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Abstract—Automotive radar interference problem between
multiple radar sensors is investigated. Phase-coded frequency
modulated continuous wave (PC-FMCW) radar structure with
low sampling and processing power demands is introduced to
blindly mitigate mutual interference. The interference resiliency
of the proposed structure is evaluated and compared with the
conventional frequency modulated continuous wave (FMCW)
automotive radar. It is demonstrated that the proposed approach
is more robust to both coherent and non-coherent interference
types, allowing resilience to both external interference of radars
but also the self-interference in the simultaneous multiple input
multiple output (MIMO) transmission.

Index Terms—Automotive radar, Interference mitigation,
Phase-coded FMCW, Phase coding, Modulated chirps, Mutual
interference.

I. INTRODUCTION

Automotive radars widely use linear frequency modulated
continuous wave (FMCW), which can offer low sidelobe
levels, high range resolution, and good Doppler tolerance
using a small analogue bandwidth of the receiver and simple
hardware structure [1]. However, the poor distinctness of the
FMCW radar makes it vulnerable to mutual interference [2]—
[4]. Depending on the spectral characteristic of the interference
between FMCW radars, captured interference can be seen as
wide-band (WB) or narrow-band (NB) interference [5]. The
wide-band interference occurs when the interference has a
different chirp slope from the radar being interfered with,
known as victim radar. In such an interference scenario, the
interference power spreads over multiple range bins and raises
the noise floor of the victim radar. The narrow-band interfer-
ence scenario happens when the interference has the same
chirp slope as the victim radar. In this interference scenario,
the interference power is concentrated at one particular range
bin and leads to a ghost target [6]. Although the ghost target
scenario is very difficult to be generated by other radars,
the self-interference might cause such a coherent interference
scenario seen in the simultaneous multiple-input-multiple-
output (MIMO) transmission. Both of these interference types
degrade the sensing performance of the automotive radar
[6]-[8]. Consequently, many approaches with different costs
and computational complexity are studied to mitigate mutual
interference [9]-[11]. However, automotive radars have simple
hardware and limited processing power, which restricts them
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from utilizing computationally heavy techniques to mitigate
interference. This has motivated the idea of modulating chirp
signals with phase-codes jointly in fast-time and slow-time.

Lately, phase-coded frequency modulated continuous wave
(PC-FMCW) has been investigated to improve mutual orthog-
onality of the waveforms as well as enable joint sensing and
communication [12]-[16]. To decrease the sampling require-
ments (usually tens of MHz for automotive radar applications),
the PC-FMCW waveforms are processed with dechirping
followed by the group delay filter and decoding in [15],
[16]. However, the dispersion effect (quadratic phase shift)
of the group delay filter distorts the received code inside
the dechirped signal and causes an imperfection in decoding.
Thus, using a code with large code bandwidth (high number
of phase changes per chirp) degrades the sensing performance
substantially [17]. Such performance degradation limits the
code bandwidth and, associated with it, signal isolation. This
limitation is circumvented by using phase smoothing and
phase lag compensation in [18].

In this paper, we investigate a PC-FMCW radar structure
with low sampling and processing requirements for automotive
radar interference mitigation. We examine the interference
resiliency of the introduced radar structure against both wide-
band and narrow-band interference and compare it with the
conventional FMCW automotive radar. To achieve this task,
we give the signal models for the waveform and mutual
interference scenario in Section II. Then, we investigate the
processing steps for the proposed architecture in Section III.
Subsequently, the sensing performance comparisons of both
FMCW and proposed PC-FMCW radar under both wide-band
and narrow-band interference are demonstrated in Section IV.
Finally, the conclusions are drawn in Section V.

II. SYSTEM MODEL

This section introduces the signal model and preliminary
study for the proposed PC-FMCW radar structure with low
sampling and processing power demands [18]. In the PC-
FMCW radar, the phase-coded signal s(¢) is used to modulate
chirp phases. Thus, the code sequence s(¢) controls the phase
changes inside a chirp signal (fast-time coding) and a chip
duration is defined by 7. = T/N., where T is the chirp
duration and NV, is the number of chips within one chirp. Note
that the code bandwidth B, = N./T raises as N, increases.
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Fig. 1: Block diagram of the proposed PC-FMCW radar
structure.
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In this study, we consider the chip bandwidth B, is smaller
than the chirp bandwidth B to avoid spectrum leakage.

