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ABSTRACT

The mutual interference between similar radar systems can
result in reduced radar sensitivity and increased false alarm
rates. To address the interference mitigation problems in sim-
ilar radar systems, we propose herein two slow-time coding
schemes to modulate the pulses within a coherent process-
ing interval (CPI). Specifically, the first coding scheme is de-
signed through Doppler shifting and the second is devised via
an optimization method. The proposed coding schemes are
very easy to implement in practice and the incorporation of
the coding schemes only requires slight modification of the
existing systems. Our numerical examples indicate that the
proposed coding schemes can reduce the interference power
level in a desired area of the cross-ambiguity function signif-
icantly.

Index Terms— Radar systems, mutual interference, in-
terference mitigation, slow-time coding, code optimization.

1. INTRODUCTION

In civilian radar applications, such as the automotive radar
used in vehicles [1-4] and millimeter-wave radar used in
Google’s hand gesture recognition systems [5, 6], the radar
systems massively produced on a commercial scale tend to
be quite similar, or even almost identical.

However, the increasing number of similar or identical
radar systems will result in severe mutual interferences. A
direct consequence of the mutual interference is the severe-
ly reduced radar sensitivity and increased false alarm rates.
Thus, it is vitally important to enhance the radar performance
in severe mutual interference scenarios. However, the analy-
sis of the mutual interference problem and its associated sup-
pression methods have not been widely discussed in the liter-
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ature. In [7], the author analyzed the mutual interference be-
tween frequency-modulated continuous waveforms (FMCW)
radar systems, and proposed several techniques to mitigate
the interference problem, including prepossessing and finite
impulse response (FIR) filtering. The authors in [8—10] inves-
tigated the mutual interference problems between automotive
radar systems with different types of transmissions.

In this paper, we address the mutual interference mitiga-
tion problem in similar or identical radar systems. We pro-
pose two slow-time coding schemes to reduce the interfer-
ence power level. The first coding scheme aims to shift the
Doppler frequency of the interference and separate it from the
target in the Doppler region. The second coding scheme aims
to minimize the discrete periodic cross-ambiguity function in
a desired area. We show that both methods can suppress the
mutual interferences significantly. Both approaches are low
cost and can be implemented in practical systems easily.

2. PROBLEM FORMULATION

Consider two identical radar systems operating within the
same frequency band, as shown in Fig. 1(a). We assume that
the two systems use FMCW for their transmissions (shown in
Fig. 1(b)). In addition, they have the same sweep bandwidth
and chirp duration (i.e., sweep time), denoted by B and Tepiyy,
respectively. Mathematically, the transmitted waveform s(t)
can be written as follows:

5@):§jzkmu@fnﬂmQ, (1)

where u(t) = exp(j(2rf.t + mKt?)), f. is the carrier fre-
quency, and K = B /Ty is the chirp rate.

When the two radar systems are operating simultaneously,
the received signal by one radar includes not only the target
reflections, but also the interference signal due to the trans-
mission from the other radar system. As a result, we can write
the received signal by one radar (e.g., the radar mounted on
Car 1 in Fig. 1(a)) as follows:

r(t) = yr(t) + ui(t) + w(t), 2)
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Fig. 1. Mutual interference between automotive radars. (a)
Potential source of mutual interference; (b) time-frequency
illustration of the transmit waveform, the target signal, and
the interference.

where yr(t) = ars(t — 7r) exp(j27 f4,rt) represents the tar-
get returns, o is the target amplitude, 7r denotes the (two-
way) target propagation delay, f;t is the target Doppler fre-
quency, yi(t) = aus(t — 1) exp(j2m fq1t) represents the in-
terference signal, oy is the interference amplitude, 77 is the
(one-way) delay associated with the interference, fy 1 denotes
the interference Doppler frequency, and w(t) stands for the
internal disturbance (e.g., receiver noise).

Typically, FMCW radar systems collect the received sig-
nal from NN consecutive pulses within a coherent processing
interval (CPI) for target detection and parameter estimation.
To this end, the received signal is usually conjugately mixed
with the transmitted signal to produce a low-frequency beat
signal (i.e., dechirping). As a result, the dechirped version of
r(t) for the n'" pulse is given by

T4 (t) =ar exp(j27(fp 1t + nfa1Tehinp))
+ arexp(j27(fait + nfaiTenip)) +w"(t), (3)

where fgr = K7r + far and fp1 = Km + fq1 denote
the beat frequencies corresponding to the target and the inter-
ference signal, respectively, and to lighten the notations, we
absorb the constant phase terms into «r and oy, and use w™ (t)
to denote the dechirped noise.

