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ABSTRACT

Nonlinear frequency hopping combined with no-regret learning
has emerged as a promising approach for mitigating interference in
automotive FMCW radar systems. However, in dense traffic scenar-
ios, these techniques are challenged by the constraint that each radar
has to sample at least one subband per chirp. To enhance range res-
olution and interference mitigation, we extend No-Regret Hopping
by expanding the strategy space along the time dimension, such that
every radar can utilize the full available bandwidth—even when the
number of radars exceeds the number of partitioned subbands.

1. INTRODUCTION

High-resolution frequency modulated continuous wave (FMCW)
automotive radars are crucial for advanced driver assistance sys-
tem (ADAS) and autonomous driving (AD) because they reliably
measure a target’s range, velocity, and angle under all weather con-
ditions [4, 6, 12]. However, their widespread deployment has raised
concerns over radar-to-radar interference, which degrades target
detection performance. To mitigate interference, methods such as
proactive Tx-side techniques (e.g., frequency hopping [11], mini-
mum variance beamforming [2]) and network-based medium access
control (MAC) protocols [1, 3] have been proposed, though unco-
ordinated channel parameter assignments limit these approaches’
adaptability.

A recent approach models radars as players in a game where
their frequency hopping strategies determine their utility [7], and
game-theoretic learning is employed to steer these strategies toward
a Coarse Correlated Equilibrium (CCE). At CCE, the hopping start
frequencies are selected so that no radar can improve its expected
signal-to-interference-plus-noise ratio (SINR) by deviating. This
method, known as No-regret Hopping, facilitates distributed fre-
quency scheduling that mitigates interference and enhances range
resolution. Its rationale is based on a property of no-regret algo-
rithms [8, 9]: as regret diminishes, the empirical distribution of
hopping strategies converge to the CCE.

However, partitioning the frequency bandwidth into a finite num-
ber of subbands poses a challenge when many radars share the same
spectrum—for instance, an automotive vehicle equipped with six
sensors would require at least six subbands for that single vehicle.
To address this limitation, we propose augmenting no-regret hopping
by expanding the strategy space. In our approach, radars adopt a
stochastic round-robin scheme and apply a strategic time shift at the
start of each pulse repetition interval (PRI), ensuring full bandwidth
utilization even in high-density scenarios.
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2. GAME FORMULATION

Consider a scenario in which a set of FMCW automotive radars,
denoted by NV = {1,..., N}, detects surrounding targets in real
time. Each radar transmits linear frequency modulated (LFM) pulses
over a total bandwidth B with the central frequency fe.

We target the performance over 7 time frames, indexed by
7 € {1,..., T}, each spanning a total duration of T". Within each
frame, every radar i € A/ transmits K consecutive chirps. The
pulse repetition interval (PRI) for radar 7 is defined as Tjg; = %,
which includes both the active period T and the idle period T7,
with Tigy = T + T where T: > 0. Consequently, the chirp
sweeping slope for radar i is o' = %. For simplicity, we assume

that K' = K, T} = Ty, and T =T, foralli € N,
We partition:

e the total bandwidth B into A; subbands, { f1,..., fa, }.

o the idle duration T} into A» time slots {t1,...,t4,}

Thus, each subband is defined by a starting frequency fo, = fc +
(a—1)Bg, fora € {1,..., A1}; during each chirp the LFM pulse
sweeps only a portion B, of the total bandwidth B, across time
interval [t,t + TZ], t € {t1,...,ta,}. We denote by Cartesian
product A = {f1,..., fa,} X {t1,...,ta,} the action space.

2.1 Hopping Strategies

To mitigate interference, the radars strategically select channel
and time shift sequences (fi,t%,..., fi,t%) across the chirps.
We denote the channel selection strategy of radar i by o' (-) :
{1,..., K} — A; for example, o’ (k) = (f,t) indicates that radar
1 selects subband [f, f + B.] at chirp k, sending one LFM pulse
between [t, ¢ + T,]. Let X denote the common strategy set shared
by all radars. Note that ¥ need not include every possible mapping;
for instance, it may be defined as a set of periodic mappings with
an offset n, that is, ¥ := {0 | o1(k) = k + nmod K, n € N}, in
which case the frequency hopping is periodically linear with respect
to time. In general, the design of the strategy set is not restricted to
such configurations.

