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1 | INTRODUCTION

Until relatively recently, automotive radar was the domain of
luxury vehicles. The introduction of low-cost millimetre-wave
radar chipsets along with a strong demand for advanced
driver assistance systems and the requirement of safety regu-
lations established radar as a critical sensor for most vehicles
[1]. Automotive radars are also a key sensor for autonomous
vehicles owing to their ability to operate in all-weather [2] and
all-light conditions and their inherent ability to provide direct
range and radial speed measurements. Therefore, the rapid
increase in the number of vehicles equipped with single or
multiple radars [3], to provide full 360° situational awareness,
will significantly increase the probability of mutual interference
[4-9]. ‘Interference’ refers to the signal received from another
source that overlaps with the host, or ‘victim’, radar in the
frequency, time and spatial domains.

Figure 1 shows a typical road scenario in which multiple
radars create interference among sensors operating within each
other's field of view (FOV). Interference may have a higher
power than the echo from targets and hence adversely affect
the functionality of the victim radar. Possible effects of this
interference are: (1) saturation of the receiver (which is outside
the scope of this work), (2i) the appearance of a ghost target in
the case of synchronous interference [10], and (3) a decrease in
the detection performance and even complete a loss of targets
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Mutual interference in automotive radar is expected to become a major issue owing to the
rapid increase in the number of vehicles on the road equipped with radar. The phe-
nomenology of interference in frequency modulated continuous wave radar is presented.
Interference is empirically analysed at every signal processing stage in the victim radar by
means of experimentally verified simulation modelling. Knowledge of how interference
manifests in different domains provides a useful tool to develop algorithms for inter-
ference detection, mitigation and/or avoidance. The receivet's filter response is analysed
to minimise the interference duration and increase the effectiveness of time-domain
mitigation techniques. A innovative method of interference parameter extraction by us-
ing spectrograms is also introduced.

owing to an increase in the interference level at the decision-
making point [8].

This work focuses on mutual interference between fre-
quency modulated continuous wave (FMCW) radars, the most
common modulation format used in current automotive radar
[8,11,12]. A comprehensive understanding of the sensot's front-
end effects on the level of performance degradation caused by
interference in the victim radar is essential. An extensive
empirical analysis is needed for three main reasons: (1) to
determine the effect of each signal processing block on the
interference and optimise the block when necessary, (2) to form
underlying knowledge of how various interference events appear
in each domain, and (3) to determine the optimum domain for
more effective interference detection, extraction of interference
signal parameters, and mitigation and/or avoidance strategy
development. The interference analysis presented here is con-
ducted using a simulation developed in the MATLAB environ-
ment to enable a wide range of FMCW signal parameters to be
used. The simulation results are compared with and verified by
experimental data for selected use cases throughout the work.

The study is structured as follows: Section 2 summarises
the background of FMCW automotive radar. Interference
analysis at various stages of the FMCW radar signal processing
chain is discussed in Section 3. Conclusions are given in
Section 4. The experimental methodology used for simulation
validation is described in the Appendix.
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FIGURE 1 Typical automotive road scenario. Dark grey shows the
field of view (FoV) of the victim radar and red illustrates the FoV of the
interfering radars

2 | MUTUAL INTERFERENCE
BETWEEN FREQUENCY MODULATED
CONTINUOUS WAVE RADARS

A simplified block diagram of an FMCW radar [13] is pre-
sented in Figure 2 with the new proposed signal processing
block shown with a dashed line.

The signal generated by a voltage-controlled oscillator is
split into two parts, in which one is fed to the transmit
antenna (A7,) and the other to the homodyne down-
Every transmitted signal chirp is
composed of three parts: active time (7,), fly-back time,
and idle time with a pulse repetition interval (PRI), hence,
the duty cycle is defined as DC, =Ty, /PRI. A sequence

of chirps is received at the receive antenna (Agy) and

conversion  mixet.

two-dimensional matrix data are formed with size N X M,
where N is the number of samples in each chirp (fast-time
samples) and M is the number of chirps
samples). The output signal of the mixer is restricted in
the frequency domain by a low-pass filter (LPF1) with a

(slow-time

cutoff frequency of f;pr, which corresponds to the
maximum expected beat frequency in the radar. It also acts
as an antialiasing filter for further digital signal processing;
The first fast Fourier transform (FFT) converts the time
domain signal into the range domain. The second FFT
(slow FFT) allows the accumulation of energy over the
coherent processing interval (CPI) and enables the extraction
of the relative speed between the radar and the targets.
The pulse repetition frequency acts as a Doppler sampling
frequency and defines the maximum unambiguous velocity
that can be estimated. The additional branch contains
LPF2 and a short time Fourier transform (STFT). In Nee-
mat et al. [14], Tullsson [15] and Uysal [16], the STFT is
employed to mitigate interference. In this work, the STFT is
used as an analysis tool for interference signal parameter
extraction.

