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Abstract—Automotive radars have become an important
part of sensing systems in vehicles and other traffic applica-
tions due to their accuracy, compact design, and robustness
under severe light and weather conditions. The increased use
of radars in various traffic applications has given rise to the
problem of mutual interference, which needs to be mitigated.
In this paper, we investigate interference mitigation in chirp
sequence (CS) automotive radars via signal reconstruction
based on autoregressive (AR) models in fast- and slow-
time. The interference is mitigated by replacing the disturbed
baseband signal samples with samples predicted using the
estimated AR models. Measurements from 77 GHz frequency
modulated continuous wave (FMCW) static and moving radars
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Interference is mitigated by reconstructing the received signal via
fast- or slow-time AR models estimated using the clean samples.
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are used to evaluate the signal reconstruction performance in terms of the signal-to-interference-plus-noise ratio (SINR),
peak side-lobe level (PSLL), and mean squared error (MSE). The results show that the interference is suppressed down to
the general noise floor, leading to an improvement in the SINR. Additionally, enhanced side-lobe suppression is achieved
via AR signal reconstruction, which is compared to a commonly used inverse-cosine method. Furthermore, the paper
notes that the slow-time signal reconstruction can be more beneficial for interference suppression in certain scenarios.

Index Terms— Automotive radar, autoregressive (AR) modeling, chirp sequence (CS), frequency modulated continuous

wave (FMCW), interference mitigation, signal reconstruction.

|. INTRODUCTION

UTOMOTIVE radars are being increasingly employed

in a variety of safety-critical advanced driver assis-
tance systems (ADASs), e.g., automatic emergency braking
(AEB), blind spot detection (BSD) and adaptive cruise control
(ACC) [1]. In addition, these radars are being utilized in a
number of security applications, e.g., for the surveillance of
railroad crossings and buildings [2]. Due to the increasing
number of radars in traffic and their limited operating fre-
quency range (76-77 GHz for long-range and 77-81 GHz for
short-range applications [3]-[5]), it has become more likely
to end up in scenarios where multiple radar sensors are
transmitting simultaneously and therefore interfering with each
other. This interference results in reduced detection capabilities
for the ego radar [6], and this performance degradation is
more severe for far-distance or low back-scattering targets such
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as pedestrians and cyclists [7]. For the safety of road users,
interference from other radars operating in the same vicinity
should be eliminated [8].

Several automotive radar interference mitigation methods
have been proposed in recent years [9]. These methods can be
classified into those operating at either the transmitter (TX) or
the receiver (RX) end. Random chirp frequency hopping [10],
bats-inspired frequency hopping [11], and PN-coded frequency
modulated continuous wave (FMCW) radar signals [12] are
some of the interference mitigation techniques that work
mainly at the TX end. For these techniques, the radar
system needs to have a built-in ability to transmit chirp
signals of varying center frequency, bandwidth, and duration.
In addition, radar communication (at both the TX and RX
ends) has also been proposed as a method to avoid mutual
interference [13], [14].

At the RX end, it is possible to mitigate the effect of
interference by applying signal processing methods on the
received signal. If antenna arrays are available, then inter-
ference can be suppressed in the spatial domain by using
digital beamforming [15]-[17]. Interference can also be sup-
pressed in the time domain by detecting and zeroing out
the disturbed samples in the received signal [18]. A similar
method is to apply an inverse raised cosine window on the
disturbed section to suppress interference and smooth out
For more information, see https://creativecommons.org/licenses/by/4.0/
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discontinuities in the resulting time-domain signal [19]. Miti-
gation of interference by reconstructing the disturbed samples
of the time-domain baseband signal by employing Kalman
filtering is presented in [20]. Further interference mitigation
techniques in the signal processing domain include simultane-
ous detection and mitigation using signal separation (decom-
position) methods [21]-[23], comparison of the frequency
spectra of multiple chirps [24], adaptive noise cancellation by
comparing the positive and negative halves of the frequency
spectrum [25], and deep learning methods [26], [27].

Signal modeling has also been used for FMCW radar
interference mitigation. In [28], the received baseband signal is
modeled as a sum of sinusoids. The model parameters (weights
of the sinusoids) are determined using an adaptive method,
and one-step prediction is recursively used to extrapolate
the signal over the disturbed part to mitigate interference.
Recently, autoregressive (AR) modeling has been used for
reconstructing disturbed parts of the received baseband signal
in the short-time Fourier transform (STFT) domain (in an
X-band FMCW radar) [29] and in the time domain (in an
automotive radar) [30], [31].

