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Abstract—A chieving efficient and cost-effective transmit beam-
pattern control for integrated sensing and communication (ISAC)
systems is a significant challenge. This paper addresses this
by proposing a dual-function radar communication (DFRC)
transmitter based on a reconfigurable intelligent surface (RIS)
illuminated by a limited number of active sources. We formulate
and solve the joint design of source waveforms and RIS phase
shifts to match a desired space-frequency radiation pattern,
and we evaluate the resulting ISAC system’s performance in
terms of radar detection probability and data transmission rate.
Numerical results demonstrate the promising capabilities of this
RIS-enabled transmitter for ISAC applications.

Index Terms—Integrated sensing and communication (ISAC),
dual-function radar communication (DFRC), reconfigurable in-
telligent surface (RIS), beampattern design, detection probability,
data transmission rate.

I. INTRODUCTION

The synthesis of a desired transmit beampattern, represent-
ing a specific amplitude (or power) distribution of far-field
electromagnetic radiation in space and frequency, is a classical
problem in digital array processing. This is particularly rele-
vant in integrated sensing and communication (ISAC) systems,
where a dual-function radar communication (DFRC) trans-
mitter can shape the transmit beampattern to simultaneously
monitor a region and serve a communication user [1]-[3].
Achieving the desired beampattern often necessitates large (or
even massive) antenna arrays, and the implementation of fully
digital arrays, where each antenna element is controlled by a
dedicated radio frequency (RF) chain, can be impractical due
to high cost and energy consumption [4]. While hybrid analog-
digital arrays have been proposed [5], their scalability with the
number of antennas remains limited by the power consumption
of the analog network [6]. Reconfigurable intelligent surfaces
(RISs) have recently emerged as a promising solution to
address these challenges, offering energy-efficient techniques
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with low-cost hardware, as demonstrated in metasurface-based
transmitters [7], RIS-aided antennas [6], and transmitter-type
RISs [8]. RISs, whether passive or active, can be controlled
and reconfigured almost in real time.

In this work, we address the design problem for a RIS-based
DFRC transmitter, where a small number of active antennas,
referred to as sources (each equipped with a dedicated RF
chain), illuminate a passive RIS (composed of numerous low-
cost and energy-efficient elements), which reflects or retrans-
mits a phase-shifted version of the superimposed incident sig-
nals. This RIS-based transmit architecture, already introduced
in [6], [9], offers several advantages, including scalability (as
beam-steering is controlled by the passive RIS elements) and
higher energy efficiency in its feeding mechanism compared to
hybrid analog-digital arrays [6]. It finds potential applications
in MIMO communication systems [6], radars [10]-[13], and
DFRC systems [14]-[17]. The beampattern design for antenna
array has been studied in the context of MIMO radars [18]-
[22] and in DFRC systems [1], [23]-[25]. In these works,
the the probing waveforms are designed to match a desired
beampattern in a least-squares (LS) sense. For the considered
RIS-based transmit architecture, this LS design has been
investigated only in [26], [27] for narrowband systems (with
a single source in [26]) and without waveform design.

Building upon preliminary results for a radar system [28],
this work presents and formulates the DFRC transmitter design
problem, where the waveforms emitted by the sources and the
phase shifts introduced by the RIS are jointly optimized. Fur-
thermore, we analyze the ISAC system’s performance in terms
of radar sensitivity (measured by the probability of detection
for a fixed probability of false alarm) and communication
throughput (measured by the supremum of the achievable data
rates). Finally, we provide an example demonstrating the in-
herent tradeoff between these two functionalities. Importantly,
despite utilizing significantly fewer active sources compared to
fully digital MIMO systems, the RIS-based architecture shows
promising performance in terms of both achievable detection
probability and data transmission rate.

The remainder of the paper is organized as follows: Sec. II
describes the considered RIS-based DFRC transmit and de-
rives the signal model and beampattern. Sec. III presents the
beampattern matching problem and provides a performance
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Figure 1. Considered DFRC transmit architecture, composed of an illuminator
with J sources and a passive RIS with M elements used to form multiple
beams for radar sensing and communication. The RIS can either be reflecting
(as in this figure) or transmitting (in this case, the illuminator is placed behind
the surface).

analysis. Sec. IV presents a numerical example to demonstrate
the operating points and advantages of this ISAC system.
Finally, concluding remarks are given in Sec. V.

