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Abstract—Beyond traditional solid-state antenna, fluid antennas (FAs)
exhibit unparalleled reconfigurability, drawing significant interest for
applications in wireless communications and radar. This paper presents
a design of FA array (FAA) MIMO radar for improved target detection
in the presence of jammers, highlighting the advantages of FAA in
sensing scenarios. By utilizing flexible positioning of FAAs, we introduce
the antenna position vector (APV) as a design variable, in addition
to waveforms, aiming to maximize the signal-to-interference plus noise
ratio (SINR) with constraints to maintain waveform unimodularity and
avoid FA coupling. The formulated nonconvex problem is tackled by
an iterative algorithm based on the block majorization-minimization
framework. Each iteration involves solving linearly constrained quadratic
programming problems for APV optimization and updating the waveforms
via a closed-form solution. Simulation results reveal that the designed
APVs of the transmit and receiving FAAs can automatically balance
angular resolution and ambiguity, which together with the optimized
waveform, significantly enhances the SINR through enhanced jamming
suppression. This improvement is attributed to increased flexibility across
spatial and frequency dimensions facilitated by the FAAs.

Index Terms—MIMO radar, Fluid antenna array, waveform design,
jamming suppression, SINR maximization

1. INTRODUCTION

Using multiple transmit and receive antennas with independent
radio-frequency (RF) chains, MIMO radar can achieve enhanced
spatial resolution and more effective target detection [1]. Notably,
a forward push to the advancement of MIMO radar is provided by
the waveform design [2]. The independence of multiple RF chains
facilitates the transmission of diverse waveforms, and advancements in
hardware and computational resources enable real-time implementation
of complex waveforms. Consequently, there is a burgeoning literature
on signal processing methods and algorithms to explore various
facets of waveform design. To name a few, integrated sidelobe
level (ISL) based waveform designs have been studied over the last
decades to ensure the orthogonality among waveforms [3-5]. To
improve the detection performance, the signal-to-noise ratio (SNR)
or signal-to-interference plus noise ratio (SINR) is maximized by
designing the waveform adaptively [6-8]. To facilitate efficient spectral
management, waveform design schemes under the spectrally crowded
environment or co-existence with communications [9-11] have also
been extensively studied. From the perspective of information theory,
mutual information (MI) is explored for radar waveform design
for extended targets [12, 13]. The scope of innovation is further
expanded by considering emerging technologies such as reconfigurable
intelligent surface [14].

In addition to waveform design, array design has also been studied.
Recently, fluid antennas (FAs) have garnered significant research
interest. In a broader sense, beyond its initial liquid-state concept,
fluid antenna refers to any controllable fluidic conductive structure,
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movable mechanical antenna structure, or even reconfigurable RF
pixels that are capable of adjusting their shape and position to modify
gain, radiation patterns, frequencies, and other characteristics [15—
18]. As a natural extension, fluid antenna array (FAA) is increasingly
recognized for its potential in next-generation wireless communications
and sensing. The work in [19] demonstrated that a single-antenna FA
system, even in a constrained space, can outperform a multi-antenna
system using Maximum Ratio Combining (MRC) in Rayleigh fading
channels. The multiplexing gain through FA adaptable positioning
was highlighted in [20] for fluid antenna multiple access (FAMA).
Further, the investigation in [21] focused on enhancing physical-layer
security using Movable Antenna (MA) arrays by optimizing both
beamforming and MA positioning. Additionally, incorporating FAAs
into over-the-air computation systems was shown to enhance wireless
data aggregation by reducing the mean square error (MSE) of the
estimates in [22].

