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Discussion of the operating range of
frequency modulated radars in the presence

of interference
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This paper discusses the operating range of frequency modulated (FM) radars in the presence of interference. For this purpose,
radar- and path loss equations are used to draw the equipotential lines for a given signal-to-interference ratio as a function of
the spatial distribution of targets and interferers in order to identify relevant scenario constellations. Further the factors influ-
encing the gain of signal versus deterministic interference are discussed based on measurements and simulations. Finally, the
influence of different kinds of interference on the spectrum of a frequency modulated continuous wave radar is shown.
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. INTRODUCTION

Currently, below 1% of the world’s total car stock is equipped
with driver assistance functions based on radar. Results from
market research institutes indicate that the radar penetration
rate could reach 50% in the year 2030 [1]. This market
trend brings interference between automotive radars back
into the focus of research. Hischke addressed this topic in
1995 [2] by simulations, which considered representative
traffic densities and focussed on collision warning radars.
An important observation was that the most important
(closest) targets were never lost, but it was nevertheless sum-
marized that the interference problem must be already consid-
ered during the process of system design. In 1997, a frequency
modulated continuous wave (FMCW) interference-resistance
policy was proposed by Tullsson [3]. He pointed out that a
combination of narrow antenna beams, an elimination of
interference by filtering in time or frequency domain, as
well as a robust tracking process are necessary for an automo-
tive radar system to be reliable. Oprisan [4] presented the
results of practical tests in 2005 and concluded, beside rules
of thumb, that for their measurement setups interference by
single radar was not a problem for the overall system function-
ality. In 2007, Brooker concluded [5], based on analytical cal-
culations, simulations and measurements that interference
between FMCW radars results in a significant and continuous
decrease in the signal-to-noise ratio (SNR). Subsequently to
these publications, Goppelt [6] did a more thorough investiga-
tion of interference between frequency modulated (FM)
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radars. Starting from 2010 practical tests, analyses and simu-
lations were performed within the MOSARIM project to get
an overview of the actual interference situation between auto-
motive radars. After the end of this project research is still
continued [7-9]. Furthermore simulation tools to estimate
future interference situations between automotive radars are
being developed [10-12]. This work extends the paper [9],
whereby its structure is as follows.

Section 1II estimates the operating range of FM radars and
defines three different kinds of characteristic constellations for
radar, target, and interferer. Depending on the radar’s para-
meters and its gain versus interference the scenarios which
are of interest can be identified.

In Section III, the factors which influence the above-
mentioned gain versus interference are discussed in more
detail. Further the shape of interference effects due to different
kinds of disturbing waveforms is demonstrated for a FMCW
radar by means of measurements.

Il. OPERATING RANGE OF
FM-RADARS IN THE PRESENCE OF
INTERFERENCE

To roughly estimate the operating range of a radar in the pres-
ence of interference, a simple signal-to-interference (S/I)
model can be derived from the radar (1) and the path-loss
equation (2). It is assumed that the perturbed radar and the
disturbing radar share the same carrier frequency range. For
reasons of simplicity the perturbed radar is called “victim”
and the disturbing radar is called “interferer” in the further
text. If vehicles are no point targets for frequencies at 24 or
77 GHz, the radar cross-section (RCS) o is a function of the
distance between the victim and the target. To indicate this,
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o is written as a function of the distance. The multi-path
propagation, clutter and noise are not considered in the
following

Pryx - Grx - |Crx (Q1x)*

_ -Grx - |Crx(Qpx)|” - o(Rr) - N
Prx = (4m) R . (1)

Prrx - Girx - |Crrx (Qrx) |2
-Gry - |Crx (Qrx)|* - N*

P =
IRX (47T)2Rf (2)
Prx - Grx - |Crx(Qrx) |?
Prx _ |Crx(Qrx)I* - o(R7) - R} S ()

