + w(n, m), (D

for all n, m. Here, the Doppler frequency is very small com-
pared to the distance-related frequency, i.e., Ty xS > fpk-
Thus, sx(n, m) in (1) can be simplified as

s(n, m) =

+fpxTswm+ fcTq )} +wn,m), (2)

for all n, m. Generally in fast-ramp FMCW radar systems, the
received signal in (2) can be regarded as two-dimensional data
sampled at a sampling frequency of f; on the slow time axis
and ﬁ on a fast time axis. Thus, if a 2D FFT is applied to the
baseband signal in (2), one can extract the delay and Doppler
information of the signal from the peak point correspond to
(T4 k., fp.x) for all k [22]. This FFT-based joint delay and
Doppler estimation has been conventionally used in radar
systems. To guarantee the performance of the FFT-based

IFor simplicity, we assume a single antenna radar system.
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estimation method, a given radar signal must be sufficiently
sampled at wide intervals. If the number of sampled points is
insufficient, the estimation capability of the method is rapidly
degraded. Therefore, there is a need for an efficient estimation
method capable of having a higher resolution while supple-
menting the limitations of the FFT-based estimation method.

lll. METHODOLOGY OF GSD-IC

The objective of the FMCW radar is to obtain the accurate
delay and Doppler through the received signal. For this,
it should be possible to derive values that are as close to
{Tqx, f[),k}kK:1 as possible by processing two dimensional
data s. The following subsections will describe a new high
resolution technique for estimating {7y k., fp.k }sz1 based on
the mathematical characteristic of s, which is the geometric
sequential representation. The overall concept of joint delay
and Doppler estimation is depicted in Fig. 1.

A. GEOMETRIC SEQUENTIAL REPRESENTATION IN 2D
SAMPLES

Before describing GSD-IC, let us look at the interesting
mathematical properties of s toward the geometric sequential
representation. For this, let us have a close look at the property
of the arbitrary row and column in s; € CV*¥ Recalling
(), let s . € CM and s ., € CV*! be the n-th row
and the m-th column of s, respectively. Then, si ... can be
represented as follows:

) s
akeIZH(Tdf'ifn"rchd,k){l’ eiZﬂfD,kTSW’ ejz”ZfD,kTSW’ . } (3)
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One can notice that (3) is a geometric sequence with the

. Td,ks
initial term of age>™"h "HeTdk) and the common ratio

of &?™/oxTsw  This means that s, . can be regarded as a
non-orthogonal superposition of K number of geometric
sequences. As we know, a geometric sequence is character-
ized by two parameters: initial term and common ratio. Let
a,.I,. € CK be the vectors of initial terms and common
ratios of the geometric sequences consisting of s(#, :). In other
words,

Ty 1S —
j2m (<41 T, np(TdKS o
. = [aye! TG e d")’ R (= ntfe d,K)]’
rn,: — [ejZﬂfd,lTsw, cee, eiznfD,KTSW]' (4)

Similarly, si ., can be also represented as follows:

PR BATIHTLO (| T TR Ly (5)
Thus,
am = [Ol1€i2”(fd-1T5Wm+Ml) OlKei2rr(fD,kTswm+ﬁ'fK)
g = [ejZn T‘% 15 6‘12” T, KS ©

B. JOINT DELAY AND DOPPLER ESTIMATION

IN IDEAL CASE

In this section, we assume the ideal case which means that
w(n, m) = 0 for any n and m. As mentioned in Section III-A,
the received signal in (2) can be recognized as the sum
of geometric sequences. Thus, to decompose the interfer-
ence signal and the desired signal from the received signal,
we employ the method of geometric sequence decomposition
with K-simplexes transform (GSD-ST). The GSD-ST is a
mathematical technique for decomposing the summed geo-
metric sequences, which was proposed in [23]. The funda-
mental idea of GSD-ST is to transform an observed sequence
to multiple K-simplexes in a virtual K-dimensional space
and to correlate the volumes of the transformed simplexes.
Through the proper transformation of the observed sequence,
the method requires only 2K + 1 samples of the super-
posed sequence to completely decompose it as K individual
sequences. In addition, the required samples further reduce
to 2K if K is known a priori. Thus, the proposed GSD-IC
scheme builds on the method of GSD-ST based on the fact
that s, . and s. , are represented as the superposition of K
number of geometric sequences for all n and m. For sim-
plicity, we assume that K is known a priori. Consequently,
we will utilize the fact that any row and column of the
two-dimensional FMCW signal, s, is modeled with K geo-
metric sequences.