In the context of MIMO radar, the features of FAA, combined
with the diversity of transmit waveforms, are anticipated to further
expand MIMO radar capabilities. Specifically, each fluid antenna’s
ability to reshape and relocate alters its radiation position on the array
plane, effectively simulating continuous antenna movement. This
introduces a new Degree of Freedom (DoF), extending independence
from RF chains to the antennas themselves, allowing fully independent
signal emission in not only characteristics but also spatial positioning.
Therefore, in this work, the FAA-MIMO radar is investigated for
enhanced target detection in the presence of multiple jamming
signals, where the SINR is maximized by optimizing waveforms
and FAAs, considering the requirement of mutual coupling and
amplifier efficiency as constraints. To address challenges of the
formulated nonconvex SINR maximization problem, an iterative
algorithm is developed based on the block majorization-minimization
(MM) method [23, 24], where the problems to be solved at each
iteration become convex and quadratic. The proposed algorithm
ensures that the FAAs can be fine-tuned to balance angular resolution
against ambiguity effectively. Through simulations, it is revealed
that the synergistic optimization of FAA and waveform significantly
enhances SINR performance, surpassing the improvement achieved
by waveform optimization alone. This advancement is attributed to
the enhanced flexibility of FAA-MIMO in both spatial and frequency
dimensions.

The rest of this paper is organized as follows. Section II develops
the signal model for the FAA-MIMO radar and then formulates the
problem. The proposed solution is developed in Section III. Simulation
results are presented in Section VI and conclusions are drawn in
Section V.

Notations: Boldface lowercase and uppercase letters denote the
vectors and matrices, respectively. The notations (-)7, (-)* and ()7
denote transpose, conjugate, and Hermitian transpose, respectively;
I denotes the L x L identity matrix; ® denotes the Kronecker
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Figure 1. FAA-MIMO radar for target detection with jamming signals.

product; arg(-) denotes the phase value; R{-} and S{-} are the real
and imaginary parts, respectively.

II. SIGNAL MODEL AND PROBLEM FORMULATION

The considered scenario is shown in Fig. 1, where the co-located
FAA-equipped MIMO radar is deployed to detect a single target
with the existence of multiple jamming signals at different angular

directions. The transmit and receiving FAAs have N; and N, FAs,

respectively. The waveform emitted by the n-th transmit FA is denoted
by s, € C! with L being the waveform length, and further the
waveform matrix is defined as S = [s1, s2,...,sn,] € C**Vt. The
antenna position vector (APV) of the transmit FAA is defined as
X = [&1, %2, ..., TN, ] € CNt, where i, € [0, R] denotes the position
of the n-th transmit FA on a line segment of length R. Similarly, the
APV % = [i1, #2,...,4n,] € CV" with #, € [0, R] is defined for
the receiving FAA. Note that all FAs can move freely within the line
segments because of the fluid nature.
Assuming the target is in direction 07, the received signal is

y=ar [(ar (07, %) atT (HT,)'()) ® IL] s+ n, €))

where ar accounts for the target complex reflection with E [|ozT |2] =
or, s = vec(S), a; (fr,%x) and a, (07,%) are the transmit and
receiving steering vectors respectively given by
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and n is the signal-independent interference.

For the interference n, it consists of white noise and several

jamming signals modeled as
P
Z a, (0p,%) @ I]cp, 3)

where ng ~ CN (0, 00ly,.) is the ambient noise, P is the number
of jamming signals, ¢, is the p-th jamming signal transmitted from
the angular direction 6, occupying the frequency band [f¥, fJ] and
is independent of the transmit waveforms s. We further model the
jamming signal by ¢, ~ CN (0,R,,) with R, € CL*% being its
covariance matrix [25]. Assuming no and the jamming signals are
independent of each other, the covariance matrix of n is

R (%) = ooln,z + Y [, (0p, %) ® L] Ry [a (65, %) @ 1]

p=1

@

For the transmit and receiving FAAs, the constraints of the APVs
x and X are

&)

0<Zn,Zn <R, (a)
Tn — Tn-1 > TO:-’in — Tn—1 > To, (b)

where (a) is due to the physical limitation of the positioning interval
[0, R], and(b) restricts the minimal spacing between the two adjacent
FAs to avoid severe mutual coupling.

At the receiver, the SINR after mismatch filtering is

®)R (%) H(x, %)s,
(GT,X)) ® Ir. Therefore, the

SINR(s, %, %) = ors” H” (%,

where H(x,%) = (a,(0r,%)a/
problem formulated as
maximize s”H” (x, %)R (%) H(x, %)s
P s,%,% (6)
subjectto s € S,x,X€ X

where S = {s||s;| = 1} requires the constant-modulus waveform
to ensure the power efficiency of hardware such as amplifiers, and
X = {x|0 <z, < R,xn — Tn_1 > 10, Vn}. Solving problem (6)
via joint waveform-FAA design yields a desired angle-frequency
profile.