2.1 | Interference

Figure 3 illustrates the victim radar chirp (blue solid line), with
the LPF passband (black dashed line), a target echo (blue
dotted line) and interference chirp (red solid line). The victim
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FIGURE 2 Simplified frequency modulated continuous wave radar
architecture
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(a) Victim and interference chirp in the frequency-time

interference signal in the time domain

and interference chirps have start frequencies of / o and f cint>
respectively. The victim radar transmits a signal with a band-
width of BW,, and sweep time of T,. The interference chirp
has a sweep time of Ty, and bandwidth of BW,.. The chirp
rate is the ratio of bandwidth over the sweep time, which is &,
for the victim radar and ki, for the interference radar. The
transmitted chirp is either up-chirp, where frequency increases
linearly with time, or down-chirp, where frequency sweeps
down. The victim and interference chirps shown in Figure 3(a)
are both up-chirps and are used in all analyses here.
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Interference occurs in the baseband signal of the victim radar if
the received interference chirp falls into the victim radar
receiver passband, defined by the LPF response, which is
shown as a grey region in Figure 3(a). The interference
component appears at the LPF output as a short pulse, with a
duration of AT, whereas the target appeats as a sinusoidal
signal, as shown in Figure 3(a).

Interference can be classified based on the relation be-
tween the victim and interference chirp rate; each group has a
different effect on the overall system performance. The
interference category is shown in Figure 4.

The three main groups are synchronous, semisynchronous
and asynchronous interference. Synchronous interference,
which is a relatively rare case [10, 17, 18], occurs when the
victim and interference radars have identical waveform pa-
rameters (/eq, :/eim) and operate within the same frequency
band. Synchronous interference appears at the LPF output as a
sinusoidal signal indistinguishable from a true target echo. This
results in a high-amplitude ghost target at an arbitrary distance.
Semisynchronous interference refers to the case in which the
victim and interference radar have similar but not identical
chirp rates (k, & ki ). When the victim and interference
chirps' parameters are different, k;, # ki, they are classified as
asynchronous interference. The latter two, as will be shown in
later, lead to a spread of interference across a number of range
bins, and because the received interference power is normally
high (owing to one-way propagation), it can appear higher than
the thermal noise floor of the system. This can be seen as an
increase in the effective noise floor of the system, which affects
target detection and overall system performance [19]. Asyn-
chronous interference can be further divided into three sub-
groups: periodic, semiperiodic and aperiodic [20]. We define
fractional times of interference appearance within each victim
chirp as a vector fi = [t1, L2, .y far]:

(i) Periodic interference: all #; {i = 1...M }are the same

(i) Aperiodic interference: all #; {i=1..M} are different
within the whole CPI duration

(iii) Semiperiodic interference: the t; for first few victim
chirps are different and then start to repeat, so that
[1, 225 ces tn) = [Emnt1y «ovs Lann), m € N.

The reason for considering these subgroups separately will
be discussed subsequently during the interference analysis in
the context of coherent integration.

2.2 | Simulation tool description

The analysis presented here is based on a computer simulation
that was verified experimentally. The simulation tool consists
of two main parts: road scenarios and radar signal modelling;
The range to all targets (R;) and interferers (Rin), as well as
their velocity relative to the victim radar, are the inputs to the
simulation. The radar transmit power, antenna radiation

pattern and the target radar cross-sections (RCSs), mainly cars
and pedestrians [21], are predefined. Although the RCS of cars

3
Interference
Synchronous Asynchronous Semi-synchronous
k,, = kint kv £ kint kv = kint
/ |
‘ Periodic ‘ Semi-periodic Aperiodic
FIGURE 4 Interference type categories

is aspect-dependent and can fluctuate with small angle changes
[3], we assume here that the RCS is non-fluctuating within
an interval of the coherent signal processing time (less
than 10 ms). Various waveform parameters for victim and
interference radars are incorporated at different stages of
the analysis and are summarised in Table 1. The equations used
to model FMCW signals are well-described in the literature
[7, 14, 22].