1) DOPPLER ESTIMATION

To estimate the Doppler frequencies of signals, we will obtain
a, . and r, . with the information of known K, based on an
arbitrary row vector s, .. According to [23], we define a [-th
vertex in the K-dimensional space, v; € CK, as follows:

Vi = [sn:(), -+ ,su. (I +K — DT, (7
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Let us construct K + 1 number of consecutive vertices,
vo, - -+, Vk as (7). Next, let X be a series of K-simplexes
whose length is K + 1, which is formed by lexicographically
combinatorial order as follows:

Ve (8)

According to Theorem 2 in [23], r,,. is equal to the roots of
the following K -th order polynomial equation:

N = {(XK(V()v 7VK—1))’ ’(XK(Vl’

K
> AR =0. ©)
1=0

Thus, the function extracting the common ratios, Rg,

is equivalent to the process of (7), (8), and (9), where P is
the length of the input sequence. This means that

ry. = RK(Sn,:)- (10)

Once 1y, . is obtained, a, . can be simply found by the follow-
ing matrix pseudo-inversion:

A, = RI:S}'E,Z’ (11)
where R, . € CKXM g the matrix constructed by .. satisfy-
ing R, .[i, j] := (rp..[i])! fori,j=0,1,2,---,and ()T is the

pseudo-inverse operation.

The extraction of the parameters fp , i.e., Doppler esti-
mation, is straightforward from r, ., and the predetermined
value of Ty . Denote fD, k 1s the estimate of fp , then it can
be represented as follows for all k:

2 Lrp,:(k)
D,k =

, 12
2n Tsw (12)

where /(-) is the phase of an complex-valued input.

2) DELAY ESTIMATION
Recalling (5) and (6), we can obtain r. ;, as follows for all m:

r'm= RK(S:,m)- (13)

Thus, delay information can be also found with the predeter-
mined value of S as follows for all k'

A fslr, m(k’ )

Taw = 2r S (14)
3) PARING BETWEEN ESTIMATED VALUES OF DELAY AND
DOPPLER
We show that the processes of obtaining {fD k}k , and
{Td k’}k’ |- However, there is no information about which
fD x is mapped to which Td r. Therefore, we will explain
how to pair between {stk}kzl and {Td’k/}k/:], i.e., how to
identify {7k, fp.x Y<_, from {fp ¢ }&_| and {T; x}&_, in this
subsection.

First, let us look at two consecutive rows in s, i.e.,
Sp,. and s,41 .. From these, we can extract {a, ., r, .} and
{an+1,:, Tny1,:} based on (9) and (11). Here, r,. and 1,1 .
are identical based on (4), which are the sources to obtain
{Vk }kK: 1> as we mentioned in Section III-B1. However, we can
find an interesting property from a, . and a,y ..
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Recalling (4), we can observe that

o Td kS | feRy
2 ; —k
an (k) = oy ),

an+],:(k) =

for all n, k. Based on this progression from a,.(k) to
a,41..(k), we can extract new estimate of 74, which can
be denoted by Tg’i - More generally, if we define afk) as

(15)

{a,,,;(k)}ilv 01, then R/ is obtained in the single common ratio
of a;(k) for all k. Thus, T’ 4. can be extracted as follows:

. /(R (a®
iy, = LLRIET). 16

Finally, we can construct the rule of pairing as follows:
k= K'Tan =Tg ) (17)

for all k. It is obvious that (17) can be applied in vice versa,
i.e., by executing the above processes starting from the con-
secutive columns in s.