III. JOINT WAVEFORM DESIGN AND FA POSITIONING

First of all, we have

H(x,%)s = ¥(s,%X)as (Or,%) = ®(s,%)ar (0r,%), (7

where ¥(s,Xx) = a,(0r,%) ® S and ®(s,%x) = Iy ®
(Sa¢ (0r,%)) . By applying the framework of block MM, we solve
three subproblems of the variables s, x and X at each iteration:

P, : maximize s"H"R'Hs (8)
se€S
Py maxir;l{ize a;’ (0r,%x) $'R™"Wa; (Or,%) 9)
x€E

P, - maximize ai (Or,%) ®"R (%) ®a, (Or,%)

xXex

10)

Note that problem Ps is well-studied and can be solved iteratively
by methods such as power-like iteration [26]. We focus on solving
Px and Px in the following subsections.

A. Solving Problem Px for Transmit FAA

By defining M = W#R™1W € CVt*Nt the objective function
of Px is expressed as

Ny
af’ (0r,%) May (0r,%) = Y Mun
n=1
Neo X 2
2| M; ; — ~—sing M,
PIPI lcos (e = )" %5 sin0r + ang (M) )

where e; € CN* is the selection vector with the i-th element being 1
and the rest being 0. Noting that M, , is independent of x, problem
Px can be rewritten equivalently as

Ny Ny
>0 {21Myy

maximize
- * i=j+15=1
P"‘ T . 271' .
cos | (e; — ej) X~ sin Or + arg {M, ;}
subject to %X € X

an



Denote the objective function of Py by fi (%), the following lemma [gmyg, Gm,L4+L, - - - 7g7n,(N,p71)L+[}T and G,, = [Em1---, Em,L]H.
provides a surrogate function of fi (X). Furthermore, we have
Lemma IIL1. A minorizor denoted by £ (X,%m) of f1 (X) is gl [ar (0, %m) @ IL] Ry [ar (0p, %m) @ 1) g as)
N, N o 2 =a (6, %m) GEREGma, (0, %m),
0y (X, %) = ZZ\MJ|[ e;)’ (Xfxm)—sineT} ~ ~
i=j+1j=1 A With 2, = GﬁR;Gm, the first term in the objective function of

N: N problem (17) can be rewritten as
. T . 2 .
— { E E sin ((ei —ej) Xim - sin Or + arg {M”}) P P N,
i=j+lg=1 E a (0p,%m) Epay (0p, %m) = E E B
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which holds that €1 (X,%Xm) < f1 (X) with equality when X = Xp,. pZ:: :Z g =i 3| J Y 4 {=0,}
s 1 2 . 19)
Proof: It holds that cos (z) > —35 (z — a)” —sin (a) (v —a) + Similarly, the term % {v"a, (61,%)} can be rewritten as
cos (a). The expression of £ (X,X.,) is obtained after substituting
= (e;—e;)" % 2T sin O + arg {M; ;} into this inequality. [ | . Ny - -
Therefore, the minorized problem of Px is R {V ar (0r, X)} = z |vn | cos (T sinfre; X + arg {”n}> )
Ny Ny ) n=t
maximize Z Z {w” [(ei — ej)T (x — Xm):| where v = 2<I>Hgm. Therefore, problem (17) is equivalent to
xex =41 j=1 (13) N,
+ii 5 (e —e;)T (gfxm)}, mai%%ize {Z Z 22}
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Ui = |MJ| " Sin 67 sin ((ei 7ej)T).(mT7T sin 7 +arg{Mm}) . N, 9
+ Z |vn | cos <77T sinfrep % + arg {%}) .
This problem can be further simplified as ne1
T~ T, (20
maximize x Gx+ h” x, (14) -
*ex Lemma IIL3. The objective function of Px denoted by f3(X) is