The block diagram of the proposed PC-FMCW radar struc-
ture is illustrated in Fig. 1. The proposed radar structure
applies phase lag compensation (PLC) on the phase-coded
signal before transmission. Such a filter is required to eliminate
the undesired effect of the group delay filter that will be
applied in the receiver part. The PLC is equal to a complex
conjugate of the group delay filter’s frequency response and
can be written as:

Hye(f) =€’ (=£), (1)

where k = B/T is the chirp slope. The spectrum of the
transmitted code is multiplied with the PLC filter before
transmission as:

3(t) = FHF {s()} Hpe(f)} 2

where §(t) is the phase-coded signal modified by a PLC filter
and F {.} denotes the Fourier transform. Then, the transmitted
PC-FMCW waveform of the victim radar can be written as:

2i(t) = /Py §(t)e IR e 0. T], (3)

where P, is the transmit signal power and f. is the carrier
frequency of the victim radar. The transmitted signal (3) is
reflected from a target and received with a delay. The received
PC-FMCW signal can be written as:

xrm(t) = ap §(t _ 7—0)e*j(27rfc(t7'ro)+7rk(tf'rg)2)’ @

where 7( is the time delay between the victim radar and the
target, ag = e/¥04/P,, is the amplitude of received target
echo, P, is the received power of the target echo, and eJ¥o i
a constant phase term due to two-way propagation of the wave
and the scattering coefficient from the target. Assume there is
an interfering radar that transmits the FMCW waveform. Then,
the received interference can be written as:

Ly () = eI (It (=) (5)

where 7; is the time delay between the victim and interfering
radars, vy = e7%m /Py is the amplitude of received interfer-
ence, Py, is the received power of the interference signal, el
is a constant phase term due to one-way propagation and the
initial phase of the interference, f.; is the carrier frequency,

kine is the chirp slope, By, is the chirp bandwidth and T,
is the chirp duration of the interfering radar, respectively. For
the derivations, we consider the interference signal overlaps
in time with the victim signal. Moreover, the received signal
powers P, and P, can be obtained as:

PthGT)\2O'
Py = Lt A0 6
tar (47T)3R4[ar I ( )
and P, Gy G2
Pin _ tint T it U1 int 7
: (47)2 R?ip ™

Herein, A is the wavelength, G is the gain of the transmitting
antenna, and G, is the gain of the receiving antenna for the
victim radar. Similarly, Ay is the wavelength, P, is the
transmitting power, and Gy, is the gain of the transmitting
antenna for the interfering radar. The o is the radar cross-
section of the target, and Ry, and R;, are the range of
target and interfering radar, respectively. It should be noted
that the power of interference is inversely proportional to the
interference range, shown as P, Ri;tQ, while the target
echo is inversely proportional to the target range, described
as P, o R} This may lead to the reception of a strong
interference signal that can mask the weak target echoes.

The total received signal in the victim radar is the combina-
tion of the target echo and the interference signal. During the
dechirping process, the total received signal is mixed with the
complex conjugate of the reference transmit signal associated
with the victim radar. Then, the resulting beat signal on the
victim radar becomes [8], [18]:

20(t) = (0, () + gy (1)) €7 27T
=~ a0§(t — To)ej(QTffbt)

jor (fcim(fc—fci+kinm)t+(%>t2—%)
+ Olipt €
= Ty, (1) + b, (1),
()

where f, = k7 is the target beat frequency, the constant
phase terms related to target echo substituted into g and
we used (1 — 2vg/c) ~ 1 considering that the typical target
velocities satisfy vy < ¢ for automotive radar scenarios. The
resulting beat signal has two main components: x, (¢) that
contains a delayed phase-coded signal with a single tone beat
frequency and xy,, (t) that contains a signal with quadratic time
component due to interference.

