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Abstract

Mutual interference between different radar waveforms used in automotive radar appli-
cations is studied. The existing interference analysis is extended to a generalised radar-to-
radar interference equation that covers most of the common interference scenarios for
automotive radar systems. The outcome of the generalised equation is demonstrated for a
number of typical scenarios where radars with different continuously transmitting
waveforms are involved. The proposed equation can be used to characterise the received
interference and its features by analysing the instantaneous beat frequency of the victim
radar. Moreover, an interference analysis of phase-coded frequency-modulated contin-
uous waveforms is performed and demonstrated experimentally by using real-time
automotive radars for the first time in the literature. The experimental results corrobo-
rate the interference analysis of different waveforms and validate the proposed gener-
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1 | INTRODUCTION

Radar systems are widely used in defence, meteorology, surveil-
lance, medicine and automotive systems. The increasing number
of radars on the roads raises safety concerns regarding radar-to-
radar interference in automotive systems [1]. Multiple radars
operating simultaneously within the same frequency bandwidth
cause mutual interference [2]. In general, there are three types of
interference: (1) self-interference, caused by a strong return signal
reflected by the platform (the radome or the bumper) or the
coupling (spill-over) effect between transmitter and receiver; (2)
cross-interference caused by multiple transceivers on the same
vehicle, or within the same transceiver such as with a multiple
input multiple output (MIMO) system; and (3) interference
caused by other radars in the vicinity [3]. Interference of any kind
downgrades the detection capability and functionality of the radar
system that is being interfered with, known as the ‘victim radar’
[3-6]. Consequently, various studies have been conducted on
mitigating interference, using approaches with different pro-
cessing costs and hardware complexity [7—10]. However, the
structure of the interference varies according to the radar

alised interference equation under various conditions.

automotive radar, phase coding, radar interference, waveform analysis

waveform type. Therefore, it is important to analyse different
interference scenarios for various modulation schemes.

The frequency-modulated continuous waveform (FMCW)
has been one of the most often used modulation schemes for
automotive radar application in the past few decades [3]. This
modulation scheme transmits continuous waveforms that have
lineatly changing frequencies. One of the main advantages of
FMCW is stretch processing (also known as dechirping or
deramping) to reduce the waveform sampling requirements of
the radar receiver. During the dechirping process, the received
and transmitted signals are mixed and low-pass filtered (LPF) to
obtain a baseband signal. The frequency of the baseband signal
(beat signal) contains information on the range and velocity of
the targets [11]. For the traditional FMCW radar, bursts with
different pulse repetition frequencies (PRF) are used to cope
with ambiguities and to discriminate between multiple targets
[12]. Modern radars use chirp sequencing, which allows for the
processing of range and Doppler information by using a two-
dimensional Fourier transform [13].

Another well-known modulation scheme is the phase-
modulated continuous waveform (PMCW). In the PMCW,
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the transmitted signal is modulated by changing the phase of
the waveform. This phase change is controlled by a code
sequence, and for that reason the phase modulation is also
called phase coding (PC) or pseudo-noise (PN) sequencing
[14]. The received signal is down-converted to the baseband,
and the baseband signal is correlated with the complex con-
jugate of the transmitted code sequence [15]. Several code
families have been studied in the literature, including binary
code sequences [16] and poly-phase codes [17-19]. Depending
on the code selection and design, low cross-correlation and
low-range side lobes can be achieved [20]. The optimal code
selection varies with the requirement of the application.

Recently, there has been growing interest in the phase-coded
frequency-modulated continuous waveform (PC-FMCW) radar
[21-23]. The idea of using phase coding for FMCW enables
radar-communication (RadCom) coexistence [24]. Moreover,
the PC-FMCW enhances mutual orthogonality between wave-
forms and can be used for interference mitigation [25]. In [21],
the PC-FMCW signal is processed by the matched filter, where
the received signal is convolved with the complex conjugate of
the transmitted signal. However, the traditional matched filtering
operation in the digital domain requires a high sampling rate
from the receiver since the full bandwidth of the transmitted
signal is needed. Thus, it is difficult to realise a matched filtering
strategy given the limited hardware and processing power of
automotive radars that have a chirp bandwidth of maximally
4 GHz. Instead of matched filtering, the dechirping and
decoding strategy is therefore adapted for the PC-FMCW radar
to decrease the sampling requirement of the receiver. This
dechirping and decoding strategy requires the alignment of beat
signals in order to achieve proper decoding. Alignment of the
beat signals is achieved by using an ideal group delay filter in
[25, 206]. After decoding, the beat signals obtained are similar to
conventional FMCW and hence the target information can be
extracted by applying spectral estimation techniques.