Current automotive radars generally use a chirp sequence
waveform, and the received signal corresponding to a block of
chirps is coherently related both in fast-time (the time within a
single chirp) and slow-time (the time across chirps in a coher-
ent processing interval). There is a clear indication in [28]-[31]
that good interference mitigation performance can be achieved
by signal reconstruction using AR modeling. However, to our
knowledge, signal reconstruction in slow-time has not been
investigated for automotive radar interference mitigation. In
this work, we compare and evaluate the interference mitigation
and signal reconstruction performance using AR modeling in
fast- and slow-time with the help of real measurements from
static and moving radars. Furthermore, we propose an AR
model selection and parameter estimation methodology suited
for signal reconstruction in FMCW automotive radars. The
focus is sample prediction and how the prediction performance
can be improved by choosing an appropriate model estimation
dimension.

The main contributions of our work are listed below:

- In this work, a unique method using slow-time signal
reconstruction for interference mitigation is presented.
The method is evaluated using both simulation and
experimental data. In previous works, AR model-based
signal reconstruction techniques for automotive radar
interference suppression are limited to fast-time signal
reconstruction.

- A comparison between fast-time and slow-time signal
reconstruction is presented.

- The proposed method is evaluated for dynamic scenarios,
i.e., cases with static and moving radars as well as
targets.

- A systematic approach for interference suppression suited
for FMCW automotive radars is proposed that includes
the following steps: Interference detection, AR model
order estimation, AR coefficients estimation, and estima-
tion of final prediction values from forward and backward
prediction values.
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Fig. 1. Frequency (f) vs time (1) plot of transmitted (—) and interfering
(—) chirps with identical parameters. T is the time shift between the
transmitted and interfering signals. The dashed lines above and below the
TX chirp indicate the receiver’s bandwidth Bry, which also determines
the maximum time shift Tmax between the chirps for the appearance of
ghosttargets. (a) The interfering chirp falls within the receiver’s bandwidth
and results in a ghost target. (b) The interfering chirp falls outside
the receiver's bandwidth. No interference is observed in the baseband
signal.

In the next section, (Section II), we describe the mutual
interference in chirp sequence radars followed by the signal
model description in Section III. Subsequently, the interference
mitigation and signal reconstruction methodology is presented
in Section IV.

Il. MUTUAL INTERFERENCE
Automotive radars generally employ a chirp-sequence
FMCW signal. Interference occurs when multiple radars trans-
mit in the same time interval and there is a frequency
overlap between the transmitted signals [6]. Different transmit
chirp parameters (chirp duration 7', center frequency f. and
bandwidth B) result in different interference properties (Fig. |
and 2). When the transmitted and interfering chirps have
identical parameters, there are two possibilities:
— Ghost targets appear when an interfering chirp falls within
the receiver’s bandwidth (Fig. 1a).
- No interference is observed when the interfering chirp
falls outside the receiver’s bandwidth (Fig. 1b).

The probability of the appearance of ghost targets is low
because the time window 7. for the interfering chirp to fall
within the receiver’s bandwidth is very small compared to the
pulse repetition time T (Fig. 1) [6].

Interference is more probable when transmitting signals
from interfering radars have nonidentical parameters (Fig.2).
This interference results in a time-limited disturbance
in the received baseband signal [7]. The duration of
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Fig. 2. Radars with nonidentical transmit (—) and interfering (—)
chirps. The area highlighted by the rectangles shows the interference
duration T,. (a) Large difference between transmitted chirp slopes of
the two interfering radars. (b) Small difference between transmitted chirp
slopes of the two interfering radars.

this disturbance

2 - BRx
T4 =15 uj M
T Tint

is inversely proportional to the difference in the slopes of the
interfering chirp signals. Here, Brx is the receiver’s band-
width, determined by a low-pass anti-aliasing filter in the radar
receiver. Biy is the interfering chirp’s bandwidth, and Tiy is
the interfering chirp’s duration. The noise in the baseband
signal increases as a consequence of this disturbance, leading
to a degradation in the ego radar’s detection performance.

I1l. SIGNAL MODEL
The time-domain baseband signal is obtained by mixing
the received radio frequency (RF) signal with the transmitted
signal and passing the output through an anti-aliasing low-
pass filter in the radar receiver. In the presence of interference,
the time-domain baseband signal

xp(t) = xe(t) + Xine () + no(2) (2)

consists of target echoes x. (), an interfering signal xijn(¢), and
the receiver’s noise contribution n¢(¢). The signal component
corresponding to the echoes from k targets is defined as

k . . .
xe(r) = ZA” cos (2%(2szl + (zfcvl + 2BR1)I))’ 3)

£ c Tc

i=1
where c is the speed of light. A, ;, R; and v; are the signal
amplitude, range and relative radial velocity corresponding to

the i*" target, respectively. During the interference interval Ty,
the signal contribution by an interfering source is
Xint(t) = Ajn c0s (27 ((fine — fe)7 + l(B"lt — E)t2
2 T T
Hat = P am)) + Ou). @)

where Ajy is the signal amplitude, fiy is the center frequency
of the interfering chirp, iy is the time delay between the
start of the transmitted and interfering chirps, and @y is the
difference between the initial phases of the transmitted and
interfering chirps [32].