4) COMPLEXITY ANALYSIS

The computational complexity of GSD-IC is O(K +
1)K?373), which is equivalent to obtaining {dem[j]};; o if
K < 4. Otherwise, eigenvalue decomposition of K-by-K
companion matrix is additionally required, i.e., eventually
O((K +2)K?373) [24]. This is because the major computation
of GSD-SCE is devoted to constructing and solving (9), i.e.,
the K -th order polynomial equation. Therefore, it is extremely
efficient when K < 4. It is noteworthy that the complexity of
GSD-IC is free from the dimension of the observed signal,
only dependent on K. This is a clear difference from the
conventional methods, which are inevitably dependent on the
dimension of observations.

C. DENOISING PROCESS IN NOISY CASE

We will introduce the methods of denoising and error sup-
pression as a pre- and post-process, respectively, of delay and
Doppler estimation. In the previous section, we have assumed
that the observation of s is flawless. However, the observed
2D data may be prone to noise particularly in automotive
radar systems. Thus, we present the practical ways of miti-
gating errors in s in this section. To model this, we assume
that w(n, m) follows the complex Gaussian distribution for
any n and m.

1) VECTOR-WISE DENOISING: ITERATIVE TRUNCATED SVD
The fundamental approach of the de-noising process is to
utilize more samples than the minimum requirement, i.e.,
to consider N, M > 2K.

First, let us focus a row vector of s, i.e., s, .. Here, s, . is
an index-wise correlated sequence with 2K parameters, i.e.,
K -pairs of initial term and common ratio, of interest, whereas
wy,. is a sequence of random variables. We focus on the fact
that s has K number of non-identical bases. Further, each
basis is made by only one parameter, i.e., the common ratio,
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from the nature of the geometric sequence. From this perspec-
tive, the de-noising of s, . can be handled by suppressing the
number of bases for s, . to K. Thus, we utilize the iterative
K-truncated singular value decomposition (SVD) for only
taking the K largest singular values and their corresponding
vectors.

From this, the denoising function Dk (-) can be the follow-
ing process (where b,, € CF is an arbitrary sequence.):

i) Make a matrix, Q € CP>*®=PitD) where P, = |24 |

from b,, satisfying the condition:

Q@ )) == by +)), (18)

where i,j € {0, 1, ---}.
ii) Execute the K-truncated SVD of Q.
iii) Reconstruct Q using the K-tuples of singular values and
vectors.
iv) Transform Q onto a new b,, by averaging the values with
the same index, i.e.
b (D} = 1 > Qen.n)., stm+n=1 (19
q n,m
where g = [ + 1 if ] < Py, and g = P — [ otherwise.
v) Repeat the above four-step process with the stopping

criterion € until b,, converges to the fixed sequence
denoted by b}

The process of Dk () is equivalent to making the bases of Q
for both row space and column space identical to each other,
aiming to minimize the number of parameters in b,,. Using
this denoising function Dk (-), we can obtain the denoised
sequences, s, . and s*,, as follows:

SZ,; = DK(Sn,:)

for all n, m.

and s’ = Dg(s. m). (20)

2) PARAMETER-WISE ERROR SUPPRESSION AND PAIRING
Let {Té"}(),}k, | denotes the output of (14) after obtaining
r. (k") from Ry (s* ) for all m. Naturally, we can obtain the
final form of the estimated delay as follows:
| M=l
Taw=1: D T30 @1)
m=0
for all £’

In addition, let {f}, £ }kK | denotes the output of (12) after
obtaining r,.(k) from Rk (s} .) for all n. Here, we can also
obtain the final form of the estimated Doppler frequency as
follows:

fox = Z o (22)
for all k.

For the pairing between the estimated delay and Doppler,
(16) can be reformulated as follows due to the noisy samples:

. fLR(Di(@* ))»

Thp= 7S (23)

VOLUME 10, 2022



W.-H. Lee, S. Lee: GSD-IC in Automotive Radar Systems

IEEE Access

Here, (17) is also reformulated as follows:
k = argmin |Ty p — f‘(;’kl, (24)
k/
for all k, k’. Again, it is obvious that this process can be

applied vice versa. Algorithm 1 depicts the procedure of
obtaining {fp «, Td’k}kK:1 from s.