In this article we focus on mutual interference between the
victim radar and the interfering sensor with various types of
continuous waveform. The automotive radar interference of
different radar waveforms is investigated analytically. We derive
a generalised radar-to-radar interference equation to describe
the appearance of the interference at the beat (intermediate)
frequency. The derived equation converges to some specific
cases in the literature and additionally it includes interference
analysis of phase-coded waveforms. We consider the PC-
FMCW radar as a general case and investigate the instanta-
neous beat frequency of the victim radar to understand the
features of the interference. Consequently, the different inter-
ference types can be directly obtained and adequately simulated
by using the proposed equation. Thus, the outcome of this
equation allows for a detailed analysis regarding the impacts of
different interference types on target detection. In addition, the
experiments are conducted by using the commercially available
off-the-shelf automotive radar transceivers and the experi-
mental verification of the proposed generalised interference
equation is demonstrated for different scenarios.

The rest of the study is organised as follows. Section 2
gives useful background information and describes the signal

models for the waveforms. Section 3 presents the convergence
of the generalised interference equation with other studies in
the literature. Section 4 provides verification of the experi-
ments and discusses the utilisation of the proposed equation,
while Section 5 offers further discussion on some of the
relevant topics. Finally, Section 6 highlights the concluding
remarks.

2 | BACKGROUND AND SIGNAL
MODEL

This section describes the signal models for common auto-
motive radar waveforms (as illustrated in Figure 1) and in-
troduces the generalised radar-to-radar interference equation
for those waveforms.

The transmitted signal for continuous waveform (CW)
radar can be represented as:

Xienlt) = V/Prexp 2t ), (1)

where P, is the power of the transmitted signal and f. is the
carrier frequency. The transmitted signal for FMCW can be
represented as:

Xipyow (£) = V/ Prexp (j27r (fct + %kt2)> , (2)

where k is the slope of the linear frequency modulated wave-
form and is equal to the ratio of bandwidth and sweep dura-
tion, described as & = B/T. The transmitted signal for PMCW
can be represented as:

Sipien (8) = () Presp (2, (3)

where ¢,(f) is a single period of a transmitted phase code.
Note that the phase code can also be written as a phase term
inside the exponent. Since we would like to generalise the
equation, we prefer to keep the phase coding term as a
separate signal component. In PC-FMCW radar [25], both
the frequency and phase of the transmitted signal change
over time. The transmitted signal for a phase-coded FMCW
radar can be written as:

0 =)V Prosp(jom (fe 342 )

For simplicity we represent the coding signal mathemati-
cally by using a phase term, as follows:

L, iy
al(t) =Y e (%) (5)

where L, is the number of chips within one sweep, T, is the
single-chip duration, calculated as 7, = T/L, and ¢,, denotes
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FIGURE 1 [Illustration of the real part of typical radar waveforms. (a) Continuous waveform signal. (b) Frequency-modulated continuous waveform signal.
(c) Binary phase code (baseband binary phase shift keying signal). (d) Phase-modulated continuous waveform signal. (¢) Phase-coded frequency-modulated

continuous waveform signal

the phase corresponding to the 7th bit of the L, bit sequence.
Then, to realise a binary phase shift keying (BPSK), which is
the current technology in automotive radars [27], the phase
term spans ¢,, € {0, 7}.

The received signal reflected from the target can be written as:

Lo . t—t—(n—1/2)T,
xrmrget(t) =V Pmrget ngl e/¢n rect( 7—;’ -

(6)
X exp <j27r(fc(t -7)+ %/e(t - 7)2)),

where 7 is the time delay between the victim radar and the
target. The constant phase term due to the scattering coeffi-
cient from target is omitted in the derivation for simplicity. If
we assume the received interference is also PC-FMCW, it can
be written as:

t—Tim — (n—1/2)T,
T,

L, .
X, (8) = V/Pins > e’¢"rect<
n=1

. 1 5
X exp <]27T(ﬁint(t = Tint) + Ekint(t — Tint) )> )
(7)
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where 7, is the time delay between the victim and interfering
radats, fcl-m is the carrier frequency, k;, is the slope, Ly, is the
number of chips within one sweep, T, = T,,/Ly is the chip
duration and T}, is the sweep duration of the interfering radar,
respectively. Moreover, Pmrgel and P;,, are the received powets
of the target echo and the interference, respectively, and can be
obtained as:

P,G,G,}’o

(477)3R4mrgez

2
_ P zthzimGr/l int

Ptm'gez = , and P = (47T)2R2im

Here 1 is the wavelength, G, is the gain of the
transmitting antenna, and G, is the gain of the receiving
antenna for the victim radar. Similatly, 4;,, is the wave-
length, P, is the transmitting power, and G, is the gain
of the transmitting antenna for the interferer radar. The o

int

is the radar cross-section of the target, and R and Rjy,
are the range of target and interferer radar, respectively. It
should be noted that the power of interference is inversely
proportional to the interference range, shown as P, °<Ri_n2t»
while the target echo is inversely proportional with target
z_;:ge[. This may lead to the
reception of a strong interferer signal that can mask the

range, described as Py x R

weak target echos.
The received signal in the victim radar, which includes the
interfering signal, can be represented as:

X () = X0 (8) + %1, (2)- (8)

In this study we use complex signals representation for
ease of mathematical manipulations and we assume a complex
mixer is used. Note that the real signal representation should
be used for a real heterodyne receiver. The received signal is
mixed with the complex conjugate of uncoded transmitting
signal for the dechirping process. The (complex) mixer output
can be written as:

xm(t) = xytmget(t)xzuc(t)* + xn’m(t)xtm(t)* (9)
= xmtmget(t) + Xy (£),
where the uncoded transmitting signal is equal to the FMCW
[25] and can be represented as x;, (¢) = Xy, (£). In addition,
* denotes the complex conjugate. The mixer output consists of
two components, namely the target and the interference.
Explicitly, the target component can be obtained as:

x7mrgel (t)xfm(t) :

L

“ —t—(n—-1/2
/Pmmgazeﬂp”rect (t T (7; / )7;>

n=1 a

X exp( — 2 (fer + ket — ;krz)),

xmLﬂ‘/geL (t) =

(10)

where Py, = PrargerPr- Instantaneous spectrum can be used
to determine the range of the target or the frequency of the
interfering signal. If the instantaneous spectrum has a
continuous part, it indicates either phase jumps caused by
phase coding of the signal as the instantaneous frequency is a
derivative of the signal phase [13] or reception of the spread-
spectrum interfering signal. Thus, the instantaneous fre-
quency spectrum provides additional information about the
signal features, which cannot be observed in time-domain
representation and it can be used to characterise the signal
waveform. The phase of the mixer output related to the target
echo is obtained as:

1
B (6) =2 (fir kst = 52 ) 4 4 0, (11)
where

L,
Prara (1) = Z prect (t - (’;_ 1/2)7;> (12)
n=1 P

Then, the instantaneous frequency of the mixer output of
the target echo can be written as (see Appendix for details):

1 d
ﬁmrget(t) = E Eqsm;mga( )
1 1 d
= (=2 (k7)) + P %f/’mm(t) (13)
L,
=kt Y (B = )3l = 7= )

n=1
Similarly, the interference part is equal to:
X (2) = %, (£)%0,.(£)
n=1 b
X CXP( —jZT(t(ﬂ _fc,'m + RintTint) +fci,,ﬂ'im

1, 1 1
472 (Ek - Ekim) - ékinﬂfnt)) J

(14)

where P,,, = P;j,,P,. The phase of the mixer output related to
the received interference is obtained as:

G, (1) = _27T(t(fc = feine t RintTint) + fejiTime

1
~ ) = i) (15)

+ ¢inzmd€ ( [) ’
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where

Ly
t =Ty — (n—1/2)T,
Pint (1) = Y Pyrect ‘ (Tb /2T, (16)
n=1

Subsequently, the instantaneous frequency of the mixer
output of received interference can be obtained as (see Ap-
pendix for details):

1 d
fie(t) = e E¢mim(t)

= t(/eint - k) + (/[Cim _fC - kimTim)

1 d
Z %¢intwde(t) (17)
= t(kine = &) + (fejn, = fo = RimiTint)
1 &
tor D (Boii = D,)8(t = Tine — nT;).
™ n=1

Finally, the mixer output in the victim radat can be recast

3 (= P50 (11, (0))

+ Pmmcxp (]'d’m,-m(t)) ’

as:

(18)

and the instantaneous frequency of the mixer output equals to
the derivative of the phase terms in Equation (18) and it
consists of ﬁmrget(t) and f;, (¢), shown as:

Jin(8) 2 i (8), £ ()} (19)

whete B 2 A denotes ‘B is a supetset of A”.

It is important to note that the time-domain representation
of the mixer output alone does not demonstrate all features of
the interference. The interference appearance at the beat fre-
quency is related to the waveform parameters and can be
observed in time-frequency analysis (instantaneous frequency
signature in spectrogram). Thus, we analysed the instantaneous
frequency of the mixer output and mathematically modelled the
signals at the victim radar. The instantaneous frequency of the
mixer output on the victim radar depends on the difference
between chirp slopes for a given time, described as £(k;,, — k),
plus the difference between carrier frequencies (f;;,, — fc) minus
the corresponding beat frequencies for both the target echo and
the interference, illustrated as — k;,,,T;,; — k7, plus 2 summation
of Dirac deltas due to the immediate phase changes.