The sampled baseband signal corresponding to the m!” chirp
is represented as a vector of length N,

xpm(N)]. (5)

If M chirps are transmitted, then the baseband signal frame

Xpm = [Xp,m (1) Xb,m (1)

xp,1(1) Xp,1(N)
xp2(1) xp,2(N)

b= ) : ©)
xp,m(1) xp,m(N)

takes the form of a two-dimensional M x N matrix.

The samples in each row and column of the matrix above
are also referred to as fast-time and slow-time samples,
respectively. In further processing, a two-dimensional discrete
Fourier transform (DFT) of the baseband signal frame is
performed. The peaks in the resulting matrix (also known
as the range-Doppler matrix) ideally correspond to the target
ranges and velocities [33].

IV. METHODOLOGY

The first step in interference mitigation is the detection of
disturbed samples in the baseband signal. The interference that
results in a significant reduction in the SINR has a higher
power than that of the signal scattered by the targets of
interest [7]. Moreover, beat frequencies ranging from — Bry
to Brx are added to the baseband signal when a wideband
interference is superimposed on this signal, resulting in a high
variation in the amplitude of the baseband signal Xy, ,, in the
interval T,. Therefore, it is possible to detect the interference
by identifying baseband signal sections with high amplitude
variations [34]. The high variations in the sampled baseband
signal are detected by comparing the absolute value of the
first-order difference

dx,m(n) = xb,m(n) - xb,m(n —1), 2<n<N, (7

with a threshold A;, which is based on the mean value of
|dx,m(n)]. The main advantage of this detector is that it works
even for relatively low-power interfering signals [34] (Fig. 3).

After interference detection, the interfered samples are
discarded from the baseband signal frame Xj. Removing
interfered samples in the time domain introduces disconti-
nuities in the baseband signal frame, which results in the
appearance of high side lobes in the corresponding radar
image in the range-Doppler domain. In [19], these discon-
tinuities are removed by utilizing an inverse-cosine window
to reduce the side-lobe levels. Further improvements in the
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Fig. 3. Example of a baseband signal xp, ,;(n) disturbed by interference
from two different sources. Interference A has lower power than that of
B. Interfered samples are identified by comparing their |dx m(n)| values
against the threshold ;.

side-lobe reduction and target SINR gain can be achieved by
reconstructing the received baseband signal in the interfered
sample locations [28]-[31]. Wide sense stationarity (WSS) is
an important underlying assumption for many of the common
time series analysis methods, such as AR modeling [35], [36].
We extend the WSS assumption to the slow-time for AR signal
modeling in the slow-time domain.

Let s(k) be a general (fast-time or slow time) wide-sense
stationary signal. In a p?-order AR process, the k' sample

P
stk) =D aisk —i) +ex @®)
i=1
is a linear regression of p past samples. In (8), a; denotes the
weighting coefficients, and €, are residuals with zero mean and
variance 2. AR model estimation involves the estimation of
two parameters: 1) model coefficients a;, and 2) the model
order p. A wide range of methods are found in the literature
both for the calculation of AR model coefficients [37] and the
selection of AR model order [38].

In this investigation, the AR coefficients a; for a given
model order p are calculated via Burg’s method [37], [39].
This method is based on the minimization of prediction errors
both in the forward linear predictor

P
Sy = aistk — i) )
i=1
and backward linear predictor

P
Sk =" ais(k +1). (10)

i=1
Common AR parameter estimation methods e.g. Yule-Walker’s
equations [35] are based on autocorrelation matrix estimates.
When the sample size is small, there can be an estimation bias
in the autocorrelation matrix, which can lead to a large devi-
ation in the estimated parameters. Therefore, we use Burg’s
method, which correctly estimates the AR model parameters
directly from the available data points and is not sensitive to
autocorrelation matrix estimate bias [40].

(dark rectangles) in the signal frame. In this example, the fast-time gap
size Gt is 20 samples, the slow-time gap size GgT is 5 samples and
the percentage of discarded samples is 8.2%.

The next step is to select a suitable AR model order p
from multiple candidates. Following the recommendations for
sample prediction purposes in [41], we chose the Akaike
Information Criterion (AIC) [42] for AR model selection.
According to this criterion, the model order p is selected which
minimizes

AIC(p) = N -log (6%) +2p, (11)
where N is the sample size,
N 2
2 €
6_2 — Zl—l 1 , (12)

N
and €; are the estimated residuals [43]. It can be observed
in (11) that the higher-order models will suffer from larger

penalties. In this work, a second order variant of the AIC
(AIC,), defined as

2p(p+ 1)
N—-p-1
is used for model selection. AIC. adds a higher penalty to
larger orders and is recommended for small data segments
(N/p < 40) [43].

An example of a baseband signal frame Xj, in which
samples are interfered with and discarded, is shown in Fig. 4.
The coherence of the baseband signal in the complete received
frame makes it possible to estimate a signal model and
perform prediction of the disturbed samples in either fast-time
(within a single chirp) or slow-time (chirp to chirp). Moreover,
to reconstruct a signal more efficiently, the missing samples are
predicted in both the forward and backward directions (Fig.5).