II. SYSTEM MODEL

Consider the DFRC system illustrated in Fig. 1, where J
sources illuminate a passive RIS with M elements to form
multiple beams for radar sensing and communication. For a
reflecting RIS, the illuminator is located on the same side as
the target and the user. In contrast, for a transmitting RIS, it is
situated on the opposite side (i.e., behind the RIS), as shown
in Fig. 1. The lowpass signal emitted by the j-th source is
given by as;(t), where a is a random variable with a unit
mean square value, representing the communication symbol
sent to the user by the transmitter, and s;(t) is the baseband
radar-communication pulse, with its support contained within
the interval [0, T'] and Fourier transform, .S; (f), approximately
zero outside the interval [—T/2, W/2]. The carrier frequency
is f., and the channel linking source j, the i-th element of the
RIS, and a point (r, 6, ) in the far-field region is modeled as

e 2mif (r/ct+Ti(0,9))

VAanr?

where i is the imaginary unit, G;;(f) represents the channel
between source j and the i-th element of the RIS, x; is a unit-
modulus complex scalar representing the response of the i-th
RIS element, I';(6, o) is the amplitude beampattern of the i-th
RIS element, v47wr? accounts for the free-space attenuation
from the RIS to the observation point, and /¢ + 7;(0, ¢) is

Hij(f;r,0,0) = L0, 0)x:Gii(f), (1)

the corresponding propagation delay, with ¢ being the speed
of light and 7;(0, ¢) the differential delay with respect to the
center of gravity of the RIS.

The Fourier transform of the complex envelope of the signal
observed at (7,0, ) is given by!

M J

Y(f§T59790) = azzHij(f+fc;r79a(P)Sj(f)

i=1 j=1
= & mi(ffer/e

V4mr?

x (£ 0, ) diag(z)Qf;0,0)0 (f), (2)
where v(f; 0, p) = [/ )T (0.0) ... @2mi([+fe)Ta (0,0)]T
(-)T denoting transpose, is the steering vector in the direction
(6, ¢) at frequency f, ()" denotes conjugate transpose, x =
[z1 --- zp]"T € CM, diag(x) is a diagonal matrix with the
elements of x on the main diagonal, (f;6, ) the M x J
complex matrix whose entry (¢, 7) is Q;;(f;0,¢) = Gi;(f +
fo)Ti(0, ), and o (f) = [S1(f) -+ S;(f)]T € C”.

Given that the source signals are bandlimited, we can
approximate S;(f) ~ %Zgﬂ sj(n/W)e 2 /W where
N = |WT]|. Thus, by defining the n-th sample of the
signal vector as s, = [s1(n/W) .-+ s;(n/W)]T € C’,
and the whole signal as s = [s] -+ sk]T € C/V, we can
approximate (2) as

T .
Y(f: 9 ~ —2mi(f+fo)r/c
(fim.0.0) = ay/ —5e

x v"(f;0,0) diag(®)Q(f;0,9)s, ()
where?

e(f) = [e—sz/w e—27riNf/W]T ech @

. _ 1 ~(f. T MxJN
Q(f;0,0) = W\/TG(f,G,w)(e (flel;)ecC :
&)
and the (amplitude) beampattern is
Arr2
B(f:0,%) m\/ E[[Y(fir0,0)]
= [o"(f:0,¢) diag(x)Q(f: 0. 0)s[,  (6)

where E[ - ] denotes statistical expectation.? This general model
holds for both narrowband and broadband architectures; the
operating regime (narrowband/broadband) depends on the RIS
size, the source positions, and the signal bandwidth.

III. SYSTEM DESIGN AND PERFORMANCE ANALYSIS

The DFRC transmitter forms a narrow beam across the
frequency band allocated for radar and steers it to scan the
monitored area for potential targets, whose position, response,
and even presence are unknown. For communication, perfect

Vectors and matrices are denoted by lowercase and uppercase boldface
letters, respectively.

2T 7 denotes the J x .J identity matrix and ® is the Kronecker product.

3Notice that Y'(f;r, 0, @) contains the communication symbol a, which is
a random variable.
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channel state information (CSI) is assumed at the transmitter,
and a fixed beam is formed towards the user, utilizing the
frequency band allocated for communication.

The resource to be allocated is thus the space-frequency
distribution of the transmit power, defined by B(f;6, ). The
objective is to design the source signals and the RIS phases
such that the amplitude beampattern B(f;6,¢) matches a
desired amplitude beampattern, say D(f; 6, ), in an LS sense.
LS amplitude beampattern matching is a widely accepted
design criterion in recent years (see, e.g., [21]). Discretiz-
ing the angular region [—7/2,7/2]? with L points, namely
{(00,0)}E_,, and the frequency region [—W/2,W/2] with
K points, namely { f; }5_,, the beampattern matching problem
can be formulated as:

K L
2
SG(CJN JDE(CM ZZ fk’gz’soe) (fk;ebgof)) )
=1/{=
st lsl? < P
lz:| =1, Vi,

(N
where {wg¢}re are given weights allowing for emphasis on
different regions, || - || is the Euclidean norm, and P is
the available power at the illuminator. This problem is quite
complex, and we refer to [28]—which considered a pure radar
system—for a suboptimal solution using the block-coordinate
descent method (alternating minimization).*