Here, Equations (18) and (19) represent the generalised
radar-to-radar interference equation and its instantaneous fre-
quency, respectively. The target and the interference response
on the victim radar for different waveforms can be obtained
using the proposed generalised radar-to-radar interference
equation by setting the variables (L,, &, L;, and k;,,) as defined
in Table 1.

TABLE 1 Different waveform scenarios
Victim Interference L, k L, kin:
CwW CwW =0 =0 =0 =0
CwW FMCW =0 =0 =0 #0
CwW PMCW =0 =0 #0 =0
CW PC-FMCW =0 =0 #0 #0
FMCW CW =0 #0 =0 =0
FMCW FMCW =0 #0 =0 #0
FMCW PMCW =0 #0 #0 =0
FMCW PC-FMCW =0 #0 #0 £0
PMCW CwW #0 =0 =0 =0
PMCW FMCW #0 =0 =0 #0
PMCW PMCW #0 =0 #0 =0
PMCW PC-FMCW #0 =0 #0 #0
PC-FMCW CwW #0 #0 =0 =0
PC-FMCW FMCW #0 #0 =0 #0
PC-FMCW PMCW #0 #0 #0 =0
PC-FMCW PC-FMCW #0 #0 #0 #0

Abbreviations: CW, continuous waveform; FMCW) frequency-modulated continuous
waveform; PC-FMCW; phase-coded frequency-modulated continuous waveform; and
PMCW, phase-modulated continuous waveform.

3 | CONVERGENCE OF THE
GENERALISED INTERFERENCE
EQUATION

In this section, the convergence of the generalised radar-to-
radar interference equation is explained. Various waveforms
are used in automotive radar applications. Different kinds of
interference types, therefore, can be observed under various
radar setups. The generalised radar-to-radar interference
equation covers all the scenarios given in Table 1 and can
be applied to particular cases. Consequently, the proposed
equation can be used to model and simulate interference on
the victim radar. To illustrate the effectiveness of the
generalised radar-to-radar interference equation, we consider
the following most common scenarios for automotive
radars.

3.1 | FMCW radar versus FMCW interferer
Assume both the victim and interferer radars use FMCW. As
most automotive radars use FMCW, this scenario is very
common on the road. Thus, various interference mitigation
methods have been studied for this scenario, such as [28-30].
Following Table 1, set L, = 0, k # 0, L, = 0 and k;,,; # 0 in
Equations (18) and (19) to achieve the FMCW radar versus
FMCW interferer case. The mixer output on the victim radar
becomes:
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Xm(t) = /P exp( — j2m (for + ket — %/@Tz))

+ Pmintexp( —j2m cintTint

(20)
+ t(fc _fcz‘m =+ kintTint)
1 1 1
+7 (Ek - zkint) - E/einzflgm))7
and its instantaneous frequency consists of:

ﬁm(t) 2 {ﬂmrgﬂt(t)’ﬁim(t)}7 (213)
ﬁlm’geL(t) = _kT’ (Zlb)
Jiind(8) = t(kine — k) + (fejn, = J¢) = RimiTine. (21c)

Note that the results are the same as those given in
[31-33].

In Figure 2, the instantaneous frequency of the mixer
output for the FMCW victim radar is simulated by using
the derived equation in cases of FMCW versus FMCW.
We chose interference parameters with different chirp
slopes, and delays, such that the
captured interference leads to the “V-shape’. Here the
(feie —f2) and the — Ry Tip terms determine the starting
point of the captured interference, while the thin, — k)
term controls the slope of the “V-shape’ and the wider or
narrower interference shape can be observed depending on
this term. In addition, the — kr term is the beat signal
induced by the target; it is illustrated with the blue colour
in Figure 2.

carrier frequencies

3.2 | FMCW radar versus CW interferer

We can realise this scenatio by choosing L, =0,k # 0, L, =0
and k;,; = 0 in Equations (18) and (19). The mixer output on
the victim radar becomes:

Xm(t) = /P exp( — j2m (fer + bzt — %krz))

+ Pmimexp(—jZ‘lr ciniTint (22)
Filfe =)+ 555)),
and its instantaneous frequency consists of:
[ 2 i (0). 13, (D)} (232)
Jiuaga (1) = =k, (23b)
i) = t(=F) + (fejne = fo)- (23¢)

3.3 | PMCW radar versus PMCW interferer
The phase-modulated continuous waveform is usually used for
communication purposes [32]. In addition, it may provide
possible improvement against interference [34, 35]. Therefore,
it has been used in automotive radars in particular cases. It is
possible to investigate such a scenatio by allowing L, # 0,
k=0, L,+# 0and k;,, = 0 [Equations (18) and (19)]. The mixer
output on the victim radar becomes:

Xm (t) =V Pmtmgetexp(_jzﬂ-(ﬂ + ¢mrwd8( ))
+ v/ P exp (= 727 (feingTim (24)
+t(ﬁ _ffim)) + ¢mtmd6( ))
and its instantaneous frequency consists of:
f;m(t) :—> {.ﬁtmget(t) 7ﬁim(t)} (259')
1
frn®) =37 3 W = 613 =5=n T, (250)

s

Normalized beat frequency, fb /f

FIGURE 2 Simulation of FMCW versus

1
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FMCW. Instantaneous frequency of the mixer 0
output for the FMCW victim radar is simulated by
using the derived equation
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ﬁint(t) = (ffint _fc)
| L (25¢)
+ . Z(¢n+1 = )8t = Tine = nTy).

n=1

3.4 | FMCW radar versus PMCW interferer

The impacts of PMCW interference on FMCW radar are
studied in [36]. In addition to that study, we can analyse the
interference features for this specific scenatio by setting

L,=0,k#0,L,+#0and k;,, = 0 [Equations (18) and (19)].

The mixer output on the victim radar becomes:
. 1,,
X (£) =, /megaexp( -2 (fcr + bt — EkT ))
+ Pmimexp( —j27r(fcl-m‘rim (26)
1
+ t(/; _fCinz) + Ektz) + d)intmde(t))v

and its instantaneous frequency consists of:

Jir(®) 2 i (). £ (D)} (272)
Jiu () = =k, (27b)
Jin(8) =1(=k) + (fei, = 1)
1 L (27¢)
+E ;((ﬁrﬂrl - ¢n)5(t — Tint — nTb)

3.5 | PC-FMCW radar versus PC-FMCW
interferer

The scenario in which PC-FMCW radar is interfered with by
another PC-FMCW can be explored by choosing L, # 0, k # 0,
L, # 0and k;,,, # 0 [Equations (18) and (19)]. The mixer output

on victim radar becomes:
%m(t) = \/Prmuexp (= 727 (fer + bzt — %/erz)
+ Brar,, (1))
+ Pmmtexp( - ]27r (f;‘inzrint

+ t(fc _fcmz + kinﬂinz)

1 1 1
+ tz (Ek - Ekint) - _kintf?m) + ¢intmd€(t))7

2
(28)
and its instantaneous frequency consists of:
[ir(8) 2 i (8) . £ ()} (29a)

La

Fr) = =R 2= (0 = 4,000t~ 2 = nT)),

n=1

(29b)

ﬁmt(t) = t(kim - k) + (fcint _fc) - kintfinz

| L (29¢)
+ g Z(¢n+l - ¢n)5(t = Tint — 717},)

n=1
3.6 | FMCW radar versus PC-FMCW
interferer
We can observe this scenario by using the generalised radar-to-
radar interference equation, letting L, = 0, & # 0, L, # 0 and

kin; # 0 [Equations (18) and (19)]. The mixer output on the
victim radar becomes:

%m(t) = \/Prpexp( = j2m (for + ket — %/erz))

+ VP exp (= 127 (fein i

+ t(ff _ffim + kinzfz‘nt)

1 1 1
+7 (Ek - Ekint) - _/eimTzan) + ¢intwde(t))a

2
(30)
and its instantaneous frequency consists of:

f;m(t) :—) imrgct(t) 7ﬁint(t)}7 (312')

ﬁtavgﬁt(t) = _kT7 (31b)

ﬁmt(t) = t(kint - /e) + (fcinz _ff) - kintfint
1 Ly (31C)
+ o ;(¢n+1 = $,)0(t = Tine — nTy).

In Figure 3 the instantaneous frequency of the mixer
output for the FMCW victim radar is simulated by using the
derived equation in the case of FMCW versus PC-FMCW.
For ease of comparison, we used the same interference pa-
rameters that we selected in the FMCW versus FMCW case.
As a result, the t(k;,, — k) term causes the V-shape’ for the
captured interference, with the starting point being controlled
by the (/‘fcim —f2) and — k;,T;y, terms. In addition to the V-
shape’, we observe the Dirac deltas on the instantaneous
frequency of the victim radar due to the phase coding of the
interference. The phase sequence changes from 0 to m and
from 7 to 0 for the PC-FMCW interferer radar, as shown in
Figure 3.
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FIGURE 3 Simulation of FMCW versus PC-
FMCW. Instantaneous frequency of the mixer
output for the FMCW victim radar is simulated by
using the derived equation

S

© o o
N o © B
T T T

Normalized beat frequency, fb /f
o
(6]

T T T T T T T T
= Target beat signal | -
mm—— |nterference

— — — Low pass filter

FIGURE 4 Experimental setup

TABLE 2 System parameters

Victim Interference
Sweep duration 102.4 ys 102.4 ys
Bandwidth 1.155 GHz 1.2 GHz
Carrier frequency jA 78.915 GHz 78.98 GHz
Sampling frequency £ 10 MHz 10 MHz
Number of coding chips L, 4 4

4 | EXPERIMENTS AND UTILISATION

This section provides the experimental verification of the
proposed generalised radar-to-radar interference equation and
discusses its utilisation.

