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Abstract—This study examines an integrated sensing and
communication (ISAC) transceiver featuring a simultaneous
transmitting and reflecting reconfigurable intelligent surface
(STAR-RIS) and a receiver equipped with a passive electronically
scanned array (PESA) and a single digital channel. By utilizing
a periodic pulsed signal emitted by a feeder, we introduce at
the STAR-RIS a space modulation to illuminate two angular
directions observed by the radar receiver, one in each half-space,
and a time modulation to distinguish the corresponding echoes
from prospective moving targets and embed communication mes-
sages. The proposed time modulation employs orthogonal binary
codebooks with different trade-offs in transmission and error
rates, while having minimal impact on the radar performance,
evaluated by probability of detection and root mean square error
in the radial velocity estimation.

Index Terms—STAR-RIS, ISAC, generalized information cri-
terion, maximum likelihood decoding, Hadamard matrix.

I. INTRODUCTION

A reconfigurable intelligent surface (RIS) is a planar array
of sub-wavelength elements that can be reconfigured to manip-
ulate electromagnetic waves cost-effectively. RISs have gained
significant attention for beyond-5G wireless communications,
as they can be used to enhance security, reliability, and both
spectral and energy efficiency [1], [2], possibly with the aid
of artificial intelligence [3]. They can also be employed to
implement backscatter communications [4], [5], acting either
as a backscatter device (tag) or as a helper to improve the
source-tag-destination channel, to improve target detection and
localization in radar applications [6], [7], and, more generally,
to provide better system trad-offs in integrated sensing and
communication (ISAC) [8], [9]. Traditional RISs operate in
either a reflective-only or transmissive-only mode, limiting
their coverage to a single half-space. To overcome this limi-
tation, simultaneous transmitting and reflecting RISs (STAR-
RISs) have also been introduced [10], [11]. The hardware
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design of STAR-RISs is analyzed in [12], while some practical
operational modes, namely, energy splitting, mode switching,
and time switching, are discussed in [13].

In this study, we consider the ISAC transceiver architec-
ture in Fig. 1, encompassing a low-cost feeder emitting a
periodic pulsed signal, a STAR-RIS acting as a dual-function
transmitter, and a radar receiver collocated with the STAR-
RIS. This architecture resembles the STAR-RIS-based pulsed
Doppler radar considered in [14], but it differs in several
respects: first, the communication function is now integrated
at the STAR-RIS; second, we assume that the radar receiver is
equipped with a passive electronically scanned array (PESA)
and a single digital channel, rather than a fully digital array,
to reduce implementation costs. The main contribution is the
introduction of a space-time coded modulation at the STAR-
RIS that aims to illuminate two distinct angular directions
monitored by the radar receiver, with one direction in each
half-space, while also embedding communication messages
within the redirected signals. A key design challenge is that
no channel state information (CSI) is assumed at the user side;
also, the echoes from moving targets located in different half-
spaces must be distinguishable by the radar receiver that im-
plements a decision rule based on the generalized-information
criterion (GIC) [15]. The proposed time modulation leverages
orthogonal binary codebooks and has a minimal impact on
the radar’s performance, which is evaluated based on the
probability of detection and the root mean square error in
estimating the radial velocity of targets, making it a promising
solution for future radar-centric ISAC applications.

The remainder of this paper is organized as follows. Sec-
tion II describes the system model." Section III discusses the
STAR-RIS response design and the radar and communication
receivers. Section IV presents the numerical analysis. Finally,
the conclusions are drawn in Section V.

'Vectors and matrices are denoted by bold lowercase and uppercase letters,
respectively. The symbols i, (-)*, (-)T, (-) represent, the imaginary unit,
conjugate, transpose, conjugate-transpose, respectively. Ips is the M x M
identity matrix. 1 4 is the indicator function of the condition A and diag{x}
represents a diagonal matrix with @ on its main diagonal. The symbols [-]
and * denote the ceiling function and the convolution operation, respectively.
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Figure 1. System architecture.