Once the beampattern is designed, radar performance is
evaluated by the probability of target detection for a fixed false
alarm probability. The receiver is colocated with the RIS-based
transmit architecture and is equipped with an antenna with
gain Gy, (0, ¢). If a target is present at (ry, 0y, 1), the Fourier
transform of the complex envelope of the backscattered signal
at the radar receiver (colocated with the DFRC transmitter) is:

aef27ri(f+fc)rt/c
VAmr?
X \/Aeff,r(f+fc;9ta<pt)a (8)

Zy(f37e,08,00) = Y (f574, 0, 01)

where « is a complex circularly symmetric Gaussian ran-
dom variable with variance ogrcs (modeling the target re-
sponse, with ogrcs being the radar cross-section of the tar-
get), and A, (f;0,0) = (C/f) Gix:(0,¢) is the effec-
tive area of the receive antenna The received signal is
zr(t;7¢, 0r, 01) + mp(t) if a target is present, and n,.(t) oth-
erwise, where z,.(t; 74, 0%, ;) is the inverse Fourier transform
of Z.(f;r,0:, 1) and n,.(t) is the complex additive white
Gaussian noise with power spectral density (PSD) an -

4This problem can also be solved using different methods. However, the
focus of this manuscript is not on the algorithmic side but on showing that this
RIS-based architecture can be competitive with fully digital MIMO systems,
and what is key here is that (7) and the corresponding problem for the MIMO
system are solved with the same technique.

After standard matched-filtering, the SNR at the radar
receiver, conditioned on the symbol a, when a target is present
at (rta 0757 th) iS:S

E(||ze(t; 74, 01, 00)||? | @]

SNRT (CL, 91‘/’ (pt) =

oa
— E[||Zt(f;rt79t730t)||2 | a’]
o2,
_ aURcserr(ot»Sﬁt)T <B(f;rt>9t190t)>2d
(4m)rio?, (i) @

(©))

where we have used Parseval’s theorem and Eqs. (3) and (6).
Since the target response has been modeled as a complex
circularly symmetric Gaussian random variable (namely, a
Swerling 1 target fluctuation), the probability of detection of
the likelihood ratio receiver for a given probability of false
alarm (P,) is equal to®

Pd(a 9t7 @t)

Given the radar beam is steered through successive pointing
directions (typically half a beamwidth apart, mimicking me-
chanical scanning), the angular position (6;, ;) of a potential
target can be considered a random vector uniformly distributed
within half the beamwidth of the desired radar beam. The
symbol a follows the probability distribution used for com-
munication. The average detection probability is thus:

P = [Pé/<1+SNRT(a,9t,w))} . (11)

For data communication, the transmitter has perfect CSI,
and performance is measured by the data transmission rate.
Assuming line-of-sight free-space propagation, the Fourier
transform of the complex envelope of the signal received by
the communication user at (7, 0y, ©y,) is:

Pl/(1+SNR r(a,0¢, gpt)) (10)

Aeff,u(f + fc)7 (12)

Zu(f7 T, Ous (Pu) = Y(f;?“u, Ou, @u)
2

where Aeo,(f) = %G is the effective area of
the receive antenna, with Gy, being the antenna gain.
Therefore, the signal received is zy(t; 7y, Oy, ©u) + nu(t),
where z,(t; 7y, 04, u) is the inverse Fourier transform of
Zo(f; 70, Oy 0u), and my(t) is the complex additive white
Gaussian noise with PSD o7,

Using Egs. (3) and (6), the SNR at the communication user

located at at (7, 0., ©y,) is:’

E [”Zu(t Tu7 o’lu @u) ||2]

X, u

SNRy (0w, u) =

U?Lu
Cf% w

3If g : R — C is a square-integral complex function, ||g(t)|| is defined as
lo (e )i = (J lg@)dt)!/>.

SFor Np coherently integrated pulses, the SNR in (9) increases by Ny, and
the probability of detection in (10) is updated accordingly.

"Recall that E[|a|?] = 1.
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and the data transmission rate is:

R(euv LPu) = 10g2 (1 + SNRu(ruy O, @u))

bits per channel use. Since user position can vary during data
packet transmission, the SNR may change. Here, we assume
the user’s direction (6,,,,) is uniformly distributed within
half the beam dedicated to communication.” The average rate
is:

(14)

R =E [log, (1 4+ SNRy (6., )] (15)

bits per channel use.