4.1 | Experimental verification

In this section we demonstrate the experimental results. Using
commercially available off-the-shelf (COTS) automotive radar
sensors, multiple NXP automotive radar chipsets and their
microcontrollers (TEF810X and S32R274) were programed
for phase coding as described in [27] and were synchronised
to simulate the worst case scenatio as described in [24]. The
experimental setup included victim radar, interfering radar,

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized time

Target 2
At7
m Target 1
At5.5m

Interferer
RELE
At2.5m

Victim

/ Radar

and controlled stationary and moving targets as shown in
Figure 4. In the experiments we focussed on investigating the
following four scenarios: FMCW versus FMCW, PC-FMCW
versus FMCW, FMCW versus PC-FMCW and PC-FMCW
versus PC-FMCW. We used BPSK code sequence with 4
chips to be able to observe the phase changes in our outputs
clearly. The transmitted code for the PC-FMCW radars was
set to [1, =1, =1, and 1], which corresponds to a phase
change between 0 and 7 according to the code sequence. We
used a time-frequency analysis, namely a spectrogram, to
investigate the mixer output signals of the victim radar. To
mimic a worst-case scenario we selected the system parame-
ters such that interfering radar signals passed through the
LPF of the victim radar and were captured by the victim
radar's analogue-to-digital converter (ADC) within the
observation time. These system patameters for the experi-
ments are given in Table 2.

Note that the effects of the filters are not shown Equa-
tions (19), as each system has its own filter response. In gen-
eral, the impact of a filter on the instantaneous frequency of
the code term can be written as:

8(t) = fiu(t) ® h(2), (32)

where ® represents the convolution and f; , (f) is the
instantaneous frequency of the code. For mathematical
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representation, if we choose h(f) as an ideal brick-wall filter, the
equation becomes:

_ Jou S i
g(t) - 7 nz:;(¢n+l - ¢n)51nc (E) ) (33)

where f,, is the cut-off frequency of the low-pass filter
and L, is the number of chips within one sweep for the
victim or interferer radar. In this experiment the convolu-
tion of Dirac deltas (due to the BPSK code) and the
cascaded filter response created a transient region (short
burst of oscillation) in one system when there was a sud-
den phase change.

In the first experiment we used FMCW for both victim and
interfering radars to verify Equation (21). In the second
experiment we changed the signal transmitted by the victim
radar to PC-FMCW and investigated the FMCW interference
on the PC-FMCW radar. In the third experiment we used
FMCW as a victim radar and examined the effects of PC-
FMCW as an interference on the FMCW radar. In the fourth
and final experiment we used PC-FMCW for both victim radar
and interfering radars to verify Equation (29). Note that the
spectrogram parameters have been adjusted to emphasise the
interference. The results are discussed in the following
subsections.

41.1 | Scenatio 1 (FMCW victim radar vs.
FMCW interferer)

The mixer output is shown in Figure 5, where the beat fre-
quencies and the captured interfering signal are observed.
According to Equation (21) we expected the time-dependent
term £(k;,; — k) plus the difference between carrier fre-
quencies (fc;,, — f¢) minus the corresponding beat frequencies
for both target echo and interference, as — k,, T;n; — kz. As
demonstrated in Figure 5, the target and interference returns
induced the beat frequencies (shown in the white rectangle),

N

w

Beat frequencies

Beat freq (MHz)
N

0 20 40 60 80
time (us)

while the interfering signal created a ‘V-shaped’ signature
(shown in the black rectangle) in the instantaneous frequency
of the FMCW victim radar. The time-dependent term ¢
(kiny — k) resulted in a ‘V-shape’ for the chosen system
parameters.

41.2 | Scenario 2 (PC-FMCW radar vs. FMCW
interferer)

The immediate phase changes caused the transient region
as discussed Equations (32). Therefore, we also expected to
see a transient region due to immediate phase changes used
on the victim radat's PC-FMCW waveform as (@,+1 — ¢,)
8¢ — 7 — nT,) ® h@E. These transient regions are
observable in Figure 6 when the phase changes from 0 to
m and from 7 to 0. In addition, the target and FMCW
interference induced beat frequencies and “V-shaped’ inter-
ference, respectively.

413 | Scenatio 3 (FMCW radar vs. PC-FMCW
interferer)

In this case we expected to obtain a transient region due to
immediate phase changes applied to the interferer PC-
FMCW radar. This transient region equals to (¢,41 — ¢,)0
(t — Tine — nTy) ® h(1), according to Equations (31) and
(32). When the phase changed, the interferer PC-FMCW
radar did cause a weak transient region along with “V-sha-
ped’ interference on the FMCW victim radar, as illustrated in
Figure 7.