A complete signal frame is considered to be coherent in
both fast- and slow-time. Therefore, it is sufficient to estimate
one fast-time and one slow-time model for the complete
baseband signal frame. Forward and backward prediction
results in two estimates % ¢ (n) and X, (n), respectively, for each
missing sample. The prediction performance decreases as the
number of lost samples increases. Therefore, a weighted sum
of X¢(n) and Xp(n) is used to compute the final prediction
value x(n), i.e.,

X(n) =xr(n) -y @) +xp(n) - (1—y®)), (14)

where y (n) = (G—n+1)/(G+1), with G being the gap size
(number of missing samples) in the corresponding dimension.

AlICc(p) = AIC(p) + 13)
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Fig. 6. Block diagram of the FMCW radar and the interference
mitigation procedure. The signal frames disturbed by the interference
are reconstructed via AR models before post-processing.

The interference mitigation procedure using AR signal

reconstruction (Fig. 6) is summarized below:

- Interference is detected in each chirp x; as it is received
using a first-order difference detector, and disturbed sam-
ples are discarded, creating gaps in the two-dimensional
signal frame X,.

- AR coefficients for candidate model orders are calculated
using Burg’s method.

- The most suitable model order is selected using the AIC.

- Signal reconstruction is performed by forward and back-
ward prediction via selected AR models.

In the next section, we evaluate the interference mitigation
and signal reconstruction performance resulting from AR
modeling in fast- and slow-time with the help of computer
simulations. Real measurements are used to evaluate the signal
reconstruction performance in both dimensions in Section VI.

TABLE |
TARGET PARAMETERS. RCS STANDS FOR RADAR CROSS SECTION
Target Range m Velocity m/s RCS dBsm
Target 1 8 3 1
Target 2 10 4 10
Target 3 25 -15 10
Target 4 45 11 10
Target 5 70 -10 10

TABLE Il

TRANSMIT SIGNAL PARAMETERS OF THE EGO
AND INTERFERING RADARS

Parameter Ego Radar Radar-1 Radar-2
Center Frequency 77.5 GHz 77.5 GHz 77.5 GHz
Bandwidth 700 MHz 700 MHz 1000 MHz
Chirp Duration 41 ps 30 ps 20 ps
Chirp Repetition Interval 60 us 60.8 ps 60.03 us

The results are also compared with those of the method in [19],
where the time-domain disturbance in the received signal is
suppressed using an inverse raised cosine window.

V. SIMULATION RESULTS

The simulations are based on the target scenario in Tablel
and the radar configuration in Table II. The size of the signal
frame X, is 512 x 256.

Generally, mutual interference between two radars results in
a time-limited disturbance in the baseband signal. The location
of the disturbed samples in consecutive chirps is determined
by the difference in the chirp repetition intervals (CRIs) of
the interfering radars. If the CRIs of both radars are the same,
the disturbance appears in the same samples in each chirp.
However, if the CRIs differ, the interference appears at differ-
ent sample locations. Therefore, the number of consecutively
disturbed samples in slow-time is determined by the CRIs of
the interfering radars.

For the evaluation of the interference mitigation method,
two cases are simulated, and the missing samples are predicted
using fast- and slow-time AR models in both cases. In the
first case (interference between Ego Radar and Radar-1),
more consecutive samples are disturbed in fast-time, leading
to larger gaps in fast-time when disturbed samples are dis-
carded. In the second case (interference between Ego Radar
and Radar-2), a larger number of consecutive samples are
disturbed in slow-time, leading to larger slow-time gaps.

A. Larger Fast-Time Gaps

Mutual interference between Ego Radar and Radar-1 results
in 79 interfered samples (15% of the total samples) per chirp
in the received signal. The chirp repetition times for both
radars are set such that the beginning of the disturbance is
shifted by 10 samples in the sampled signals corresponding to
consecutive chirps. This leads to a maximum of eight consec-
utive disturbed samples (3.1% of the total samples) along the
slow-time at each fast-time sample location. After detecting
the interference using the amplitude variation detector in (7),
the interfered samples are removed (Fig. 7).