Prx  Pirx - Grrx - |Crx (Qurx) | 1
| Crx (Qrx)|* - 477 - R,

Equation (3) gives the S/I ratio at the receive antenna port
of the victim. The capital letters P, G, and C denote the power
at an antenna port, the gain of an antenna and the antenna’s
beam pattern. The indices of P, G, and C show the belonging
to the transmit or receive side of the victim (TX and RX) or
the transmit side of the interferer (ITX). The angles of out-
going radio waves are denoted by Qrx for the transmit
antenna of the victim and Qry for the transmit antenna of
the interferer. The angles of incoming radio waves at the
victim receive antenna are denoted by gy for the useful
signal and Qjrx for the disturbing signal. Ry is the distance
from the victim to a target with the radar cross-section
o(Ry) and R; is the distance from the interferer to the
victim. The S/I-ratio does not include any gain by analog or
digital processing yet.
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Fig. 1. The area above the blue (diagonal) line includes all victim/target/
interferer constellations where a S/I of 10 dB or better is likely. S/I = 10 dB;
Gs,1 = 52 dB; Pgirp = Pgrrps 0 = 10 dBsm # f(Ry).
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The gain in S/I for a FM waveform based radar versus
uncorrelated interference is

Gsyr =By - Ty, (4)

where By is the occupied signal bandwidth and T is the dur-
ation of the victim’s frequency ramp, which we assume is
equal to the coherent processing time [13]. Gz is also equal
to the gain by ideal coherent pulse compression. Later, it
will be shown that for the FMCW radar Ggj; is achieved by
a combination of analog filtering and a fast Fourier transform
(FFT). Equation (3) can now be extended by this gain to

Prx - Grx - |Crx(Qrx)?
S |Crx(Qgrx)|* - o(Rr) - R}

= - Gy,
I~ Pux-Gix - [Cox Q)" (5)
| Crx(Qurx)|* - 47 - RY
and rearranged to
Prrx - Grrx - |Crrx (Qurx) |2
S | Crx (Qurx) |2 4mRY
Ri= |5 | Cr (Qurx)| ) T ()
I Prx - Grx o(Rr) - G1

JCrx (Qrx)I? - |Crx (Qrx)I*

Assuming that the target and the interferer are within the
victim’s main beam and the victim is within the main beam
of the interferer, (6) can be estimated by

R — \/S Prrx - Grrx 47R%
Is — 7

I Prx-Grx o(Rp)- Gy
_|S Puwp  47R7
I Pgre o(Ry) - Gy’

It is further assumed that both victim and interferer
have the same equivalent isotropically radiated power (EIRP)
and the targets are always in the far field (o # f(Ry)).
Automotive relevant objects in the far field could be bicycles
or motor scooters for the view from behind. The RCS of
motor scooters and bikes are (partially significantly) smaller
than 10 dBsm, cars or trucks are usually around 15 dBsm
and above for the most important aspect angles in the
24 GHz range [14], whereas the RCS of pedestrians is signifi-
cantly lower (about —7 to —3 dBsm) [15].

Based on equation (7) an equipotential line for a desired
S/I-ratio in frequency domain can be drawn. This is done in
Fig. 1 for the parameters listed in its caption and a variable dis-
tance between radar and target.

The blue (diagonal) line in Fig. 1 represents the constella-
tions of victim, target, and interferer which lead to the desired
S/I-ratio (here 10 dB). This line divides the area into two sec-
tions. The upper section corresponds to constellations which
fulfill the desired S/I-ratio. This upper section is named
IFOC, indicating interference free operation constellations.

The lower section corresponds to constellations which do
not fulfill the desired S/I-ratio. This lower section is named
TMC, indicating target masking constellations.

But a radar cannot only loose targets (or peaks in the spec-
trum) due to interference by radars in near vicinity. The
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Fig. 2. Operating ranges for different Gy S/I=10dB; Pigrp = Prres
o =10dBsm # f(Ry).

target itself also disturbs the victim, if the target is equipped with
radar sensors. As a result the interference floor raises and from a
certain distance on the target falls below the constant-false-
alarm-threshold of the victim. The distance from which this
occurs is named the target self-masking distance (TSMD) here.

The equipotential lines for different values of G/, a fixed o
and a fixed S/I are drawn in Fig. 2. Based on the estimation,
e.g. a 0 dBsm target in 30 m distance could fall below the
wanted S/I of 10 dB if an interferer is present within 10 m
radius from the radar.

The TSMD for a car is very high, so it is highly unlikely to
loose cars as a result to interference by themselves. Cars in
near vicinity could mask vehicles far away, but normally the
closest targets are most important for the assistance function.
But nevertheless the maximum detection range of all radars is
decreased if interference is present and the scenario is not
clutter and not yet noise limited. If a smaller target like a
motor bike would have a radar and a RCS of o dBsm for the
front view, the TSMD starts at 9o m for a Gg/; of 60 dB accord-
ing to Fig. 2. Therefore, if the scenario is not yet limited by
clutter, this could lead in a later detection of the fast approach-
ing target. The hard separation between IFOC and TMC is
valid for the assumptions made so far. In reality, the S/
I-ratio fluctuates. The reason therefore, among others, is
fading caused by multipath effects and a variable gain versus
interference Ggy;.