414 | Scenatio 4 (PC-FMCW radar vs. PC-
FMCW interferer)

In this final scenario we expected to obtain beat sig-
nals —k;,T;,; — Rt and the time-dependent term #(k;,, — k)

dB
0

-10

FIGURE 5 FMCW versus FMCW.
-70 Instantaneous frequency of the mixer output for
FMCW victim radar. There are no transient regions
or abrupt phase changes due to coding as a
frequency column in the spectrogram. Only V-

shaped’ interference is observable
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FIGURE 6 PC-FMCW versus FMCW.

Beat freq (MHz)

FIGURE 7 FMCW versus PC-FMCW.
Instantaneous frequency of the mixer output for
FMCW victim radar. The abrupt phase changes due
to coding are observable as a frequency column in
the spectrogram. In this particular pulse the code
sequence is [0, m, m, O]

Beat freq (MHz)

due to FMCW part of the interference. In addition to these
terms, both the victim and the interferer PC-FMCW radars
caused the following transient regions: (@41 ¢,)0
t—7- nTa) ® b(t) and (¢n+l - ¢n)5(t ~ Tint — nTb) ®
h(), according to Equations (29) and (32). As demonstrated
in Figure 8, the corresponding beat frequencies and the V-
shaped’ interference were obtained on the spectrogram.
Furthermore, the victim PC-FMCW radar created the tran-
sient regions (shown in the black circle), and the interfering
PC-FMCW radar produced the weak transient region
(shown in the white circle) duting the phase changes.

4.2 | Utilisation

The proposed equation can model most of the common
types of automotive radar interference at the beat (inter-
mediate) frequency. Moreover, the equation can help to
determine analytically the slope of the “V-shape’ as a func-
tion of system parameters of interfering radar. Hence, the
equation can be used to simulate different interference

dB

Instantaneous frequency of the mixer output for PC- 5
FMCW victim radar. The abrupt phase changes due
to coding are observable as a frequency column in
the spectrogram. In this particular pulse the code 4
sequence is [0, m, m, O]

3

2

1 ‘

0

0 20 40 60 80 100

time (us)

20 40 60 80
time (us)

100

scenarios accurately and support the analysis of impact of
various interference types on target detection. In addition,
the instantaneous beat frequency of the victim radar for the
selected waveforms can be modelled by using the proposed
equation. These interference models obtained by the pro-
posed equation can be utilised to create a data set for the
interference classification and they might be used to train a
neural network (NN) [37]. The application of the proposed
interference equation to those fields is left as future research
topic.

5 | DISCUSSION

5.1 | Different phase modulation scheme

This study has focussed on BPSK, as it is commonly used for
COTS radar systems such as PMCW [15] and PC-FMCW [25].
Therefore, the phase of the code term has discrete values (0 or
m) during chip duration, as shown Equation (5). However,
different phase modulation schemes can have phase values that
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vary over time. To include such a case, we can generally rewrite
the phase term of the code as:

c(t) = ?, (34)

If the transmitted phase code of the victim radar has a
value that is a function of time, the (12) and (13) need to be
updated as:

¢mrwde(t) = ¢(t)a (35)
and
S i (8) ==k + % %rﬁ(t), (36)

respectively. Similarly, Equations (16) and (17) should be
updated accordingly for the interferer signal in cases where the
phase value varies over time.

5.2 | Multiple interference

In this study we have investigated the fundamental problem of
interference for different waveforms in the context of a single-
input single-output (SISO) system. Multiple transmitters within
the same transceiver (such as a MIMO system), other radars
present on the same car and in the environment can cause
multiple interference. When multiple interferers overlap in
frequency and/or time, theit combined impact can be
computed as the superposition of all interferers, while the
impact of a single interferer can be obtained using the pro-
posed equation, such that the mixer output on the victim radar
becomes:

FIGURE 8 PC-FMCW versus PC-FMCW.
Instantaneous frequency of the mixer output for PC-
FMCW victim radar. The abrupt phase changes due
to coding are observable as a frequency column in
the spectrogram. In this particular pulse the code
sequence is [0, m, m, O]

100
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= 7:231 { VPrerexp( = 2w (fer, + ket — %knz)
+ b 0) }
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(37)

and the instantaneous frequency of the mixer output consists

of:

Firl®) 2 { a0, s a0,
{frns®s s},
is the instan-

where Xp,,,..,.(¢) is the mixer output and f;,,..

taneous frequency induced by the rth tatget (0 < » < R).
Similarly, the xp,,,(t) is the mixer output and fiim-p is the
instantaneous frequency induced by the pth interferer
(0 < p < P). In Figure 9 the multiple interference scenatios for
FMCW versus FMCW is simulated. There we assume that each
captured interference has a different chirp slope and carrier