3 | INTERFERENCE ANALYSIS IN
VARIOUS DOMAIN

3.1 | Influence of low-pass filter 1 impulse
response on interference

Some reported techniques to reduce the effect of interference
are based on suppressing interference in the time domain
(such as zeroing or clipping [8]). By removing interference in
time domain, part of the target signal will be removed as well;
this results in signal-to-noise ratio (SNR) reduction. Therefore,
a shorter duration of interference can result in better perfor-
mance of mitigation techniques in the time domain. The LPF1
impulse response affects the interference duration and hence
the effectiveness of the interference mitigation techniques that
are applied in the time domain. To the best of our knowledge,
a detailed analysis of the LPF1 impulse response on interfer-
ence has not been presented before (apart from a brief
statement in Sanka [7]) and the LPF1 parameters are generally
specified without considering the presence of interference
pulses.

The LPF1 can be considered a chain of low-order analogue
filters [23] followed by an analogue to digital converter (ADC)
and, in some cases, digital filtering and decimation. Such low-
pass filtering is used in FMCW radars to remove signals outside
the expected beat frequency band and to limit the unambigu-

— o Lor
2k, >

interference duration that is limited by the cutoff frequency of
the LPF1 is defined by [24]:

ous range to R where ¢ is the speed of light. The

o 2fpr
Al ™ ] M)
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TABLE 1 Waveform parameters incorporated in the analysis
Victim Interference
Tous)  BW, (GH) Tim (1) BWin (GH2)
#V, 102.4 0.5 #Int, 00 0
#V, 204.8 0.3 #Int, 210 0.5
H#Int; 26 0.5

Equation (1) shows that AT, is lineatly proportional to
fpr and inversely proportional to the difference between
victim and interference chirp rates. However, AT, also de-
pends on the order of filter (n), which is not included in
Equation (1). The filter order effect on interference duration is
analysed by fixing the victim and interference radars' parame-
ters as well as f; pr to 10 MHz, and only changing the filter
order. In this analysis, we considered receiving interference
from #£Int; into #V; as the victim radar (Table 1). The
normalized envelope of interference at the output of LPF1 in
dB scale for filter orders 3 and 6 are shown in Figure 5(a) and
(b), respectively. Because the signal is a linear frequency
modulated pulse, its waveform in the time domain follows the
frequency response of the filter. The interference duration
varies depending on selected threshold levels, which have been
chosen as —10, =30 and —50 dB (red dotted, blue dashed and
green dashed-dotted vertical lines, respectively). For the
—10 dB level, AT}, is around 4.8 and 4.4 us for LPF1 of or-
ders 3 and 6, respectively. At the —50 dB level, AT}, becomes
16.7 us for n = 3 and is reduced to 7.7 us when the filter order
increases to 6. The results show that the duration of interfer-
ence is reduced by increasing the filter order when a lower
threshold level is selected. The simulation result for n = 3 is
compared and validated by measured experimental data shown
in Figure 5(c) and (d), respectively, demonstrating close
agreement.

However, a blind increase in the order of the filter does
not necessarily lead to a reduction in the duration of inter-

ference. The dependences of ATT’” for various filter ordets

and threshold levels are shown in Figure 6(a). The general
trend of interference duration shows a decrease as the filter
order increases (steeper roll-off) for all threshold levels
for n = 1-5; however, in higher-order filters, the transient
response time (ringing) becomes more pronounced, which
leads to the increased duration of interference pulses. To
illustrate this ringing effect, the simulated interference signal
after filter orders n = 5 (red line) and n = 8 (black line) are
shown in Figure 6(b). This example clearly shows higher
ringing in the case of filter of order n = 8, which means
additional time domain samples are corrupted by interference
compared with the result of filter order n = 5. For this
specific case, order n = 5 may be considered the optimum
filter order from the perspective of interference mitigation.
LPF1 parameter optimization can be undertaken for other
automotive radars cases, with different parameters, using a
similar analysis.