III. SIGNAL PROCESSING

This section focuses on the signal processing of the resulting
beat signal (8). It should be noted that the resulting beat signal
has the delayed phase-coded signal §(¢t — 7p) for a particular
target. Thus, the phase-coded beat signals from all ranges need
to be aligned in the fast-time before performing decoding with
the reference code. Such an alignment in the fast-time can
be employed with the group delay filter that causes a group
delay 7,(f) [18]. The group delay corresponds to the first
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Fig. 2: Spectrogram of the FMCW victim radar with different
interference scenarios. The received signal on the left column
and the dechirped signal on the right column: (a)-(b) No
interference (c)-(d) Coherent NB interference (e)-(f) Coherent
WB interference (g)-(h) Non-coherent WB interference.

derivative of the filter phase response and shifts the envelope
of the signal. To eliminate 7y and align coded beat signals, the
desired group delay can be represented as:

1 do(f)
Then, the desired group delay filter’s frequency response can

be given as:

Hy(f) = & (F), (10)

We apply the resulting group delay filter to the spectrum of the
beat signal (8). As a result, each coded beat signal is perfectly
aligned with the help of phase lag compensation, and the delay
7o inside the phase-code signal is eliminated for each target
[18]. Subsequently, we perform decoding by multiplying the
resulting time-domain signal with the complex conjugate of
the reference code and take fast Fourier Transform (FFT) for
the range processing as:

Yo(1) = FAF " {F {ao(O)} He(H)} s* (0}, (D)

where the outer FFT corresponds to the range processing after
decoding. Herein, the beat signal reflected from the target
is obtained similar to the dechirped signal of conventional
FMCW. Thus, the proposed structure allows to processing of
the PC-FMCW signal with a low sampling (typically tens of
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Fig. 3: Spectrogram of the PC-FMCW victim radar (N, =
1024) with different interference scenarios. The received signal
on the left column and the decoded dechirped signal on the
right column: (a)-(b) No interference (c)-(d) Coherent NB
interference (e)-(f) Coherent WB interference (g)-(h) Non-
coherent WB interference.

MHz) and utilization of FFT-based processing instead of full-
band matched filtering. Moreover, it should be noted that the
beat signal initiated by the interfering radar remains coded
[18]. The phase-coded signal spreads the peak power of the
signals in the beat frequency domain. Since each transmitted
PC-FMCW chirp pulse utilizes a different (ideally orthogonal)
phase-coded signal, only the correct signal matched to this
code will be decoded. The interfering signals without code
(FMCW) or with other code sequences (PC-FMCW) that are
not matched to this code remain coded, causing the spread of
the interference peak power over range domain with fast-time
coding and over Doppler domain combining it with slow-time
coding. This allows to suppression of the interference signals
blindly and separates the self-transmitted signal from the inter-
ference. Consequently, the proposed PC-FMCW structure can
be used to blindly mitigate the mutual interference between
multiple radars and also the self-interference between multiple
transmitters in the coherent MIMO radar [14].

IV. PERFORMANCE ASSESSMENT

This section investigates the radar-to-radar interference re-
silience of the proposed PC-FMCW radar. To this end, we
consider different FMCW interference scenarios and compare
their impact on the sensing performance of both FMCW and
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Fig. 4: Comparison of range-Doppler profiles. The FMCW
victim radar on the left column and the PC-FMCW victim
radar (N, = 1024, N, = 256) on the right column: (a)-(b) No
interference (c)-(d) Coherent NB interference (e)-(f) Coherent
WB interference (g)-(h) Non-coherent WB interference.

PC-FMCW victim radars. Assume the FMCW and PC-FMCW
victim radars operate at carrier frequency f. = 77 GHz and
transmit N, = 256 chirp pulses with a chirp bandwidth
B = 300 MHz and a chirp duration 7" = 25.6 us. Each chirp
signal is modulated with a phase-coded signal in both fast-time
and slow-time for the PC-FMCW victim radar. In this study,
we employ random code sequences with Gaussian Minimum
Shift Keying (GMSK) coding scheme for the phase-coded
signal s(t), and apply the phase lag compensation before
transmitting the code. We use N, = 1024 number of chips per
chirp for fast-time coding, i.e. the code bandwidth becomes
B. = 40 MHz with N, = 1024 for this setting. Moreover,
each chirp pulse utilizes different phase lag compensated
code signal §(t) for slow-time coding. For the numerical
simulations, we also assume a complex Gaussian noise signal
with power spectral density Ny is captured along with the
received signal. The signal-to-noise ratio (SNR) can be defined
as SNR = a2 /Ny. We give the noise signal power NN relative
to the absolute of oy and set SNR = —10 dB. Moreover, we
consider all chirp pulses of victim radar are interfered with
the FMCW interference radar operating at carrier frequency
fe, = 77 GHz. We set the received interference signal power
6 dB higher than the victim radar signal power.