(38)

frequency. We also consider a second target with a different
range and demonstrate its beat frequency on the victim radar.
Similarly, the impact of the distributed targets can be calculated
as the linear superposition of the waveforms transmitted by the
same radar.
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FIGURE 9 Simulation of multiple interference. 1
Instantaneous frequency of the mixer output on the
FMCW victim radar for the multiple interference

scenario is simulated by using the derived equation
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For the MIMO system, there are three different kinds of
MIMO transmission realisations: time division, frequency di-
vision and code division. Without losing generality, it is
possible to extend our derivation and experimental evaluation
to different MIMO systems. Since the analysis and experi-
mental verification still need to be done for all 3> MIMO cases
with 4% waveforms (combinations of victim and interference),
these have not been included in this study.

6 | CONCLUSION

In this study we have studied the automotive radar interference
and extended the radar-to-radar interference analysis for
vatious types of continuous waveforms. We introduced a
generalised radar-to-radar interference equation, which can be
applied to different specific cases described in the literature.
The derived generalised equation can be directly applied in
cases of multiple interferers and multiple targets, as shown in
the study. By using the proposed equation, it is possible to
simulate various interference scenarios fast and accurately.
Furthermore, the introduced equation describes the instanta-
neous beat frequency of the victim radar for different wave-
forms to examine the features of the interference. This
knowledge can be exploited to identify the received interfer-
ence type. Therefore, the proposed equation can assist in
analysing the impacts of different interference types on target
detection in automotive radar applications. In addition, the
proposed equation can be used to create a data set for the
interference classification.

The mutual interference analysis of different radar
waveform types and the correctness of the derived equation
was verified by experiments. Moreover, both the mathe-
matical analysis of PC-FMCW interference and experimental
verification of such a system in real-time automotive radar
were demonstrated for the first time by using commercially
available  off-the-shelf radar
Although this research focussed on the application in an

automotive transceivers.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized time

automotive context, it can be used in other radar fields as
well.
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APPENDIX A

A.1 | Derivatives of phase changes

In this proof we explain how the derivative of a code signal is
taken with respect to time. It should be noted that in the
derivation it is assumed that the phase term spans ¢,, € {0, 7},
since current COTS automotive radars only support BPSK
phase shifting using the microcontrollers TEF810X and
S32R274. If the phase term is a function of time, this must be
taken into account during the derivation.

Recall that

L=x\ _ _ AT e
rect< ) ) u(t x—|—2) u(t X 2), (A.l)
and
_a t-x =6lt- +Z —slt- _Y (A.2)
,'trea y x > x ) .

where # is a unit step function and 9 is a Dirac delta function.
Similarly, the chip terms can be written as:

Prect <f —7- 0; - 1/2)%)

¢nu<t—1— (n—%)Tﬂ+%)
—¢nu<t—r— <n—%>Tﬂ—%),
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and

-7T- 1/2)T,
P qrect <t ! (7;:— /) )

1 T,
_¢n+17/t<l’—‘[— <n+2>Tﬂ+2>
1 T,
_¢n+1u<t—7— <n+2>Tﬂ—2),

(A.4)

for the nth and (# + 1)th elements, respectively. Then, take the
derivative of Equations (A.3) and (A.4) with respect to time as:

! (=2t

:¢n5<t—r— (n—%) T, +T7) (A.5)
—4, (t-f— G;-%)T-T?)
and
d C T,
- (aﬁnﬂrect(t ’ (nle/ 2) ))
:¢,,+15<z—1— <n—|—%) T, +T7> (A.6)

1 T,
—¢n+15(f_7— (”+§>Ta—7),

for the nth and (7 + 1)th elements, respectively. To take the
summation of derivatives, we have to consider a junction point
in which the adjacent elements are linked. Thus, the relevant

junction point includes the right part of the zth and left part of
the (7 + 1)th elements, as shown below:

¢n+16<t—r— (n—i—%)Tﬂ—&—%)
i ()Y O

= 1 8(t =7 —nT,) — p,5(t — 7 — nT,).

Therefore,

1
t—T—(n—E)Tﬂ

L,
1
271_ dt ¢tarwd€ - Z ¢ﬂreCt Ta

—¢,6(t—7—nT,)

1
= ;¢n+15(t —t—nT,)

1 &
=5 - o(t—7— Ta )
2 £ (¢n+1 ¢n) ([ T n )
(A.8)
and
1
L= Tipt — <n_§>Tb
2m dt(bm[“’df T or dt Z Pnrect T,
1 &
= E Z ¢n+15(t — Tint — nTb) - ¢n5(t = Tint — nTb)
n=1
1 &
=5 - 8(t — Tjy — nTy).
27 £ (D1 = 0,)0(t = Tine — nT})

(A.9)
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