IV. NUMERICAL RESULTS

We consider a 10 x 10 transmitting RIS, comprising M =
100 elements, illuminated by J = 4 sources. Both the RIS
elements and the sources are modeled with a cosine power
beampattern. The channel coefficient G;;(f;6, ), represent-
ing the coupling between the i-th RIS element and the j-th
source, is modeled as the product of the term accounting for
the free-space propagation, the amplitude beampattern of the
j-th source towards the i-th RIS element, and the effective
area of the ¢-th RIS element towards the j-th source. The
symbol a follows a complex circularly Gaussian distribution,
the duration of the pulse s;(¢) is T' = 0.64 ps, the bandwidth is
W = 100 MHz, and the carrier frequency is f. = 3 GHz. The
RIS elements are spaced half a wavelength apart, and the four
sources are positioned 60 cm from the RIS, each corresponding
to one of its four quadrants. For numerical evaluation, we use
K = 64 uniformly spaced frequency sampling points within
[-50 MHz, 50 MHz], and 36 x 36 uniformly spaced angular
sampling points within [—90°,90°] x [—-90°,90°], totaling
L = 1296 spatial points.

The desired beampattern consists of two beams: one for
radar operation, with a height of (1024n/(W sin Z))'/2 for
the frequency band [-W/2,—W/4] and the angular region
(0,0) € [0,7/8]%, and another for communication, with
a height of (256(1 — n)/(Wv/2 — VVsing))l/2 across the
entire available band [—-W/2,W/2] and the angular region
(0, ) € [-7/4,—7/8]%. Here, n € [0, 1] is a parameter con-
trolling the power allocation between the two functionalities:
the power dedicated to radar and communication is 8n W and
8(1 — 1) W, respectively, summing to a total radiated power
of 8 W for the desired beampattern. The available power for
solving the beampattern matching problem in (7) is P = 10 W,
the number of signal samples is N = |WT| = 64, and the
weights wy, are unity for all frequency and angular sampling
points.

8The quantity in (14) is the capacity of a Gaussian channel; it represents the
supremum of the achievable rates and can be approached by using Gaussian
symbols.

9Real-time solution of Problem (7) might be too computationally intensive.
The DFRC transmitter may update beampatterns (one for each radar scanning
direction) only when the user’s angular position changes significantly.

f=— 375 MHz

NPB [dB]

f=37.5 MHz

Figure 2. Normalized power beampattern (synthesized with the RIS-based
DFRC system) as a function of elevation and azimuth for two frequency cuts
when n = 0.5.

Fig. 2 illustrates the normalized power beampattern (NPB)
—defined as B2(f; 0, ) normalized by its maximum value—
achieved with the RIS-based DFRC architecture for n = 0.5,
representing an equal power split in the desired beampattern
between radar and communication. The NPB is plotted as a
function of azimuth and elevation for two specific frequency
slices. The figure demonstrates that the two beams at f =
—37.5 MHz (where both functions are active) and the single
beam at f = 37.5 MHz (where only communication is active)
are well-formed, with relatively low sidelobe levels.

Fig. 3 presents the probability of detection (for P, = 107%)
plotted against the data transmission rate. The curve is ob-
tained by varying 1 (the power split between the desired
beampattern) and plotting the corresponding (R, Py) pair. This
plot serves as a system operating characteristic, revealing
the fundamental tradeoff between radar and communication
functionalities and the achievable operating points. For com-
parison, we also consider a 10 x 10 fully digital MIMO system
and evaluate the performance across different SNR regimes.
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Figure 3. Average detection probability vs the average data transmission rate
for the RIS-based and MIMO DFRC systems and for different values of the
nominal SNR at the user and radar sides (SNR = 5, 10, 15, 20, 30 dB).

To this end, let SNR; and SNR, be the nominal SNRs at
the radar and user receivers, respectively, obtained when the
desired beampattern is used with all power dedicated to either
radar (n = 1 for SNR;) or communication (n = 0 for SNR,,),
with the target and user at the center of the corresponding
beam. In our analysis, we set SNR; = SNR, = SNR
and examine performance for SNR = 5,10, 15,20, 30dB.
The figure illustrates the inherent tradeoff between the radar
and communication functions and the accessible operating
region for the system designer. It is observed that the MIMO
DFRC system outperforms the RIS-based system, thanks to
its higher degrees of freedom. However, this performance
advantage comes at the cost of significantly higher hardware
complexity and expense, as the MIMO system employs 100
active elements compared to the RIS-based system’s 4.

V. CONCLUSION

This work has effectively demonstrated the significant po-
tential of a RIS-based transmit architecture for ISAC sys-
tems. By jointly designing the source waveforms and RIS
phases, we achieved effective beampattern control, enabling
the simultaneous generation of beams optimized for both radar
and communication. Our analysis underscores the inherent
tradeoff between the performance of these two functionalities,
as illustrated by a system operating characteristic revealing
the achievable (R, Py) pairs. Notably, even with the use of
significantly fewer active sources compared to fully digital
MIMO systems, the RIS-based architecture exhibits promising
performance in terms of achievable data transmission rate and
detection probability.
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