In the following section factors, which influence the gain
versus interference Gg,p, are discussed.

1. BASIC MECHANISM OF
INTERFERENCE BETWEEN FM
RADARS

The frequency ramp of a victim with FMCW modulation
including its anti-aliasing filter (AAF) is presented in an
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Fig. 3. The areas around the crossing ramps show beat frequencies in a
FMCW receiver resulting from a FMCW and a CW interferer, respectively.
The beat frequencies are drawn relatively to the victim’s frequency ramp.

idealized spectrogram in Fig. 3. Further CW and FMCW
interferers, which pass the FMCW’s AAF and lead to unwant-
ed mixer output frequencies are sketched.

Measurements in the anechoic chamber demonstrate the
resulting interference effects from a CW signal onto a
FMCW radar with eight receive channels and digital beam-
forming capabilities [16, 17]. The spike in time domain
(Fig. 4) marks the moment when the disturbing signal is
within the AAF’s passband.

The Fourier transform turns this spike into a broadband
increase of the interference level in frequency domain for all
eight receive channels (Fig. 5). Also the direction from
which the disturbance comes from, as well as the interferer
itself is visible after beamforming (Fig. 6). In an environment
without strong fading effects equation (7) could be further
used to estimate the distance to an interferer based on the
observed interference floor.

The increase of the interference level in time domain is
proportional to the dwell time of interference in the victim’s
AAF. The dwell time is now further discussed.
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Fig. 4. In time domain all eight receive channels show a rather similar spike
due to interference by a CW interferer.
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Fig. 5. The interference floor is far above the radar’s noise level in frequency
domain.
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Fig. 6. The source which causes this reduction of the dynamic range can be
seen at a distance of about 6 m. It has an output power of 20 dBm EIRP.

A) Dwell time of interference

Referring to Fig. 3 an ideal rectangular filter changes the mean
received interference power Ppx from the CW signal due to a
duty cycle and a gain by the number of computed FFT points
as it was already stated in [4]:

facw 1
Tohs

2 - BAAF 1
JIIOAAE D -
By Nger

(8)

Prr ~ Prrx - =
Nerr

where P is the interference power in a frequency bin after the
FFT. If the sampling theorem is fulfilled this equation can be
simplified to

2-Bar L5
By Ty

2 Baar
By

Prp = Prpx - = Py

) P (9)
2-Baar- Ty By-Ty’

where t; is the sampling time. As it can be recognized in (8)
and (9) the ideal gain By-TYy is realized by a combination of
analog filtering and a FFT. Oversampling does not ensure
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the regain of dynamic range in the presence of interference
by deterministic signals.

In case of another FMCW interferer (also referring to
Fig. 3) the dwell time of interference is changed. The new
dwell time (10) is dependent on the frequency slope of the
chirp created by the mixing of the signals from victim and
interferer

; _ 2 Baar (10)
dFMCW B_v_& 5
Ty Tr

where falling chirps have negative signs and rising chirps have
positive signs. We can express this change of the ideal gain
By-Ty from the case of CW interference to a FMCW interfer-
ence by a scaling factor

By _ By By _ By
tacw 2-Baap v T T Tv T
SF = = . = (1 1)
tarmcw By 2 - Baar By
Ty Ty
The ideal gain can then be modified to
Gs/] = BV . TV - SF. (12)

In [6], this principle behavior was also derived from the
view of dwell time per frequency bin and measured for a com-
bination of up and down chirp.

In order to enhance Gg/; it can now be thought of maximiz-
ing the SF by further increasing one of the involved chirp’s
slope. Because the bandwidth is limited by regulation, only
the chirp time can be further reduced. As a consequence the
chirp repetition rate must be increased to ensure a certain
doppler resolution (dependent on coherent processing time)
and to maintain a high Gg/. So a shorter dwell time of inter-
ference is traded for more frequent moments of interference
and the mean level of interference stays the same.

A better possibility would be to use chirps with the same
(or full) bandwidth and different slope signs. Forward
looking radars could, e.g. drive up-chirps and backward
looking radars down-chirps. This effectively reduces the
dwell time of interference.

What is not considered yet is the effect of windowing in
time domain before the FFT.