Based on the AIC, the selected model orders are prpr = 20
(fast-time) and psr = 31 (slow-time). The signal reconstruc-
tion and interference mitigation performance is evaluated by
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TABLE llI
TARGET SINR (dB) FOR THE CASE WITH A LARGER FAST-TIME GAPS

Target Interference free Interfered Inverse cosine AR (fast-time) AR (slow-time)
Target 1 59.3 29.3 57.8 59.8 58.8
Target 2 64.7 35.7 42.8 55.8 63.0
Target 3 56.8 30.5 43.6 52.6 57.1
Target 4 48.4 19.2 46.6 48.0 48.1
Target 5 423 11.4 36.7 41.0 42.1
TABLE IV
PSLLSs (dB) FOR ALL TARGETS FOR THE CASE WITH A LARGER FAST-TIME GAPS. HIGH SIDE LOBES ARE
OBSERVED IN THE INVERSE-COSINE CASE
Target Interference free Interfered Inverse cosine AR (fast-time) AR (slow-time)
Target 1 -45.1 -26.5 -19.9 -34.8 -44.5
Target 2 -50.4 -28.7 -19.5 -39.0 -45.1
Target 3 -45.1 -17.5 -28.2 -38.7 -44.4
Target 4 -42.3 -12.0 -19.7 -30.5 -34.6
Target 5 -36.0 -5.7 -26.0 -31.4 -33.0
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Fig. 7. Diagonal lines indicate the locations of the interfered samples. T C
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each fast-time sample location (GgT = 8). 3 3
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maps in Fig.8. A comparison between the target SINR and w0 w0
PSLL in the range-Doppler maps as a result of interference Velogiy (ms) T ey
and different ways to suppress the interference are summarized (c) (d)

in Tables III and IV. In the tables, it can be observed that the
interference-induced noise is reduced after reconstructing the
missing parts of the received baseband signal frame using
the inverse-cosine window and AR models in fast- and slow-
time. Additionally, the side lobe levels are reduced com-
pared with the inverse-cosine window interference mitigation
method. In fast-time signal reconstruction, the side lobes are
not suppressed completely. Additionally, due to errors in the
signal reconstruction, some phase noise can be observed in
the Doppler domain (Fig.8d). The range-Doppler map of
the signal reconstructed in slow-time shows better side-lobe
suppression (Fig. 8e). A comparison of the mean squared error
in signal reconstruction using the fast- and slow-time AR
models (MSEgrr = 5.1 x 107% and MSEgt = 1.7 x 107)
also shows that better signal reconstruction is achieved with
slow-time sample prediction.

B. Larger Slow-Time Gaps

Mutual interference between Ego Radar and Radar-2 results
in 17 interfered samples (3.3% of the total samples) per chirp.
The start of interference is shifted by one sample every third
chirp. This results in 56 consecutive interfered samples (21.9%
of the total samples) along the slow-time at each fast-time

Range (m)
Normalized Power (dB)

-10 -5 0
Velocity (m/s]

(e)

4
5
10
15
-20
25
-30
5 10
)

Fig. 8. Range-Doppler maps for simulated and reconstructed signals.
In this particular simulation, the simulated signal has longer disturbed
sections in fast-time than in slow-time. After discarding the disturbed
samples, Ggr 79 and Ggt = 10. (a) Interfered. (b) Interference-
free. (c) Interference mitigation using an inverse-cosine window on the
interfered sections in fast-time. (d) Interference mitigation with signal
reconstruction using the fast-time AR model. (e) Interference mitigation
with signal reconstruction using the slow-time AR model.

sample location. The signal matrix after removing the samples
disturbed by interference is shown in Fig.9.

A comparison of the mean squared error in signal recon-
struction using the fast- and slow-time AR models (MSEpr =
8.0 x 10~5 and MSEgt = 2.4 x 10_5) shows that better signal
reconstruction is achieved with the fast-time sample prediction.
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TABLE V
TARGET SINR (dB) FOR THE CASE WITH A LARGER SLOW-TIME GAPS
Target Interference free Interfered Inverse cosine AR (fast-time) AR (slow-time)
Target 1 59.4 36.0 54.5 58.7 58.5
Target 2 64.0 37.6 57.4 63.6 63.4
Target 3 57.0 324 56.1 56.5 56.9
Target 4 48.9 20.1 45.8 48.9 48.8
Target 5 42.3 13.2 40.9 42.3 42.1
TABLE VI
PSLLs (dB) FOR ALL TARGETS FOR THE CASE WITH A LARGER SLOW-TIME GAPS. HIGH SIDE LOBES ARE
OBSERVED IN THE INVERSE-COSINE CASE
Target Interference free Interfered Inverse cosine AR (fast-time) AR (slow-time)
Target 1 -42.3 -28.5 -28.8 -42.8 -42.5
Target 2 -45.5 -35.2 -30.9 -44.4 -45.4
Target 3 -43.7 -26.7 -28.3 -44.4 -42.9
Target 4 -42.3 -12.6 -28.4 -39.4 -38.2
Target 5 -36.0 -8.6 -28.1 -33.0 -36.8
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Fig. 9. The diagonal line indicates the location of the interfered samples.
In each chirp, 17 samples are affected by the interference (Gpt = 17).
In slow-time, 56 consecutive samples are affected at each fast-time
sample location (GgT = 56).

Since the simulated signal is the same as in Section V-A,
the slow-time and fast-time AR model orders are also the
same. The SINR and PSLL from the range-Doppler maps of
the interfered and reconstructed signals (Fig. 10) are summa-
rized in Tables V and VI. Again, better SINR and side-lobe
suppression is observed in the reconstructed signals than in the
interfered and inverse-cosine cases. Although the gap sizes are
different, there is not much difference in the SINR and PSLL
of the reconstructed signals in fast- and slow-time.