Denote the digital samples associated with 77, () as

r(m,n) = ar exp(j2r(fprm + farn))
+ay GXp(jQW(fB,Im + fd,m)) +w(m,n), (4)

where we use m to denote the fast-time index, f B = fB 1S
and f B1 = fB1Ts denote the normalized beat frequencies,
fd; = fa1Tehip and fdJ = fa,1Tchirp denote the normalized
Doppler frequencies, Ts = 1/ fs, fs stands for the sampling

frequency, and w(m,n) denotes the noise. Assume that M
samples are collected for each period. Then we can obtain the
range-Doppler image by applying the 2-D fast Fourier trans-
form (FFT) to r(m,n),m=1,2,---  M,n=1,2,--- /N:

RD(k,p) = arDy(fpr — k/M)Dy(fp1 — k/M)
+ OéIDM(fB,I - k/M)DN(fB,I —k/M)
+ W(k,p), (5)

where D,,(x) = sin(nmz)/sin(mz) denotes the Dirichlet
function, and W (k, p) represents the 2-D FFT of noise.

We can observe from (5) that the interference signal will
form a sharp peak in the range-Doppler image, even when the
two systems are not exactly identical. In particular, though
the interference might be attributable to the transmission from
the antenna sidelobe of one radar and reception by the antenna
sidelobe of the other, the potential interference level can still
be significantly higher than the target reflections, due to the
one-way propagation characteristic of the interference and the
direct (without reflection) blast from one’s transmission to the
other’s reception.

3. CODING SCHEMES FOR MUTUAL
INTERFERENCE MITIGATION

Transmit waveform 1

Fig. 2. The proposed coding scheme.

In this section, we propose novel coding schemes to
reduce the mutual interferences between two identical (or
similar) radar systems. As shown in Fig. 2, the proposed
scheme utilize (periodic) slow-time coding for the N con-
secutive pulses. We denote the associated coding sequences
by x = [w1, 22, ,on]T and y = [y1,y2.-- s yn]T, re-
spectively. That is to say, in the n'" pulse of a CPI, the first
radar system transmits z,u(t) and the second radar system
transmits y,u(t). Moreover, to keep constant transmit power
over the N pulses, we constrain the code sequences to be
unimodular, i.e., |z,| = |y,| =1,n=1,2,--- | N.
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With the coding scheme, the digital samples of the n'”
dechirped signal is denoted by

r’(m,n) = ar exp(j27r(fB’Tm + fd,Tn))

+ O[Ix;kz,y(n—i-l)modN exp(j27r(f3,1m + fd,ln))
+ w(m, n). (6)

Therefore, the range-Doppler image formed with the pro-
posed scheme is given by

RD(k, p) = arDar(fr — k/M)DN(fp1 — k/M)
+ Dy (fp1— k/M)vay(fd,l —p/N)
+ W(k,p), N

where rzy(f) = Zﬁle T}, Y(n+1)modn €xXp(j2mn f), which is
the periodic cross-ambiguity function of x and y.

To suppress the interference power in the range-Doppler
image, we aim at designing x and y to minimize rlmy (f) with-
in arange of interest for f. To this end, we propose two meth-
ods to design x and y in the following subsections.

3.1. Doppler-shifting Scheme

First, we propose a simple heuristic coding scheme to mitigate
the interference. The central idea of this scheme is to split the
target reflections and the interference signal in the Doppler
region. Specifically, the coding vectors x and y are given by

x=[1,1,---,1]7, ®)

-1 ,—1,1)Tif N is odd, ©)
[, -1, ,1,—1]7,if N is even.

Note thatforl = —-N +1,--- ,N — 1,

(v) _Jy, if [ is even,
Y)ntmodN =3 o e i odd.

It is easy to verify that, with (8) and (9), 74, (f) =
Dy (f + 1/2). Thus, with the proposed coding scheme, the
Doppler frequency of the interference signal is shifted to
a higher frequency area. As a result, it is possible to sep-
arate the target reflections and interference in the Doppler
dimension if | f| < 1/4.

3.2. Optimized Coding Scheme

In this subsection, we seek to optimize x and y such that
the corresponding |, (f)| has small values in a desired area.
Given that the two radar systems usually have unsynchronized
transmissions, the desired area should include all possible de-
lays. Thus, we consider the following optimization problem:

mln Zl——N+1 Z |rlp|

st |zn] =1, yn| =1L,n=1,2,--- )N, (10)

where rj, = 25:1 ThY(ntymod N€I2TP/NS denotes the
discrete periodic cross-ambiguity function of x and y (for
a related problem of synthesizing aperiodic cross-ambiguity
functions and periodic ambiguity functions, we refer to [11,
12].), N < N§,0 < P < Ny, Ny denotes the overall number
of discrete (Doppler) frequencies, and the value of P is close-
ly related to the maximum Doppler frequency of interest.
Note that 7, = xDiag(f,)C,y, where C; = CT, =

H) I%l} is a circular shift matrix, Diag(f},) is a diagonal
l
matrix with the diagonal elements f,,, and the nt" element

of f, is given by e~727"P/Ns Thus, we can reformulate the
optimization problem in (10) as follows:

mm Z Z |x" Diag(f,

—N+1p=—P
s.t. |xn|:1,|yn|:1,n:1,2,~-~,N, (11

)Ciy|?