B) Windowing

The windowing ensures the control over resolution and
dynamic range by a time dependent damping of the signal.
In average this damping influences signal and interference,
if the interference-spikes are uniformly distributed in time
(within one chirp or one spike in several chirps). If interfer-
ence happens mainly in a certain region, let us say for
example in the middle of a chirp, the interference-spike is
not damped but the signal is. This leads to an additional
loss in the overall S/I, which is approximately the coherent
power gain of the window in that case. In contrast, the win-
dowing can also increase the overall S/I if the reduction of
the interference-spike in time domain is larger than the coher-
ent gain of the window. Figures 7 and 8 demonstrate these
effects by terms of measurement (maximum observed inter-
ference in population is shown).
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Fig. 7. The window will mainly suppress the interference localized near the
boundaries of a time domain signal.
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Fig. 8. The interference floor in frequency domain can be heavily dependent
on windowing.

The effective CW interference is strongly dependent on its
position in time. If interference is localized only a few samples
around a sample #, the gain in S/I by a normalized window
win is

M 2
& > win(m)
G = | == |
v win(n)

(13)

where by M is the length of win. This formula is closely related
to the processing gain of a window as it is presented in [18].

That indicates that narrow band waveforms at the outer
boundary of the available spectrum, have only a small effect
on broadband, FM waveforms which perform windowing
before the FFT.

If a FMCW radar is interfered by a foreign (FM)CW wave-
form, the phase relation of these waveforms is of special inter-
est. The role of this phase relation will be discussed in the next
subsection.

C) Influence of phase relation

Mixing two ideal linear frequency ramps with different slopes
(see Fig. 3) results in another linear frequency ramp (14) with
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the differences of the previous chirps’ parameters as new
parameters

s(t) = cos(27(fy, — fo)t + (1, — p ) + (0, — @,)).
(14)

or

s(t) = cos (2mAfyt + TApt® + Ag). (15)

The initial frequencies and phases of the frequency ramps
are denoted by fj, and ¢ whereas the ramp slopes are denoted
by w in Hz/s. Their differences are labeled by Af;,, Au, and Ae.
Splitting equation (15) into two exponential functions and
using the following Fourier correspondence

)} = [ Texp( (-7
Flexp (jxt*)} = \/;exp< ](4x 4)), (16)
the following expression can be derived:
1 LN af*  wAf} T
S :—e(] S )cos< 4= ——), 1
() Ap T Au . (17)

|Au|

with A # o. Equation (17) consists of three separable parts.
The exponential part includes the time delay which corre-
sponds to the point in time where the frequency ramps
cross each other. The scaling factor dependent upon Au
shows that the more correlated two radar signals are (e.g.
the smaller the difference in frequency slopes is), the higher
the resulting interference floor is. The sinusoidal part
describes the general form of the spectrum which shows
again a ramp like characteristic.

If the first null of (17) occurs at a frequency higher than the
maximum acceptable beat frequency (which normally corre-
sponds to the cutoff frequency of an AAF), the height of the
spectrum can be approximated as flat within the filter band-
width. The phase relation A¢ varies directly the spectrum’s

height by a factor of
A 2
cos(w o — Acp—71>'.
Ap 4

This can be observed in Fig. 9, which shows a simulated
scenario in the complex baseband in comparison with the
measurement of synthetic radar signals at 880 MHz, down-
converted into baseband with a mixer. The measurements
were done at a center frequency of 880 MHz and not 24 or
77 GHz, so the signals for feeding the mixer can directly be
generated by an arbitrary waveform generator with 12 giga-
sample-per-second.

A victim FMCW radar with a positive Au (150 MHz band-
width, 1.5 ms transmit time for the simulation and 20 MHz
bandwidth, 200 s transmit time for the measurement result-
ing in the same frequency slope for simulation and measure-
ment) is interfered by a CW interferer located in the middle of
the respective bandwidth. The three disturbing signals inherit
a phase difference A of — /6, — /2 and — 117/18 relative to
the victim signal, resulting in a calculated damping of respect-
ively 0.3, 3, and 7.5 dB.

G, = (18)
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Fig. 9. The phase relation between the victim’s and interferer’s local oscillator
can rapidly change the level of the interference floor.

It is worth mentioning that the lower the null in frequency
domain, the less valid is (18). But at the same time the height
of the spectrum is decreased and thus the interference is more
and more negligible.

Since in many cases of interference, above-mentioned
approximation is valid, the resulting impulse in time domain
matches the scaled impulse response of the AAF. The scaling
occurs according to the damping caused by phase relation and
other influences like windowing and the scaling factor in (11).