The captured interference might appear as the NB or WB
interference based on the spectral characteristics of the inter-

ference [5]. We simulate three different interference scenarios
to investigate their effects. The first one is the fully coherent
NB interference by letting Ti,y = 25.6 pus and Biy, = 300
MHz. The second one is the coherent WB interference by
letting Ti, = 25.6 ps and Bj, = 200 MHz. Finally, the third
one is the non-coherent WB interference by letting 75, = 9 s
and Bj,, = 200 MHz. For all cases, we assume the interference
radar is located at a range Rj, = 300 m with a radial velocity
vine = —20 m/s, and the target is located at the range R = 100
m with a radial velocity v = —10 m/s. On the receiver side,
the total received signal is dechirped with the reference chirp
signal of victim radar. Then, the dechirped signal is sampled
with fs = 80 MHz and low-pass filtered (LPF) with the cut-off
frequency fou,r = 40 MHz. Consequently, we have N = 2048
range cells (fast-time samples) for the selected parameters. In
the case of PC-FMCW victim radar, the group delay filter is
applied to the sampled signal. The same LPF is applied to the
reference phase-coded signal to prevent a signal mismatch, and
then the decoding is performed. We apply 80 dB Chebyshev
window in the range domain, and 60 dB Chebyshev window
in the Doppler domain, before taking the two-dimensional
FFT. In addition, we normalize the range-Doppler profiles with
respect to the noise level to focus on the impact of interference.

First, we illustrate the spectrogram of the FMCW victim
radar with different FMCW interference cases in Figure 2. It
can be seen that the received target echo creates a single tone
beat signal in the dechirped signal in no interference case. Note
that the noise peak power is decreased after stretch processing
(dechirping) and low-pass filtering. The suppression of the
peak noise power after taking FFT is 10log,,(BT) = 38
dB for a single chirp and an additional 10log,,(N,) = 24
dB after coherent pulse integration for Doppler processing.
In case of the interference has the same chirp slope and
chirp duration, ie. ki, = k and Ti,, = T, the coherent
NB interference scenario occurs, and the received interference
causes another single tone beat signal in the dechirped signal
(Figure 2 d). In case of the interference has the same chirp
duration but has a different chirp slope ki, # k, the coherent
'WB interference scenario occurs, and the received interference
causes a diagonal line for the complex mixer as shown Figure 2
f. Such interference will create “V-shape” in the spectrogram
for the real mixer as discussed in [4]. It is important to
note that coherent interference scenarios create the same
effect for each chirp pulse. In case of the interference has
different chirp duration 7Tj,, # T and chirp slope ki, # k,
the non-coherent WB interference scenario occurs, and the
received interference causes different impact for each chirp
pulse. The spectrogram of the dechirped signal with non-
coherent WB interference is shown for the first pulse in 2
h. For comparison, we demonstrate the spectrogram of the
PC-FMCW victim radar with N, = 1024 against investigated
interference scenarios in Figure 3. We observe that the self-
transmitted signal (signal reflected from the target) is perfectly
decoded, and a single tone beat signal associated with the
target is recovered after applying the group delay filter and
decoding as explained in Section III. On the other hand, all
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Fig. 5: Comparison of range profiles. The FMCW victim radar on the left column and the PC-FMCW victim radar on the
right column: (a)-(b) Coherent NB interference (c)-(d) Coherent WB interference (e)-(f) Non-coherent WB interference.

other interference signals remain coded, and thus their peak
powers are spread over fast-time for each chirp pulse. This
enables the suppression and isolation of interference signals.
Notice that the suppression performance is proportional to the
code bandwidth B, = N./T as the spectrum spread with the
time-bandwidth product. Thus, the suppression performance
improves as we increase the number of chips per chirp and
can be written as 10log,,(N.) for a single chirp.