3.2 | Interference analysis in time-frequency
domain and its parameter extraction

A spectrogram, obtained by applying STFT [25], reveals useful
information about interference in the time-frequency domain
and can be used for interference detection, parameter estima-
tion and the development of adaptive mitigation algorithms
[14, 15]. The interference chitp pulses appear as a V-shape
signal [14, 26] whereas target reflections, which are a harmonic
signal, appear as a horizontal line in the spectrogram. The
amplitude and phase of the interfering signal are estimated in
[27, 28]. The estimated parameters are used to reconstruct the
interference signal and subtracted from the received instanta-
neous frequency (IF) signal. However, as stated by the authors,
the accuracy of the proposed techniques in Bechter and
Waldschmidt [27] and Bechter et al. [28] requires high calcu-
lation efforts and largely depends on the interference ampli-
tude and the number of interfered samples: the higher the
amplitude and the larger number of samples affected by
interference, the better the accuracy of interference parameter
estimation is. Here, an extra signal processing chain in the
receiver with wideband LPF2 and STFT is proposed at
the output of the mixer to analyse the spectrogram across the
entire spectrum to extract a different set of interference
parameters such as the start frequency, bandwidth, sweep time,
chirp rate and idle time.

3.2.1 | Interference parameter extraction

The range of interference parameters that can be extracted
from the spectrogram depends on the cutoff frequency of LPF,
because this LPF2 is introduced. To illustrate this, two cutoff
frequencies for LPF2 are used, fLPFZ(l) =10 MHz (which
is typical for automotive radar) and much wider
fLPFz(z) = 500 MHz(chosen to be equal to BW,). The simu-
lated spectrogram of the teceived signal in # V' from #Int; is
shown in Figure 7(2) and (b) using f Lpro(1) and f LPF2(2)>
respectively. The reflection from a target is clearly visible as a
horizontal line in Figure 7(a); it is also present in Figure 7(b),
but because of the wide scale of the spectrum, it is not clearly
visible. Noise is not considered in this simulation. A sharp and
narrow spectrogram appears for f LpFa(1) because only a small
fraction of the interference spectrum is passing through the
filter. Figure 7(a) can be used to detect interference and its
exact time of appearance, which are crucial for further inter-
ference mitigation along the signal processing chain. However,
a wider interference spectrogram is observed for f LPF2(2)>
which contains more information about the interference. This
can be used for interference parameter extraction, such as its
sweep time, bandwidth and carrier frequency. However, using a
conventional technique, a higher sampling frequency will also
be required when a wider LPF2 is used, and there must be a
trade-off between its bandwidth and sampling/computational
complexity, or alternative signal processing schemes to extract
wide bandwidth data such as frequency discriminators, in
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FIGURE 5
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FIGURE 6
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which the ADC is placed after the discriminator, will require

only a modest sampling rate and may also be considered.
The range of interference parameters that can be extracted

from the spectrogram also depends on the relation of Ty, and

Ts. Two cases are considered here: case 1: T > T

(Figure 7(b)) and case 2: T, < Ty, (Figure 8).

For case 1, Ty, interference idle time (Tigje—ine)s BWine

and f;,, can be estimated as:
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Toine = tsrrr(cr) — tsrrr(as)
T idte-int = tsTrr(a2) — tsrrr(Cs)
BWiw =f,(c1) =f(a1) + fsrer(ct) +fsrrr(as)
e = ola1) = fsrer (a1

2)

where tg7pr and f gy pp are the time and frequency of the signal
in the spectrogram and f, is the frequency of the victim chirp
at the selected time, for example, ¢;. In the case where
BW, < BW iy, there may be ambiguity in the estimated value
of BW ... Different values of BW,,, could be calculated from
consecutive interference chirps observed in the successive
spectrograms. The larger value of BW,, can be considered as
the value closer to the actual BW,,. For case 2, that is,
T < Tint, 2a number of consecutive signal chirps atre analysed.
An example is presented here using #Int, with a sweep time
of 210 us and a bandwidth of 0.5 GHz into # V' with a sweep
time of 102 4 ps and a bandwidth of 0.5 GHz. Two consec-
utive victim chirps that received interference from the same
source, as shown in Figure 8, are required to extract the

(b)

(b)
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Spectrogram of interference #/Int, in the victim (a) chirp 1 and (b) chirp 2

interference parameters for this specific case. The interference
parameters can be calculated as:

Toine = tsrrr(cr) — tsrrr(ar) + tsrrr(cz)
— ts7r7(a2) + tidle-w
Tidle-ine = tstrr(a3) — tsrrr(c2) (3)
BW ine = BWy + fsrpr(c1)mf srpr(a1)
fcint :fv (ﬂl) ifSTFT(ﬂ])