Then, the radar-to-radar interference scenario can be modeled
as a T-stage repeated game G = {N, %, {U;}ien'}, where the
radars, acting as players in A/, share a common strategy set 3.
The (stage-independent) utility functions U; : ¥ — R endows
this game with the anti-coordination property, where the sub-band
sequence strategies o', 0~ € 3 employed by players are from a
common strategy set, but whenever two or more strategies agree, say,
o'(k) = o?(k) at chirp k for some radars i and j, the utilities of
radar ¢ and j decrease. In this paper, we give the following definition
for players’ utility functions:

Ui(o',07") = 10log,((SINRY), 7=1,...,7 (1)



where SINRE represents the average SINR of time frame 7 €
{1,...,7T7}, atradar ’s receiver, determined by the joint strategies.
In the absence of interference, the SINR reduces to the signal-to-
noise ratio (SNR). In the sequel, we formally define U; -

2.2 Signal Utility Model

Let radar i’s strategy o' encapsulate a sequence of starting
frequencies ( i f}<) and a sequence of starting time shifts
(t4,...,t%). Consider a set of targets, indexed by m = 1,..., M,
within 1ts field of view, with range vector (r%,..., %) and Veloc—
ity vector (#4,...,#%,); note that the velocities are negative for
approaching targets.

The transmitted signal at the k-th chirp is given by

st k] = @2 (IRE—t+3et=00%) i <y < d 4T,

After mixing, the received signal reflected from target m can be

written as

Y[t k] = ab, s [t — AL, k:] 5™t k]

i mdm(fi AL et AL (1-1)
m

~ a N

where a’, is the complex target coefficient. The round-trip delay
Ay, i, of the k-th chirp reflected from target m is approximated by

i
mk — ¢

(rm + ki TPRI) , with ¢ denoting the speed of light.
Then, the true target range for radar 7 at chirp k is given by
i+ kil Ty = 7 + (eo + ki, TﬁRI), where 7, denotes

the coarse range center of the target with a bin width of 5%5—, and

2B’

€ € ,E’ E] represents the fine quantization, having a bin

width of 55—. Assuming that the coarse range undergoes negligible
migration [11], the received echo from target m, originally given in
(2.2), can be reformulated as

2%1 2(s0+krmTPRI)
+%

Af}

@)
where t' = t — t}, and all constant factors have been absorbed
into the complex target coefficient a;,. Here, the coarse range fre-
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quency is defined as f, = 2 , and the Doppler frequency as
fa = —W. The final exponential term implements phase

compensation across slow time due to frequency hopping; in this
term, Afi = fi — f. represents the known frequency shift at both
the transmitter and receiver. Without frequency hopping (A fi = 0),
the received signal would exhibit the conventional form; with fre-
quency hopping, however, the additional phase term in (2) facilitates
a higher range resolution.

Once the received signal is processed through a low-pass filter
(LPF) and sampled by an analog-to-digital converter (ADC), a range
FFT along the time index ¢ extracts the coarse range information.
Subsequently, a modified Doppler FFT applied over the index k in
conjunction with the nonlinear frequency hopping sequence Ab},
enables the retrieval of both velocity and fine range details [11].

We assume that at radar ¢’s receiver the target echo is mixed with
signals transmitted by other radars o € N\ {i}, each transmitting at
its own carrier frequency f;. Interference occurs when an interfering
radar transmits at the same frequency as radar i, i.e., when f¢ = fi.
After demodulation and dechirping, the interference signal from
radar o can be approximated by, e.g., when t§ = ti = 0,

jm(at—a®)t?

ymlt, k] = ay, e ,

where aj, is the complex interference coefficient (normalized as

ay,) and «° is the chirp slope of radar o. Thus, the interference
appears as a new chirp with a slope given by a® — a°. In practice,
the exact start time and frequency of the interference depend on the
chirp parameters of both the victim and the interfering radars, the
location of the interferer, and other conditions [5].

The overall received signal at radar ¢ is the sum of the target
signal, the interference signal, and additive white Gaussian noise:

Vi =Yk + i + ek
Here, yi and y? are the low-pass filtered ADC samples corre-
sponding t0 3= i [t, k] and 37 an 1y 22, Yinlt, K], Tespec-
tively, while el denotes the noise component.