where G = SN =i+l Z "t i (e; —e;) (ei —e;)” < 0and h = minorized by
—2Gxp + Zl S Z] 1 Ui,j (e; —e;) . This problem is convex
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and hence can be solved efficiently by existing solvers. U3 (%,%m) = f3 (Xm) Z Z Wy, [ ei—ej) (x— xm)]
B. Solving Problem Px for Receiving FAA e
Note % appears inside the matrix inverse of the objective function. + Z Z i [(ei _ ej)T (% — m )]
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It holds that 0> (X,%m) < fo (X) with equality when X = X, It holds that L3 (X, %) > f3 (%) with equality when %X = Xy,.
Applying Lemma III.2 on P, the minorized problem is Proof: The proof is similar to that of Lemma III.1. |
p Applying the lemma yields the minorized problem as
.. H .
MR T {Z e 2 0 € L Ry maximize %" (Qu + Qa) % + p"%, 22)
b= X
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Denoting  gm = [9m, Ly gm, noz]', it holds that 2Qi%m — 2Q2¥%m + 307, Bn,2€,. This problem is convex and
[ar (0,,%) Q1]  gm = Gna, (0, x)) , where g, = hence can be solved by existing solvers.
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Figure 2. Comparison of different schemes for SINR improvement.

IV. SIMULATION RESULTS

This section evaluates and compares the performance of the
proposed FAA-MIMO radar optimization with established benchmark
schemes under the following settings:

o FAA-MIMO radar: It uses N; = N, = 14 FAA elements for
both transmission and reception, with a center frequency of
fe = 3GHz and a corresponding wavelength of A = 0.1m.
The array spans a length of R = 2\ (N; — 1) with a minimum
element spacing of ro = 0.5\. The waveform length is L = 20.

o Target and jammers: The target is located at direction 10°. Two
types of jammers are considered: Full-spectrum and partial-
spectrum. The full-spectrum jammers are located in the angular
regions of [5°,15°] and [30°,50°] with strength of 20dB
affecting the entire frequency band [0, 1]; the partial-spectrum
jammers are located in [—20°, 0°] with 30dB strength impacting
the normalized frequency range [0.6,0.7].

o Benchmark: All schemes have the same antenna numbers. The
uniformly compact scheme features a uniform array with half-
wavelength spacing between elements. The uniformly sparse
scheme refers to the array of the same aperture R with uniformly
placed elements (i.e. spacing is 2)).

The SINR convergence curve is presented in Fig. 2, where the
waveforms are optimized in all schemes. First, we see that the proposed
algorithm guarantees the monotonicity of the SINR value along the
iterations and converges at 12.8 dB. Second, the enhanced SINR can
be attributed to the flexible array placement enabled by the FAA
scheme, and further its conjugation with the optimized waveforms.
Unlike other schemes that solely optimize waveforms, the proposed
approach concurrently refines the APV of the FAAs, showcasing the
significance of integrating array configuration with waveform design
for superior performance.

Fig. 3 presents the corresponding beampattern and energy spectral
density (ESD). In principle, the joint waveform and APV design
ensure much flexibility on both spatial and frequency dimensions for
a better tradeoff between target illumination and jamming avoidance.
Specifically, the partial-spectrum jammers are suppressed mainly in the
frequency dimension by designing the waveforms. The full-spectrum
jammers are eliminated in the spatial dimension. Although this type
of jammers spread over multiple larger spatial regions, the combined
waveform and APV design offers greater degrees of freedom for
achieving precise spatial nulling. Notably, the optimized APVs, shown
in Fig. 4, contribute to improved angular resolution and more effective
suppression of grating lobes, surpassing conventional benchmarks with
deeper nulling while not affecting the ESD.
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Figure 4. Designed APVs of transmit and receiving FAAs.

V. CONCLUSION

In this paper, the joint design of transmit waveforms and APVs in
FAA-MIMO radar systems was studied to enhance target detection
amidst various jamming signals. Utilizing the FAA, which allows for
the dynamic positioning of array elements, provides an additional
DoF for the system. For the formulated SINR maximization problem,
a block majorization-minimization-based iterative algorithm was
developed, with guaranteed convergence. Our findings, supported by
numerical experiments, reveal that integrating APV optimization with
waveform design significantly boosts SINR performance beyond what
is achievable through waveform optimization alone. In particular, the
dynamic FAA-based APVs offer higher flexibility, enabling superior
angular resolution and multiple deep nulls simultaneously.
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