The idle time of the victim radar (7g._,) should be
considered to obtain the sweep time of the interference in case
2. The accuracy of the estimated BWi,, teduces for case 2
when interference has a wider bandwidth than the victim radar
bandwidth. With these examples, it has been shown that the
parameters of interference can be directly extracted from
the spectrogram and such estimated parameters using Equa-
tions (2) and (3), shown in Table 2, together with the actual
interference parameters. The estimated values for interference
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sweep time and idle time for both cases are reasonably accu-
rate. High accuracy is observed for the interference bandwidth
and the start frequency for shorter interference; however, there
is some ambiguity for these two values for a longer interference
sweep time. A comprehensive algorithm to enable extraction
of interference parameters for wider cases and in more com-
plex scenarios (downchirp, multiple interference, etc.) is the
subject of ongoing future work.

3.2.2 | Effect of wideband low-pass filter 2 on
spectrogram background level

Our analysis shows that it is possible to extract interference
parameters using an extra wideband channel after the mixer.
However, the wide bandwidth lead to larger thermal noise
power at the wideband LPF2 output, which could result in less
efficient interference parameter extraction. To analyse this,
interference from #Int, with an amplitude of the same otder
as the thermal noise (weak intetference [29]) into #V; is
considered and plotted in Figure 9(a). The spectrogram at the
output of the filter with f, PF2(1) and f LPF2(2) filters is shown in
Figure 9(b) and (c), respectively. The V-shape spectrograms of
interference appeared well above the noise for both cases, and
interference parameter extraction would be possible using

Figure 9(c).

3.2.3 | Experimental validation

To validate the simulated results, the spectrograms of the
measured data are compared with the simulation results. The
experimental data obtained by two off-the-shelf automotive
radars: radar 1 with f,pp=35MHz and radar 2
f1pr =10 MHz (shown in Table Al in Appendix); the victim
radars are shown in Figure 10. Their waveform parameters
correspond to # V1 (Table 1) and interference is from #Int;.
These data also show the influence of LPF2 characteristics on
the appearance of intetference in the time-frequency domain.
The signal obtained by victim radar 1 shows a sharp and
narrow V from interference Figure 10(a) and (b) compared
with the results obtained from victim radar 2 in Figure 10(c)
and (d). The simulation results coincide well with the experi-
mental results.

3.3 | Interference analysis in range domain

Ideally, the signal at the LPF1 output would contain an almost
monochromatic target echo and, in some cases, time-limited
interference pulses. After fast-FFT processing, the target
echo will appear over a small number of range bins, whereas
the interference being frequency modulated will spread over a
number of range bins. The latter appeats as an increase in the
noise floor of the system, referred to here as the interference
noise level. To analyse the interference spread for the three
main interference groups (synchronous, semisynchronous and

TABLE 2 Estimated and actual interference parameters

Tsv > Tsint Tsv < Tsint
Estimated (2) Actual Estimated (3) Actual
Teime (15) 26 25.6 209.6 210
Tide-ioe (19) 32 3 1 10
BW,,, (GHz) 0.51 0.5 0.36, 0.5 0.5
Fowe (GHz) 75.99 76 76.1, 75.9 75.9
int

asynchronous), the victim radar parameters are fixed (#V)
and the interferer parameters are varied to provide different
interference cases. In this analysis, the target is placed at about
20 m from the victim radar and interference at a range of 70 m.
The simulation results for the synchronous case in the time and
range domains are shown in Figure 11.

The interference looks to be close to a monochromatic
signal and acts similarly to a target echo, which results in the
appearance of a ghost target in the range domain. Synchronous
interference is difficult to differentiate from a real target return;
however, the probability of this type of interference occurring
is small [10, 17, 18].

The time and range domain data for the semisynchronous
interference (ky, = kiy:) case are plotted in Figure 12(2) and (b),
respectively. Figure 12(b) shows that this interference is spread
over a number of range bins, leading to a significant increase in
the interference noise level, masking the target at 20 m. There
is a higher probability of occurrence of this type of interference
compared with synchronous interference. Mitigation tech-
niques that apply in the time domain, such as zeroing [8], will
not be as effective for this type of interference because by
replacing zeros for interference duration, almost all of the
target signal will be removed, too.