D) I/Q-receiver

Using an in-phase and quadrature components (I/Q)-receiver
will have two important consequences for the interfered spec-
trum. The fluctuating interference floor resulting from a
certain phase relation disappears due to the complex super-
position of the in-phase and quadrature components. This
results in a flat interference floor, as can be observed in
Fig. 10. The same setups were used as described for Fig. 9.
The phase delay of 7/2 between I and Q channels can be
observed here as well.

As a result of this flat interference floor the interfering
signal in time domain will always represent the impulse
response of the used low-pass filter and not only for certain
phase relations. Thus the resulting interference floor and
the impulse in time domain are well predictable while at the

o

=

- Quadrature :'
-85 ¢ In-phase !
90 F — Simulation -
95} - Measurement . :J ]
-100 : .

10 100 500

Frequency [kHz]

Fig. 10. Instead of a fluctuating interference floor due to a single FM
interference the I/Q-receiver provides a stable floor at —6 dB with respect to
the highest floor due to the absence of an I/Q-receiver.
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same time any potential gain caused by a propitious phase
relation is lost.

Furthermore, using an I/Q-receiver will increase the S/
I-ratio by up to 6 dB, due to a distinction between positive
and negative beat frequencies caused by interferers. This
increase in S/I is shown in Fig. 10.

E) The summarized gain versus interference
by a single interferer
Summarizing the previous sections the total gain versus inter-

ference for a FMCW radar versus another FMCW radar for
one intersection can be given:

Gsyy = By - Ty -SF- Gyin
—_——

idealized gain

{ 1’
1

2. G,,
PR
where SF is the scaling factor as introduced by (11) and G,,,, is
the effective gain by windowing. G, is the gain due to the

phase relation between victim and interferer as it is described
in (18).

(19)

if anI/Q — receiver is used,

if noI/Q — receiver is used,

F) Shape of interference in a FMCW receiver
due to different waveforms

In frequency domain CW interference shows up as a smooth,
uniform increase of the interference floor (Fig. 11), which is
fluctuating from ramp to ramp due to the phase relation as
described in Section IIIC). It is quite different if interference
happens more often within one victim chirp, as it is the case
for interference by a frequency shift keying (FSK), fast
FMCW or chirp sequence (CS) waveform (Fig. 11). It is
getting less likely that no interference spike in time domain
(Fig. 12) is visible due to optimum phase relation, what
causes a more stable interference floor from ramp to ramp.
Furthermore, the interference floor is not smooth any more,
because interference occurs in a series of pulses, which lead
to deterministic bows in frequency domain. All data are
plotted for one interferer. For estimating the effect of multiple

CW interference

/ FSK interference

CS interference |

[dB]

0 20 40 60 80 120
Frequency [kHz]

100

Fig. 11. Interference by a FSK waveform causes wide bows in frequency
domain. Interference by a CS waveform leads to a noisy interference floor.
For comparison the CW interference is plotted, too.
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Fig. 12. The CS waveform causes a higher number of spikes in time domain,
but with smaller amplitudes due to a shorter dwell time within the filter in
comparison to a CW or FSK interferer. The FSK waveform causes several
stronger interference spikes in a short period of time.

interference, the contributions of several radars can be
summed up incoherently, regarding the mean value.

V. CONCLUSION

The operating range of radars in the presence of interference
can be estimated based on the model presented here.
Furthermore, a perturbed radar cannot only loose a target
due to interference from other radars in near vicinity. For
example, a target equipped with a radar and a RCS of 10
dBsm could hide itself temporarily from the perturbed
radar, starting above ~g9om distance for a total Gg; of
50 dB (see Fig. 2).

Furthermore it was shown that interference by other radars
cannot be considered as white noise and that different types
of waveforms lead to a different shaping of the frequency
domain data. The use of an I/Q-receiver in a FMCW radar
leads to a 6 dB lower maximum interference floor in compari-
son to a FMCW radar without I/Q-receiver due to the superpos-
ition of positive and negative beat frequencies. In contrast, if no
I/Q-processing is performed, the radar can possibly profit from
beneficial phase relations between its own and the interfering
signal. This can lead temporarily to a significantly lower increase
of the interference floor than in the case of I/Q-processing.

A windowing before the FFT in broadband FM radars sup-
presses narrow band interference at the outer boundaries of
the available spectrum.
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