Let P(-) be the average power function. Divide the hopping
process into episodes, with the 7" episode defined as T :=
{kro1+1,...,k:}, 7=1,...,T (ko =0).Foreach episode
7, Then the theoretical average signal-to-interference-plus-noise ra-
tio (SINR) at radar ¢ is given by

\ZP

In practice, interference detection methods—such as thresh-
olding [5]—are used to separate the received signal y& into
an interference component §§ and a clean signal §i. How-
ever, due to the randomness of the signals and the unknown
subband choices of other radars, we estimate the SNR and
SINR for each subband periodically using a sliding window.
The SINR for subband f and time shift ¢ is estimated by

SINR; (f,t) S ﬂ{fk A= ke PGDAPEL
when interference is present. If

SINR! =
+ P (e})

interference-free
the SNR is computed as SNR.(f,t) =

Z P(yk)]l{fk ftkftyk yk}
Srer U= ftkft vi=yi} &keT P(e})

chirps occur,

3. NO-REGRET HOPPING
3.1 CCE and Regret Minimization

DEFINITION 1. For the K-stage repeated game G, a joint prob-
ability distribution w € P(X") is said to be a Coarse Correlated
Equilibrium (CCE) if the following inequalities are satisfied:

EonrnUi(0",07")] > Eonrn[Ui(a™, 07", 3)

forall 6" € 3. The interpretation is that whenever radar i deviates
Jrom a joint strategy o sampled from a CCE 7 by selecting another
sequence of sub-bands o', its expected utility cannot be improved.

Computing a CCE is feasible through some learning dynamics that
minimize individual regrets, a metric defined as follows.

DEFINITION 2. Suppose the strategy sequence is {ot, o7 }I_|.
Then, the (external) regret of hopping process for radar i is, as
defined in (4),

Ri(T) = max Z[Ui(ai,a;i) —Ui(ot,07Y). 4)

The well-established result (Lemma 1) from algorithmic game
theory [10] bridges the regret analysis and the CCE. Let the empiri-
cal joint distribution of strategies be

B ST 1ol =o' 07 =07}

T &)

for all (0%, 07%) € 2.



Lemma 1. The empirical joint distribution of frequency hop-
ping strategies ™ within T time frames is a e-CCE, i.e.,

Eonr[Ui(o',07)] > Egnr[Ui(o’,07%)] — ¢, ©)

forall o' € A, ifall radars follow the e-no-regret learning dynamics,
ie., %Ri <eforalli e N.

3.2 The Algorithm

Oftentimes the overall strategy space =% is prohibitively large,
so instead of defining mixed strategies over >, we introduce two in-
dependent, time-varying mixed strategy vectors: p}y_, for frequency
selection and p;T for time shifts. Under this stochastic Round-
Robin policy, at the first chirp of each episode (i.e., at k-—1 + 1),
radar ¢ samples its operating subband as f;ir_l 11~ p},f(-), SO
that f/i,_ ,+1 = fa for some subband a. For the subsequent chirps
within the episode, indexed by &k, 4+ u + 1 € T, the frequency is de-
termined cyclically as fzif+u+1 = fumod 4, . Meanwhile, at every
chirp k € T the time shift is independently sampled as t, ~ p} . (-).
We illustrate the hopping process in Figure 1.

Algorithm 1 No-Regret Hopping

1: Input: initialize plj},l = unif({f1,..., fa, }), parameters 7.,
7+, loss vectors ﬁé’f(f') = 0forall f' € {fi,.--,fa}

Lo.(t') = Oforall t' € {ti,...,ta,}. We illustrate the
hopping process in 1.

2: forr=1:7 do
3: for all ; € N in parallel do
4: Sample a strategy sequence with stochastic Round-
Robin scheme, (fx, ty)rers o
5: Sweep [fx, fr + Ba] at [ty,, t;, + T.] for each chirp k;
6: Estimate average SINR: for all f,t;
7: Update L7 ; and L~ ,:
2 i 2 i 10 10g10(SINRi (f;& )
T, (f):L-r—,(f)_ % 7
JIk LIAR p-,—,f(fk)
B Tﬁ’ Py (1)
8: Calculating mixed strategy:
i eXP(_nTi/T, )
Preal) = (z e Les (7))
g P Lrg FE{F1fay}
. @)
7 exp(— TLT,
pt,-r+1(') — ( p( 77 E t) t, >
Zt/ eXP(*WT Tat( )) te{ty,..., tA2}

9: end for
10: end for

4. CONCLUSION

In this paper, we have extended no-regret hopping methods by ex-
panding the strategy space along the time dimension. Our proposed
approach leverages a stochastic Round-Robin policy for frequency
selection, augmented with strategic time shifts such that each radar
can fully exploit the available bandwidth. Future work will focus on
refining the learning dynamics, conducting comprehensive assess-
ments in realistic environments, and exploring further extensions of
the strategy space.

Frequency-Time Diagram for Two Radars
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Figure 1: A scenario with two radars, four subbands, and five time
slots where both radars employ a stochastic Round-Robin scheme
to cyclically utilize all four subbands without interfering with each
other.
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