II. SYSTEM DESCRIPTION

Consider the system in Fig. 1 encompassing a feeder
operating with a carrier frequency f,, a planar STAR-RIS
composed of NV,;s elements, a radar receiver collocated with
the STAR-RIS and equipped with a PESA composed of N,,q
quasi-omnidirectional antennas, and a single-antenna user on
each side of the STAR-RIS. The feeder emits the baseband
pulse train ;ioo VPAY(t —pT +5), where P is the pulse
power, T is the pulse repetition interval (PRI), § is time of
flight between the feeder and STAR-RIS, and v (¢) is a unit-
energy pulse with bandwidth B that is zero if ¢ ¢ [0, A), with
A ~ 1/B and A <« T. After superimposing a space-time
modulation, the STAR-RIS redirects the signal from the feeder
towards both the transmissive and reflective half-spaces: the
goal is to illuminate the angular directions monitored by the
radar receiver while sending a message to the users. The PESA
at the radar receiver simultaneously collects the echoes from
both half-spaces and, after analog beamforming, processes the
signal via a single digital channel over a coherent processing
interval (CPI) spanning P PRIs; without loss of generality, the
CPI [0, PT] is considered next for illustration.

A. Design assumptions

We consider uniform square arrays with half-wavelength
spacing, neglecting any coupling among their elements. A
narrowband assumption is made, and far-field propagation is
considered. The channel between the feeder and STAR-RIS
is known to the latter and constant over a CPI. Finally, we
assume perfect synchronization between the feeder and radar
receiver, but no CSI at the users.

For future reference, we denote by g € CNss the channel
between the feeder and STAR-RIS. In the Cartesian reference
system in Fig. 1, we denote by ¢ = [¢$*%; ¢°!] the angular
direction with azimuth angle ¢** and elevation angle ¢°';
accordingly, Fir = (5,%5) x (=%,%) and Fre = (-3, 5) ¥
(—%,%) are the sets of angular directions in the transmissive
and reflective half-spaces, respectively. Finally, we denote by
Giis(@) and Graq(¢) the element gains of the STAR-RIS and
radar receiver towards ¢, respectively, and by w,is(¢) € CNris
and u,,q(¢) € CNrad the steering vectors of the STAR-RIS
and radar receiver towards ¢, respectively.

B. STAR-RIS responce

In the p-th PRI, for p = 0,...,P — 1, the STAR-RIS
response in the transmissive and reflective half-spaces is
modeled as i (p) = cu(p)str and Xe(p) = Cre(P)Sres
respectively, where si. and s, are Ns—dimensional spa-
tial beamformers with unit-magnitude entries and ci, =
[ctr(0); - s (P—1)] and ¢pe = [cre(0); -« 5 cre(P —1)] are
P—dimensional code sequences with |ci,(p)|? + |cre(p)|? = 1.
Hence, the signal redirected by the STAR-RIS towards an
angular direction ¢ in the CPI under inspection is

CRIS (t7 ¢)) = Ctr(t7 d)) + CFE(t7 ¢)7 (1)
for ¢ € [0, PT], where

Glt,®) = Ligery VPAGr () (ufi(#)diag(g)s:)
P—1
X Z ()Yt —pT), 1€ {tr,re}. (2)
p=0

The design of the space-time STAR-RIS response over a CPI
will be discussed in Sec. III.

C. Radar received signal

The radar receiver monitors the angular directions ¢y, ¢ =
[PEr s gt] € Fir and Qe = [qi?fétt, fét] € Fre. These
directions are chosen to be mirror-symmetric relative to the
plane containing the STAR-RIS and radar receiving array:
specifically, ¢ = 7 — ¢2%, and ¢fL, = ;1 ;. This choice

is motivated by the fact that, for a planar uniform PESA,
urad([¢az; ¢CI]) — urad([ﬂ-_gbaZ; d)Cl]) for any [¢az; (]SCI} c ]:re-

After pulse compression and range gating, the received
signal at the range of interest can be written as [14]

Yrad (p) = Zrad (p)

PAGra r Gris r, )\2
+ atr,t\/ d(¢)t 27)1' <¢t lt) (Sradurad(d)tr’t))

X (UrTis(¢tr,t)diag{g}3tr)ctr(P)em”"’tT(p_l)

PAGra re Gris re )\2
+are,t\/ d(d) ;;7)_[_ (d) ’t) (sir-'adurad(d)re,t))

X (uITlS (¢re,t)diag{g}3re> Cre (p)ei%ure'tT(p_ 2 ) 3)

forp=0,...,P—1, where: z.,q(p) is the disturbance; $;,q €
CN, is the analog beamformer of the PESA with unit norm
and constant modulus entries; oy, ¢ € C and v,y € R are the
unknown amplitude and Doppler shift of a prospective target
in the transmissive side, respectively; oye+ € C and 14t € R
are the unknown amplitude and Doppler shift of a prospective
target in the reflective side, respectively. Here, oy, ¢ and oyt
account for the two-way path-loss from the STAR-RIS to the
target and the target radar cross-section, and, for ay, ¢y = 0
and/or o, ¢ = 0 no target is present in the transmissive and/or
reflective side, respectively.