It is easy to verify that the optimization problem in (11)
is non-convex and difficult to solve. Herein, we propose to
tackle the problem in a cyclic manner. Specifically, in the

h iteration of the cyclic optimization, we first optimize x
for fixed y*~1) and then optimize y for fixed x(). Next we
present the solution to the two subproblems involved in each
iteration. For notational simplicity, we omit the superscripts
of y(i=1) and x (¥ if this leads to no confusion.

e Optimization of x for fixed y:

The associated optimization problem can be recast as

min x7B,x, st |z,] =1,n=1,2,--- N, (12)

where

)Cyy CHDiag” (£,). (13)

Z Z Diag(f,

I=—N+1p=—P

The problem in (12) is called a (non-convex) unimodular
quadratic programming (UQP) problem. In particular, it can
be tackled with the power-method-like iterations proposed in
[13, 14] (see also in [15, 16] for the application of power-
method-like iterations in radar code optimization.). Specifi-
cally, let p,, be a positive constant to ensure D, = p,In —
B, >~ O (i.e, positive definite). It is easy to verify that the
problem in (12) can be equivalently written as:

maXXHDyx, st |zp| =1,n=1,2,--- , N. (14)
X

In the £*" (inner) iteration, we update x as follows:
x(0F) = exp(j arg(D,x“F D)), (15)

e Optimization of y for fixed x:
The optimization of y for fixed x is formulated as follows:

m}én yHB’Ly7 s.t. ‘yn| = lan = 1727 T 7N7 (16)
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where
N-1 P

B, = Z Z C{{DiagH(fp)xxHDiag(fp)Cl. a7
l=—N+1p=-P

Similarly, we can tackle the optimization problem in (16)
iteratively. Specifically, the solution in the k*" (inner) itera-
tion is given by

y = exp(jarg(Dy * 1)), (18)
where D, = u,I—B, and p, is a positive constant to ensure
D, > 0.

4. NUMERICAL EXAMPLES

Consider two identical FMCW radar systems with the same
carrier frequency of f. = 24 GHz. The bandwidth of the chirp
signal is B = 150 MHz. The sweep time is Tepipp = 50 ps.
The number of periods within a CPI is N = 256.
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Fig. 3. Discrete periodic cross-ambiguity functions. (a)
Doppler-shifting. (b) The optimized coding scheme. (c) The
zero-delay cut. N = 256. P = 200. Ny = 512.

Fig. 3(a) and Fig. 3(b) show the discrete periodic cross-
ambiguity functions associated with the Doppler-shifting, and
the optimized codes, respectively, where P = 200 and Ny =
512 (which implies that the maximum Doppler frequency of
interest should be lower than 3906.25 Hz, corresponding to
the maximum relative radial velocity to be 87.9 km/h), and we
initialize our algorithm with randomly generated codes (for x
and y, respectively,) in the optimized coding scheme. Fig.
3(c) compares their discrete periodic cross-ambiguity func-
tions at the zero-delay cut. We can observe that, both cod-
ing schemes achieve very low sidelobes in the desired area.
Thus, they can be used to effectively suppress the interfer-
ence. Moreover, the peak side lobe (PSL) corresponding to

the optimized codes is approximately 3.55 dB lower than that
of the Doppler-shifting, within the desired range of Doppler
frequency of interest (Interestingly, if we fix y = 1 and we
can only optimize x, we obtain similar results, which corre-
sponds to a more practical coding method, since no coordina-
tion between the two radar systems is needed.)
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Fig. 4. The range-Doppler image with and without slow-time
coding. (a) Without coding. (b) Doppler-shifting code. (c)
The optimized coding scheme.

Next we apply the coding schemes to mitigate the mutual
interference for two identical automotive radar systems oper-
ating in a typical scenario: the range of target and interference
are at 50 m and 140 m, respectively. The speeds associated
with them are 36.432 km/h and 84.42 km/h. The signal-to-
noise ratios (SNR) are 30 dB and 60 dB, respectively. The
sampling frequency is f; = 4 MHz. M = 100 samples are
collected for each period. Fig. 4(a) shows the range-Doppler
image of the scenario without slow-time coding. We can ob-
serve that, the power of the interference is much stronger than
that of the target such that false alarm happens. When our
slow-time coding schemes are applied, the interference pow-
er level is significantly reduced and the target can be easily
detected without suffering from false alarm problems.

5. CONCLUSIONS

We have proposed two slow-time coding schemes to mitigate
the mutual interference in two identical or similar FMCW
radar systems. We have presented efficient methods to con-
struct the codes. We have shown that both coding schemes
can be used to reduce the interference power level significant-
ly. We have demonstrated that the second coding scheme, ob-
tained via a cyclic optimization method, can achieve a lower
PSL than the first more intuitive coding scheme.
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