The third and most common group is asynchronous
interference (k,y #* /eim). The interference radar has the same
bandwidth as the victim radar (0.3 GHz), but the sweep time
of interference is 65 us whereas the victim radar sweep time is
204.8 ps. Interference occurs as short, double-sided chirp
modulated pulses (Figure 13(a)) and results in a broader spread
in the range domain compared with the semisynchronous
interference group; consequently, the interference level is
lower, considering the same received interference power
(Figure 13(b)).

Considering the case in which only the interference signal
transmitted from another FMCW radar is present in the
receiver of the victim radar, the instantaneous frequency (f )
of the received interference can be written as:

1 d
f[F = E %QSO) = (/67, - kiﬂt)t + (fc’u _fcim + ki“trim)

(4)

where i, is the time delay between the victim and interference
chirp. The first term defines the spread of interference spread
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FIGURE 9 Appearance of weak interference signal in (a) time domain spectrogram of signal using (b) f pr; and (¢) f;pp,

in the range domain and the second term is the frequency at
which the pedestal is formed. Using the first term, the number
of range bins (Ni,) that the interference spread can be ob-
tained. The number of range bins corrupted by the interfer-
ence multiplied by the beat frequency resolution should be
equal to |k, — kiy. | Tsy; therefore, Nig, depends on the victim
and interferer chirp rates and the sweep time of the victim
radar:

Ninz = Ikv - kinz | va (5)

This can be used to obtain the interference noise level as
Vil / /Nini, whete Vi is the interference level into the
receiver of the victim radar. Equation (5) shows the spread of
interference before LPE. The number of bins will be reduced
depending on f; pr with no changes in the interference noise
level. Equation (5) shows two important factors that define the
spread of interference in the range domain and consequently
the interference noise level. Closer victim and interferer chirp
rates, such as a semisynchronous case, means less interference
spread (with a corresponding higher interference level), and a

longer victim sweep time means a larger interference spread
(with a corresponding lower interference level). Figure 14(a)
shows the interference spread for various values of
k= |k, — ki, | in a victim radar (#1;). The result shows an
increased interference spread and a lower interference level as
k increases. Figure 14(b) illustrates the influence of the sweep
time of the victim radar on the spread of interference in the
range domain, where k is kept constant (0.005) and the sweep
time of the victim is changed. The range profile of four
different values of T, in Figure 14(b) shows an increased
spread and a lower interference level for a longer victim sweep
time as indicated in Equation (5). The observed bow shape in
the spectrum of the signal for £ =0.5 in Figure 14(2) and
Ty =1ms in Figure 14(b) corresponds to asynchronous
interference when T, < T

3.4 | Coherent signal integration

To increase the SNR, a number of chirps ate integrated over
the CPI, which is a characteristic of the individual radar design,
but typically, it has an order of milliseconds. If the target
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reflections remain coherent during a CPI consisting of M
chirps, the signal power increases as M?, whereas the thermal
noise power increases as M. As for the interference, its powet
after integration depends on its correlation property during
CPI [20]. Schipper et al. [24] estimate a gain in the signal to
interference ratio (SIR) as a function of the time-bandwidth
product, scaling factor, and windowing, and if an in-phase
and quadrature component receiver is used. However, in this
subsection, the effect of coherent signal integration on the SIR
for various types of interference is analysed. The analysis of the
effect of coherent integration of different subcategories of
asynchronous interferers (periodic, semiperiodic and periodic
[Figure 4]) is discussed by the trend of interference level after
integration during CPI as well as an evaluation of interference
correlation during this time (Figure 15). For this analysis, a

Amplitude (V)

100
Time (us)

50

bandwidth of 0.3 GHz and carrier frequency of 76 GHz are
used for the victim and interference radars, and only the sweep
time of the interference is changed to provide different inter-
ference classes. The sweep times of the victim and interferer
radars are shown in Table 3.

Figure 15(a) shows an increase in the interference level as a
function of the number of integrated chirps, normalized to the
first chirp, for all three types of asynchronous interferences.
The trend for fully correlated and uncorrelated cases is also
plotted for reference. The average correlation coefficient,
presented in Figure 15(b), is calculated as p,, = p,/M, where p,
is the sum of correlation coefficients between interference
pulses across all of the victim chirps.