Algorithm 1 Procedure of Obtaining {fD, i fd’ k}sz 1

i) Set the 2-D observed sequence, s := Zszl Sk + W.
[Phase 1: Denoising s]

ii) Denoise s, ; and s. , as s;, . and ¥, , respectively, based

on (20) for all n, m.
[Phase 2: Estimating K pairs of Doppler and delay]

iii) Obtain {]?D,k}kK:1 based on (10), (12), and (22).

iv) Obtain {fd,k’}gzl based on (13), (14), and (21).
[Phase 3: Paring between {fD,k}f=1 and {f"d,k/}kK,zl]

v) Match fp ;. and T, - based on (23) and (24) for all k, k'.

D. GSD-IC: APPLICATION OF GSD-ST IN FMICW RADAR
SYSTEMS

Until now, we have explained how to extract {Vk, f?k}le
from s based on the method of GSD-ST. In this section,
we will introduce GSD-IC in an environment where desired
and interference signals are mixed. Here, we formulate the
received signal model for the presence of interference signal.
As shown in Fig. 2, there are three types of received signals:

1) si(n,m): the radar signal transmitted from the
ego-vehicle is reflected from the target vehicle and
received back to the radar of ego-vehicle.

2) sp(n,m): the radar signal transmitted from the
ego-vehicle is reflected from the interferer and received
back to the radar of ego-vehicle.

3) s3(n, m): the radar signal transmitted from the interferer
is directly received by the radar of the ego-vehicle.

Interferer -
s;(m,n) /

Ego-vehicle . E

FIGURE 2. An example of the interference situation.

Desired target
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TABLE 1. Parameter settings.

Radar parameter Value
The number of simulations 3000
Center frequency 76.5 GHz
Operating bandwidth 500 MHz
Sweep time 50 ms
Time-frequency slope 101052
Sampling frequency 13 MHz
Sampling interval 77 ms

Distance to the target
Velocity of the target
Distance to the interferer
Velocity of the interferer

Uniform(0, 200) m
Uniform(0, 20) m/s
Uniform(0, 200) m
Uniform(—20, 0) m/s

Here, an important observation in GSD-IC is that f; » has
the same value for f; 3, because both of these parameters
are the Doppler frequencies caused by the relative velocity
between the ego-vehicle and the interferer. In other words,
even if the number of received signals is three, s., for
all m consists of two geometric sequences. Based on the
Algorithm 1, the functions of D, and R, are used to estimate
the Doppler frequencies and those of D3 and Rj3 are used
to estimate the time delays. In addition, we can separate the
desired and interference signal by excluding the signals hav-
ing the almost similar Doppler frequencies. Finally, we can
obtain the estimate of velocity and distance of the target, i.e.,
\71 and IA€1 , as follows:

A~

P = do1 (25)
fe
and
R T,
R]:C;J. (26)

IV. PERFORMANCE ANALYSIS

A. SIMULATION SET-UP

In the simulation, we set the values of the parameters as
shown in Table 1, which are generally used in automotive
radar systems [25]. It is assumed that the ego-vehicle and
the interferer use the same FMCW radar system. Therefore,
most of the parameters are the same, but only the velocity of
the interferer has a negative value because it is assumed that
the interference source is running from the opposite lane. For
a performance comparison, we select two schemes: the FFT
method for peak detection (Baseline 1) [22] and the inverse
raised cosine window method (Baseline 2) [26].

B. AN EXAMPLE OF COMPARISON OF DISTANCE AND
VELOCITY ESTIMATION RESULTS

Fig. 3 shows an example of the target distance-velocity esti-
mation result. The observed signal, desired target signal, and
interference signal are shown in Fig. 3 (a), (b), and (c), respec-
tively. In this experiment, we set the signal-to-interference
ratio (SIR) and the signal-to-noise ratio (SNR) to —20 dB and
25 dB, respectively. Fig. 3 (d) shows the estimated distance
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FIGURE 3. An example of a range-Doppler map (SIR = —20 dB and SNR = 25 dB).
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FIGURE 4. Comparison of estimation error according to SIR.

and velocity information of the desired target when the pro-
posed GSD-IC is applied. When comparing the results with
Fig. 3 (b), the target information exists at almost the same
position in the distance-velocity plane. However, from the
detection results of Baselines 1 and 2 (i.e., Figs. 3 (e) and (f)),
only information on the distance and velocity of the interferer
is extracted. In other words, the target information could
not be accurately extracted due to the dominant interference
signal in Baselines 1 and 2.