The AR signal reconstruction in both cases shows a
considerable improvement over the inverse-cosine method
in terms of side-lobe suppression. In the range-Doppler
maps (Fig.8 and 10), the high side lobes resulting from
interference suppression using the inverse-cosine method may
lead to false detections. A part of the received signal is zeroed
out in the inverse-cosine method, which results in a loss in the
SINR for all targets. The results also show an improvement
in the SINR using AR signal reconstruction in both cases.
Comparing the two simulated cases, AR reconstruction in
slow-time shows lower PSLLs when the slow-time gaps are
smaller. Similarly, AR reconstruction in fast-time performs
better when the fast-time gaps are smaller. Therefore, it can
be concluded that a better signal reconstruction performance is
achieved by choosing the dimension (fast-time or slow-time)
with smaller gaps for signal reconstruction.
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Fig. 10. Range-doppler maps for simulated and reconstructed signals.
After discarding disturbed samples, Ger = 17 and Ggt = 56. (a)
Interfered. (b) Interference mitigation using an inverse cosine window on
the interfered sections in fast-time. (c) Interference mitigation with signal
reconstruction using fast-time AR model. (d) Interference mitigation with
signal reconstruction using slow-time AR model.

VI. MEASUREMENT RESULTS

The interference mitigation and signal reconstruction per-
formance of the proposed method is verified with the help
of real measurements. 77 GHz mm-wave radar evaluation kits
(AWR1642EVM and AWR1243EVM) from Texas Instruments
are used for the measurements, and DCA1000EVM is used
to capture measurement data over the Ethernet (Fig. 11). One
radar is mounted on a car driving towards the static radar. Both
radars operate in the same time interval and interfere with each
other (Fig.12). As a result, we have measurement data from
the static and moving radars. The transmit parameters of both
radars are given in Table VII. Different chirp slopes are used
to ensure that interference is encountered.

A. Interference Mitigation Performance
Although interference is observed in both radars, the per-
centage of samples affected by interference is negligible in
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Fig. 11. Radar used for measurements. AWR1642EVM is mounted on
a car and used for dynamic measurements. AWR1243EVM is mounted
on a stand and used for static measurements.

Fig. 12. Experimental setup. The car equipped with AWR1642EVM is
moving towards the static AWR1243EVM. A trihedral corner reflector is
placed behind the static radar (at a distance of 18.1 m away from the
car), which serves as a strong reflector.

TABLE VII
TRANSMIT SIGNAL PARAMETERS OF THE TWO RADARS USED IN THE
FIELD MEASUREMENTS

Parameter Static Radar Moving Radar
Center frequency 77.5 GHz 717.5 GHz
Bandwidth 896 MHz 255 Mhz
Slope 35 MHz/us 10 MHz/ps
Chirp repetition interval 55 us 120 ps

both cases (1.0% for moving radar and 1.6% for static radar).
As a result, the degradation in the SINR in the range-Doppler
maps is almost negligible. However, it is possible to see the
degradation in the SINR when single interference-affected
chirps are considered. Therefore, single interfered-affected
chirps are considered in both cases (static and moving) to
evaluate the interference mitigation performance.

The estimated AR model orders for the static radar using the
AIC are prr = 20 and pst = 21. The length of the interfered
section in fast-time is approximately 18 samples (Grr = 18)
and every fourth chirp is affected by the interference, which
leads to only one-sample slow-time gaps. The range profiles
for the reconstructed signals have a lower noise floor compared
to the signal with interference (Fig.13a). The SINR for the
target (car) at 6.6m is 12.5dB, 21.3dB, and 20.8dB for the
interfered, fast-time reconstructed and slow-time reconstructed
signals, respectively. The target SINR for the inverse-cosine
case is 20.8dB. As a reference, the SINR of a neighboring
noninterfered chirp is 21.3 dB.

For the moving radar, prr = 27 and psr = 10. The length
of the interfered section in fast time is 10 samples (Grr = 10)
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Fig. 13. Range profiles for the interfered, fast-time reconstructed and
slow-time reconstructed signals. (a) Static radar. (b) Moving radar.

and only 15 chirps are affected by interference. The range
profiles for the reconstructed signals have a lower noise floor
compared to the signal with interference (Fig. 13b). The SINR
for the target (trihedral corner reflector) at 18.1m is 14.0dB,
20.5dB, and 20.5dB for interfered, fast-time and slow-time
reconstructed signals, respectively. The target SINR for the
inverse-cosine case is 19.4dB. As a reference, the SINR of a
neighboring noninterfered chirp is 21.1dB.