The highest increase in interference level during CPI
corresponds to periodic interference, which is the fully
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FIGURE 12 Amplitude (real-part) of target and semisynchronous interference: (a) time domain and (b) range domain
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TABLE 3 Victim and interferer parameters

Victim Periodic Semiperiodic Aperiodic
Sweep time (us) 100 30 32 31.9
Chirp rate (MHz/us) 3 10 9.37 9.4

correlated case; hence, no improvement in SIR occurs by
integration. Because of the periodicity of interference among
the victim radar chirps for periodic interference, the average
correlation coefficient equals 1 for the whole CPI. Aperiodic
interference shows the lowest increase in the interference
level because it is the uncorrelated case; therefore, the
improvement in SIR corresponds to the number of inte-
grated pulses. The semiperiodic interference shows zero
correlation between interference at the beginning of inte-
gration, the first six chirps for this specific case, and the

trend of interference level following the uncorrelated case.
After this, the average correlation increases to 1 (as the
interference repeats) and the interference level increases to
become similar to the correlated case. Hence, the SIR
improvement falls between these two extreme cases. This
analysis shows that destroying the interference coherency can
decrease the interference level and may maximise SIR
improvement. The effectiveness of waveform randomisation
to reduce the detrimental effect of periodic and semiperiodic
interferences was shown in our earlier work [20].

35 |
map

Interference effect in range-Doppler

Understanding of how various categories of interference
manifest in the range-Doppler (R-D) domain is important to
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assess the effects on target parameter (ie., range and ve-
locity) estimation. The target Doppler frequency is estimated
across multiple returns from multiple transmitted chirps
during CPIL

3.5.1 | Interference in range-Doppler map

The appearance of interference cases (categorised in Figure 4)
in the R-D map for (#V,) is presented using two targets
(cars) with an RCS of 10 dBsm, with a range and relative speed
of 20 m and 12 km/h for target 1 and 60 m and —10 km/h for
target 2. The interference source is placed on target 2. The
parameters of the victim radar are fixed and only the interferer
parameters are changed to provide various interference types,
as summarised in Table 4. The expected appearance of
different types of interference in the R-D map are also sum-
marised in Table 4.

The R-D maps in the presence of synchronous and
semisynchronous interference are shown in Figure 16. For
synchronous interference, a ghost target appears in the R-D
map at an arbitrary distance and relative speed. The semi-
synchronous interference case appears differently in the R-D
map depending on the interference pulse periodicity within
the victim chirps during CPI. If the interference appears
periodically during the whole CPI, the interference power
spreads across the range bins at only half of the true relative
speed of the interference (Figure 16(b)). However, the small
chirps result in wider spread along the range axis (owing to
a shift in pedestal in each victim chirp (Figure 12(b)) and

TABLE 4 Victim and interferer parameters

Doppler axis (owing to different Doppler shifts across the
victim chirps) (Figure 16(c)).

Figures 17-19 illustrate the R-D maps in the presence of
asynchronous interference corresponding to three groups:
periodic, semiperiodic and aperiodic interference, respec-
tively. In all of these cases, T, < Tsin; and T > Ty, are
considered. There is no Doppler spread for the periodic
case, and thus two distinctive lines are expected at positive
and negative Doppler frequencies for this type of interfer-
ence. Small peaks and nulls are observed for the periodic
case with shorter interference. This results from the pres-
ence of more than one interference chirp within one victim
chirp (similar to Figure 13(c)). The amplitude of the inter-
ference line in the R-D map depends on the interference
spread as defined in Equation (5). Semiperiodic interference
results in an increased number of parallel lines across the
R-D map in Figure 18. Interference spread along Doppler
bins depends on the position of interference chirps during
CPI, and hence a larger number of lines for shorter inter-
ference. The peaks and nulls are visible for both cases,
Ty < Ty and Ty, > Ty, as the interference become pe-
riodic after first few victim chirps; however, they have a
more random appearance for shorter interference. This is
due to the presence of more than one interference chirp
within each victim chirp.

Finally, the most common group of interference, aperiodic
interference, in which apetiodicity between the victim and
interference chirps during CPI, results in the random spread of
interference over all of the R-D map (Figure 19). The presence
of visible bows and nulls for interference with a longer sweep

Interferer parameter

Condition Tsint(us) BWin(GHz) Doppler effect
Synchronous by = Fin, 204.8 0.3 Ghost target at arbitrary distance and Doppler
of interference
Figure 16(a)
Semisynchronous Figure 16(b) by~ B 204.8 0.299 Short spread of interference energy across range bins