C. ESTIMATION ERROR ACCORDING TO
INTERFERENCE LEVEL

First, the errors in the distance and velocity estimation were
evaluated, while changing the SIR from —40 to —10 dB.
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In this simulation, we calculated estimation errors for two
different SNR values (i.e., 10 and 25 dB), as shown in Fig. 4.
As the SNR increases, the estimation error of the proposed
method is significantly smaller than that of the FFT-based
estimation method. In addition, even if the SNR becomes
higher, the distance and velocity estimation error of the con-
ventional method has not been lowered below a certain level.

However, the error of the proposed method converged to zero
at high SNR.

D. ESTIMATION ERROR ACCORDING TO NOISE LEVEL

In the next simulation, we evaluated the distance and velocity
estimation performance by changing the SNR from —10 to
30 dB, as shown in Fig. 5. In this case, errors in the distance
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FIGURE 6. Comparison of estimation error according to N (SNR = 25dB).

and velocity estimation were calculated for two different SIR
values: —15 and —40 dB. As the SIR value increases, the
performance difference between the FFT-based method and
the proposed GSD-IC method becomes more pronounced.
In addition, the proposed method shows excellent estimation
performance at high SNR values.

E. ESTIMATION ERROR ACCORDING TO THE NUMBER OF
2D SAMPLES

Here, we verified the performance of the proposed method
by changing the number of samples N. In this simulation, the
SNR value was fixed at 25 dB, and the distance and velocity
estimation errors were calculated for the two different SIR
values: —15 and —40 dB. Naturally, the estimation accuracy
tends to increase when more samples are used for the distance
and velocity estimation, which is shown in Fig. 6. In this
case as well, when the SIR is high, the performance of the
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proposed method is clearly distinguished from that of the
conventional method.

F. ESTIMATION ERROR ACCORDING TO THE NUMBER

OF TARGETS AND INTERFERERS

Finally, we examine the effect of the number of targets and
interferers. As shown in Fig. 7, the proposed method shows
much lower estimation errors compared to other Baselines for
all cases where the SIR is —15 dB or —40 dB. In addition,
even if the number of targets increases, GSD-IC estimates the
distance and velocity information of the target with low errors
than Baseline 1 and 2.

Although GSD-IC generally performs better than other
methods, it is sensitive to the increase in the number of
interferers. For example, in the SIR —15dB situation in Fig. 8
(b) (in this case, K = 9), Baseline 2 shows slightly better
performance than our proposed technique. This is because
numerical errors may occur when (9) is solved. A closed
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FIGURE 7. Comparison of estimation error according to the number of targets (SNR = 25dB).
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FIGURE 8. Comparison of estimation error according to the number of interferers (SNR = 25dB).

form solution for (9) exists for lower values of K (such as
K < 4), whereas the performance of supplementary algo-
rithms (such as denoising) play an important role in the
accuracy of GSD-IC when K > 4.

V. CONCLUSION

In this paper, we proposed a new high-resolution technique
for interference cancellation in automotive radar systems,
namely GSD-IC method. First, we showed that the geomet-
ric sequential representation of the received FMCW signal
in 2D samples. Second, we proposed how the delay and
Doppler can be jointly estimated based on the geometric
sequential analysis in the ideal case and the noisy case. Third,
we formulated the mathematical model in which a signal
reflected from the desired target a interference signal trans-
mitted from another vehicle’s radar were combined. Then,
by applying the GSD-IC to the superposed signal, we esti-
mated the amplitude, time delay, and Doppler frequency of
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each signal. In other words, we could effectively separate
the given signal into multiple signals and remove only the
interference signal. The proposed GSD-IC method has an
advantage that it does not require additional hardware to
generate radar waveforms to avoid interference. Furthermore,
we believe that the proposed scheme can be extended to
the more complex scenarios such as the environments where
several vehicles causing interference exist. Combining our
developed algorithm with real data also remains an important
further research.
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