B. Signal Reconstruction Performance

As mentioned earlier, signal frames in the measurement
data do not have a sufficient number of disturbed samples
to observe the effect of signal reconstruction in different
domains. The signal reconstruction performance is therefore
assessed by creating gaps of different sizes in the noninterfered
signal frames at random locations (as done in Fig.4) and
then comparing the range-Doppler maps and MSE in the
reconstructed signals. Randomly generated gaps of different
sizes can be seen as equivalent to the gaps created in an
interfered signal frame X; when the interfered samples are
discarded. The availability of noninterfered signal frames also
makes it possible to compute the MSEs by comparing the
reconstructed signals with the clean ones. The main aim of
this evaluation is to show a relation between gap size and AR
reconstruction performance in fast- and slow-time. For this
evaluation, we use measurements from both static and moving
radars.

1) Static Radar: In this experiment, a small drone (DJI Phan-
tom 4) is flown away from the static radar (AWR1243EVM)
at a 0° azimuth angle. The signal frame captured when the
drone is 4.8m from the radar and moving with a velocity
of 1.2m/s is used for visualizing the range-Doppler maps.
The drone is used to generate a moving target that can clearly
be identified in the range-Doppler domain, separate from the
static clutter. By removing samples from the signal frame (of
size 256 x 255), the gaps of 51 (20%) samples are created
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Fig. 14. Range-Doppler maps in the static ego radar case. The target
is a drone at a distance of 4.8 m moving away from the radar with a
velocity of 1.2m/s. Ger = Ggr = 51 samples. (a) Interference free. (b)
Signal reconstruction using an inverse-cosine window on the discarded
sections in fast-time to remove discontinuities. The highest side-lobes
are observed in this case. (c) Signal reconstruction using the fast-time
AR model. Side lobes are suppressed compared to the inverse-cosine
case. (d) Signal reconstruction using the slow-time AR model.

in both fast- and slow-time. To compare the reconstruction
performance, the same model order (prr = pst = 20) is
chosen for the AR model parameter estimation.

The quality of signal reconstruction is determined by com-
paring the range-Doppler maps in Fig. 14. It can be observed
that the range-Doppler map corresponding to the signal frame
reconstructed in slow-time (Fig.14d) is the most similar
to the range-Doppler map corresponding to the clean sig-
nal (Fig. 14a). There are some artifacts in the Doppler domain
in the fast-time case (Fig. 14c), showing that the reconstructed
signal has some errors. Further degradation is observed both
in the range and Doppler domains in the case where spaces
are filled in fast-time by using an inverse raised cosine
window (Fig. 14b). The calculated MSE values (0.031 for the
fast-time reconstruction and 0.014 for the slow-time recon-
struction) also show that the signal reconstruction in slow-time
performs better than that in fast-time.

The signal reconstruction performance is also assessed
by computing the MSEs. 50 frames of the received signal
are considered for this evaluation. Gaps of fixed size are
introduced in all frames by removing samples from random
locations in all 50 frames. All 50 frames are then reconstructed
in fast-time and slow-time dimensions. The MSE is computed
by comparing all reconstructed frames with the corresponding
original frames. The computed MSE values are then used
to plot the graphs in Fig.15. It can be observed from the
graphs that the MSE increases with increasing gap sizes in
both dimensions. However, for the tested scenario, the error is
higher in the fast-time scenario than in the slow-time scenario.
Therefore, for the static radar case where the velocity spectrum
is less dense, it is better to perform signal reconstruction in
slow-time.

x10°8
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—H&— AR (fast-time)
7t —O— AR (slow-time) 4
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551 ]
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Fig. 15. The relation between gap sizes in fast- and slow-time and MSEs
for the measurements from a static radar. In slow-time AR reconstruction,
lowest MSE is observed for Ggr = 2, and highest MSE is observed
for Ggr = 80. The last data points corresponding to Ggr = 60 and
GgT1 = 80in AR (slow-time) are missing because, in some frames, whole
columns are removed when discarding sample blocks.

2) Moving Radar: In this case, the data is captured by a
radar fixed on a car moving towards the static radar. There is
no disturbance in the received signal since the static radar
is not transmitting. The signal frame used for generating
range-Doppler maps is captured when the car is at a 4.4m
distance from the static radar and moving with a velocity of
1.7m/s. The size of the baseband signal frame is 256 x 128.
Gaps of 25 (10%) and 25 (20%) samples are created in
fast-time and slow-time, respectively. The model orders are
again kept constant (prr = pst = 20).

The range-Doppler maps (Fig. 16) show that the side-lobes
are suppressed when the signal is constructed in fast-time or
slow-time. However, when compared with the interference-free
case, there is a marginal degradation in image quality. The
inverse-cosine method again shows the most degradation
(Fig. 16b).

Similar to the static radar case, we also assess the signal
reconstruction performance for the moving radar using MSEs.
Gaps of fixed sizes are introduced in 50 interference-free
signal frames captured by the moving radar. The velocity of the
car changes from 2.5 m/s to 1.5 m/s, and the distance changes
from 6.5 m to 3.2 m in these 50 frames. The MSE is computed
by comparing all reconstructed frames with the corresponding
original frames. In the moving radar case, the difference in
MSE in the fast- and slow-time reconstructed signals is smaller
than in the static radar case (Fig. 17). Furthermore, the slow-
time reconstruction performance is worse for larger slow-time
gaps in the signal frame.