Asynchronousk # Kjn,

Periodic Figure 17 TAnd BW,, % BW, OR Ty ~ 00
Ts’v/Tsint > 1Ts’u = nTsint

Semipetiodic Figure 18 mTy, = nTgy, Teo) Toime < 1 1400
Tsv/Tsint >1

Aperiodic Figure 19 mTe, # nTgn: Too/Toim <1
Tsv/Tsim: >1

Aperiodic experimental Teo/ Tsine > 1

204.79  0.299

702.4 0.3

Wide spread of interference energy across range
and Doppler bins

2048  0.25 Two distinctive line in range-Doppler map
25.6 0.3 Two distinctive line in range-Doppler
map with small peaks and nulls
0.3 Multiple parallel line with bow shape
46.5 0.3 Multiple parallel line with more random appearance
peaks and nulls in each line
Diagonal ridges
46.2 0.3 Small diagonal ridges that get more random appearance
when the number of interference chirps increases
in each victim chirp
356 04 Diagonal ridges
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FIGURE 17 Range-Doppler map in the presence of periodic asynchronous interference: (a) longer and (b) shorter interference chirp

time (Figure 14) and their integration result in the presence of
diagonal ridges in the R-D map. For a shorter interference
case, the peaks and nulls appear more randomly. This
randomness increases when the number of interference chirps
increases per victim chirp.

3.5.2 | Experimental validation

A number of experiments were conducted to obtain R-D maps
for various interference cases. One example, which corre-
sponds to apetiodic intetference and Ty, > T, uses radar 1
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(Appendix) as the victim radar with parameters defined as
(#V>) in Table 1 with a duty cycle of 78%. The interference
radar (radar 2) has a 35.6-ps sweep time, 0.4-GHz bandwidth
and 40% duty cycle. A corner reflector (CR) is used as a refer-
ence target and is placed 6 m from the victim radar. The inter-
ference radar is placed at 8 m. Multiple reflections from walls
and room furnitute are also observed in the measured data. The
victim radar, targets and interference radar are all static. Not all
victim radar chirps received interference owing to the different
PRIs of the victim and interference radars. The R-D map ob-
tained from experiment and simulation is shown in Figure 20.
The R-D map shows a rise in the noise floor and a diagonal line
as expected (three interference chirps per victim chirp). The
comparison between the modelling and experimental R-D maps
confirms the accuracy of the modelling results.

The interference analysis in the various domains showed that
the SIR increases along the signal processing chain. Initially, the
LPF rejects part of the interference. In the next stage, the
interference spreads across various range bins after fast-FFT
processing. Finally, the SIR is improved owing to coherent
signal integration in the slow-FFT, depending on the type of
interference. All of the simulation and experimental analysis on
the effect of vatious types of interference in different stages of
FMCW radar signal processing shows that the effect of inter-
ference strongly depends on the victim and interference radar
parameters. This illustrates the importance of a universal tool to
identify the expected effects of interference [30].

4 | CONCLUSION

This work provides an analysis of interference behaviour at
various stages in an FMCW radar signal processing chain by
simulation modelling and experimental validation. The analysis
shows how interference manifests in each domain and reveals
how interference affects the functionality of the victim radar.
The analysis shows the need to optimize the LPF1 impulse
response to improve the effectiveness of interference mitiga-
tion techniques that apply in the time domain. The spectro-
gram is shown to be a useful tool to detect interference and to
extract interference parameters. The effect of different inter-
ference types after coherent integration on the SIR is also
studied. The R-D map in the presence of different interference
types are explained. This level of analysis is required for other
types of modulation that are used or are proposed for imple-
mentation in future automotive radars, such as phase modu-
lated continuous wave radars as part of future work.
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victim and interferer radars with reconfigurable waveform
parameters (sweep time, bandwidth, etc.). A non-modulated
continuous wave, radar 3, is also used as a source of interfer-
ence. A CR with RCS of 14 dBsm is the main calibrated target.

Radar #1 #2
Start frequency (GHz) 76 76
Bandwidth (GHz) 0.2~2 0.1~2
Sweep time (us) 25.6~200 25.6~200
Antenna type Patch Patch
Receive antenna gain Gg, (dBi) 15 15

17 17
Rx antenna 12 x 76 12 x 76
Beam-width (A X E) (°)
Transmitter antennaBeam width (A X E) (°) 13 x 51 13 x 51
Number of chirps 128 128

TABLE Al
the experiments

#3 (Transmit only) Parameters of radars used in

76.1

0

0

Waveguide horn
NA

20

NA

20 x 20

NA

Abbreviations: NA, not available.
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