Next, we examine the range-Doppler profiles of the FMCW
and PC-FMCW victim radars in Figure 4, and we compare
their range profiles in Figure 5. In the interference-free case,
both radars have the target response with ~ 51 dB dynamic
range at 100 m with a —10 m/s radial velocity. In the coherent
NB interference case, the interference peak power concentrates
at one particular range bin and leads to a ghost target at
150 m with a —10 m/s radial velocity for the FMCW victim
radar (Figure 4 c). The resulting ghost target has ~ 57
dB power as seen in Figure 5 a. This ghost target can not
be distinguished from the real target and hence needs to
be mitigated. Notice that the ghost target scenario is very
difficult to be generated by other radars as the interference
radar should be fully synchronized with the victim radar.
On the other hand, such a coherent interference case can
mimic a self-interference scenario, which is the interference
case seen in the simultaneous MIMO transmission [14]. As
shown in Figure 4 d, the PC-FMCW victim radar spread the
peak power of such an interference over the range-Doppler
plane using both fast-time and slow-time coding. Thus, the

peak power of the ghost target is expected to be suppressed
10log,o(Ne) + 10logyo(Np) = 54 dB on average for the
perfectly orthogonal codes. In Figure 5 b, we observe that
the ghost target peak power is decreased and has a noise-like
pattern with a maximum of 18 dB. In the case of coherent
WB interference, the interference peak power starts to spread
over multiple range bins and increases the noise floor in
the range profile of the FMCW victim radar (Figure 4 e).
However, this interference type affects only the range profile,
since the interference is coherent over Doppler processing. In
this particular example, we observe that the noise floor of the
FMCW victim radar raised from 0 dB to ~ 30 dB as shown
in Figure 5 c. On the other hand, the PC-FMCW victim radar
further suppresses the coherent WB interference and decreases
the noise floor due to interference to ~ 10 dB (Figure 5 d).
In the case of non-coherent WB interference, the interference
peak power starts to spread over both multiple range and
Doppler cells of the FMCW victim radar (Figure 4 g). It
is important to note that the non-coherent WB interference
already has a noise-like pattern as it spans multiple range-
Doppler cells, and hence the interference peak power is already
spread. For this setting, we observe that such an interference
causes responses periodically every 30 m with ~ 15 dB power
(Figure 5 e). By utilizing phase-coding in both slow-time and
fast-time, the PC-FMCW victim radar further spreads such
an interference over the whole range-Doppler profile, and the
peak power of this interference is reduced to ~ 8 dB as shown
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in Figure 5 f. Therefore, the PC-FMCW waveforms can be
used to mitigate both NB and WB interference types.

Finally, we demonstrate signal-to-interference ratio (SIR)
in range as a function number of chips for fast-time coding
of the PC-FMCW victim radar in Figure 6, and assess the
interference resilience of the PC-FMCW radar against different
interference types. It should be noted that the PC-FMCW
victim radar also utilizes N, = 256 chirp pulses for slow-
time coding. As the number of chips for fast-time coding is
increased from N, = 0 to N, = 1024, we observe that the SIR
in range is improved from —6 dB to 33 dB for the coherent NB
interference, 21 dB to 39 dB for the coherent WB interference,
and 36 dB to 45 dB for the non-coherent WB interference.
In addition, we illustrate the SIR in range versus the ratio
between chirp slopes in Figure 7. Herein, we use N, = 1024
and N, = 256 for the PC-FMCW victim radar. Moreover,
we set Tip = 25.6 us for coherent and Ti, = 9 pus for non-
coherent interference types and then change the interference
chirp bandwidth By, to investigate different chirp slope ratio.
It can be seen that the SIR in range is around ~ 43 dB for
different chirp slope values in the non-coherent interference
case as shown in Figure 7. However, SIR in range changes
from 45 dB to 33 dB as the ratio ki, /k raises from 0.1 to 1.
This is because the WB interference becomes NB that causes
the ghost target case as the ratio ki, /k approaches 1.

V. CONCLUSION

The automotive radar interference problem has been inves-
tigated. A PC-FMCW radar structure with low sampling and
processing demands has been proposed to blindly mitigate
automotive radar interference. The sensing performance of the
introduced structure is compared with the conventional FMCW
automotive radar under coherent NB, coherent WB and non-
coherent WB interference cases. We show that the developed
PC-FMCW radar spreads the peak power of the interference
signal over the range-Doppler profile by combining phase cod-
ing in both fast-time and slow-time. Thus, it is demonstrated
that the PC-FMCW radar improves the SIR in range profile
compared to the FMCW radar case. Consequently, mutual
interference between multiple automotive radars and the self-
interference between coherent MIMO transmission can be
mitigated by using the proposed approach.
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