VII. DISCUSSION
The results from the simulations and measurements show
that AR signal reconstruction can be an effective interference
mitigation approach in automotive radars. The time-domain
interference mitigation techniques in the literature mainly
focus on signal reconstruction in fast-time. With the help
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Fig. 16. Range-Doppler maps for measured and reconstructed signals
in the case of a moving radar. A static radar (with a laptop on an iron
stand) at 4.4 m and a trihedral corner reflector at 15m are the strong
targets in this case. Ger = Ggr = 25 samples. (a) Interference free. (b)
Signal reconstruction using an inverse-cosine window in fast-time. High
side lobes are observed in this case. (c) Signal reconstruction using
the fast-time AR model. The side lobes are suppressed compared with
the inverse-cosine case. However, the side lobes are still visible when
compared with the interference-free case. (d) Signal reconstruction using
the slow-time AR model. The side lobe levels are similar to those in the
signal reconstructed in fast-time.
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Fig. 17.  The relation between gap sizes in fast- and slow-time and
MSEs for the measurements from a moving radar. The last data points
corresponding to Ggr = 30 and Gg7 = 40 in AR (slow-time) are missing
because, in some frames, whole columns are removed when discarding
sample blocks.

of simulations and outdoor experiments, we have shown
that slow-time signal reconstruction can also be an effective
approach for interference mitigation. Both the simulation and
experimental results show significant side-lobe suppression in
the range-Doppler maps when the signals are reconstructed
using the AR models. The side lobes can be further reduced

by reconstructing the signal in the dimension (slow-time or
fast-time) with smaller gaps (a smaller number of consecutive
disturbed samples).

When comparing the fast-time and slow-time signal recon-
struction performances in a static radar, it is observed that
the MSEs are generally lower in the signals reconstructed
in slow-time, even for larger gap sizes (Fig.15). The reason
for the better signal reconstruction in slow-time is probably
that the Doppler spectrum is less dense compared to the
range spectrum for the static radar case. Therefore, especially
in surveillance radars that are generally static, AR signal
reconstruction in slow time can be an effective interference
mitigation approach. The main drawback of slow-time signal
reconstruction is that the whole signal frame needs to be
received before starting model estimation. A direct relation
is observed between the signal reconstruction dimension and
gap size in the case of measurements with a moving radar.
In our measurements, the Doppler spectrum is much denser
than in the static radar case with one moving target.

The focus in this work has remained on interference mitiga-
tion performance evaluation in terms of the SINR and PSLL in
the range-Doppler domain. The angle estimation performance
is also an important factor for automotive radar applications.
Inaccurate AR signal reconstruction on multiple receiving
channels may lead to phase errors that can deteriorate the
angle estimation performance. Therefore, the effect of fast- and
slow-time AR signal reconstruction on the angle estimation
performance requires further investigation.

VIII. CONCLUSION

Mutual interference in automotive radars impairs the detec-
tion capabilities of ego radar. For the safety of road users,
it is important to mitigate the effect of interference. In this
paper, a method for interference mitigation in chirp sequence
automotive radars is proposed. The method is based on the
AR modeling of the received signal in the time domain. After
model estimation, the interfered samples are replaced with
sample values predicted using the estimated models. Signal
coherence in the complete baseband signal frame makes it
possible to perform signal reconstruction in fast- or slow-
time. The proposed method is evaluated using simulations and
measurements from 77 GHz FMCW chirp sequence radars.
The results are compared with a well-known interference
mitigation technique, in which the disturbed part of the
baseband signal is suppressed in the time domain using an
inverse-cosine window. In comparison to the inverse-cosine
method, the SINR is improved, and better suppression of
the side lobes is achieved when AR models are used for
signal reconstruction. For the static radar, the slow-time signal
reconstruction performs better (in terms of the side-lobe sup-
pression and MSE) than the fast-time reconstruction for the
same number of missing samples. The drawback of slow-time
signal reconstruction is that the whole signal frame needs to
be received before starting model estimation, leading to longer
processing delays. However, the frame used is the same as that
used for Doppler processing, so the drawback is not signifi-
cant in many applications. For the moving radar, the signal
reconstruction performance is better in the dimension with
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smaller gaps. The SINR results show an improvement of
~30dB (for a complete signal frame) in a simulated scenario
and ~7.8dB (for a single chirp) in a real scenario. It should
be noted that the SINR improvement in real measurements is
equal to suppressing the interference down to the radar noise
floor, which is a notable result. Unfortunately, the interference
level in the experiment was low. In an experiment with higher
interference power, the suppression is expected down to the
noise floor, and therefore, it would increase the measured
SINR improvement.
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