The samples in (3) are organized into the P—dimensional
VeCtor Yrad = [Yrad(0);-++ ;¥rad(P — 1)]. For any ¢ =
[c(0);+++ ;¢(P —1)] € CF and v € R, define

h(c,v) = [c(0); c(1)e?™™; .. s e(P — 1) T P11, (4)
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also, for any ¢ € F; and i € {tr,re}, let

Yi (@, 8i, Srad) = \/PAGrad(¢)GriS(¢))‘2/(47r) (sradurad(¢))

x (’U,;I;b((ﬁ) diag(g)si). (3)
Then, we can write
Yrad = Oétr,t’)/tr((btr,t, Str, Srad)h(ctra Vtr,c)
+ O‘re,t'}/re((]bre’t, Sres STad)h(Crea Vre,t) + Zrad, (6)

where ziad = [2rad(0); -+ 3 Zrad (P — 1)]. As in [14], Zpaq is
modeled as a circularly-symmetric complex Gaussian vector
with known full-rank covariance matrix C.,q.

D. Received signal at the users

When the communication function is present, the STAR-
RIS partitions the CPI into P/M time slots of equal duration,
where M is chosen so that P/M is an integer and MT is
smaller than the coherence time of the channel from the STAR-
RIS to the user. In every time slot, the STAR-RIS broadcasts
a message to each half-space (more on this in Sec. III).

For illustration, consider the time slot [0, MT] and the
transmissive half-space. Then, the signal at the user is

Ktr,u

ytr,u(t) = Z atr,u,kCtr(t = Ttr,u,k> ¢tr,u,k) + Ztr,u(t)a (7)
k=1

for t € [0, MT), where: K., > 1 is the number of paths;
ayur € C is the amplitude of the k-th path; 7,5 €
[Ttr,u,mins Ttr,u,max] 1S the delay of the k-th path, with 0 <
Ttr,u,min < Ttr,u,max <T - 24 ¢tr,u7k € Fir is the angUIar
direction of departure of the k-th path; wy, ,(¢) is the noise.

The signal in (7) is passed through a unit-energy filter
matched to v (¢) and sampled at the Nyquist rate 1/B. Upon
denoting by 7, (t) = 1 (t)*y*(—t) the autocorrelation function
of 9(t), the output samples are

ytr,u(p7 f) = ytr,u(t) * w*(_t) ‘t:Ttr,u,n1in+pT+£/B
= ctr(p)ﬂtr,u(g) + Ztr,u(&p% (8)
forp=0,....,M—1and ¢ =0,...,Lin— 1, where L, , =
|—(7-tr,u,max - 7-t;r,u,min + QA)B—| and

Kiru

ﬁtr,u(g) = Z ity u,k \/ PAGris(¢tr,u,k)
k=1

X Tqp (Ttr,u,min + E/B - Ttr,u,k)
X (u;ris((ptr,u,k)diag{g}str)7
Zer,u (P €) = 2te,u(t) ¥ V" (=) li=ris o mintpT+0/B -

(%a)
(9b)
The coefficients { Sty .. (€) eL:“d“_l are the tap amplitudes of the
overall discrete-time channel from the feeder to the STAR-RIS
to the user. Also, since ry(t) = 0 if |t| > A, only the terms
for which |7ty umin + £/B — Ttruk| < A contribute to (9a).
The samples in (8) are organized into the matrix Y, €
CM*Lwn - with [Yirwlpri,ee1 = Yoeu(p ) for p =
0,...,M—1and £ =0,..., Ly — 1. BEach row (column)

of Y;, ,, contains samples spaced 1/B (I') apart in time; in
particular, we have

}/tr,u = Ctr(p)/gt—;l;,u + Ztr,uv (10)

where B = [Biru(0)i -+ i Buru(Lir — 1)) € Chen and
[Ztr,U]p+1,l+1 = Zyu(p,f) for p = 0,...,M — 1 and
¢ =0,...,Liy — 1. The entries of Z,, are modeled as

independent Gaussian random variables with variance o2 .

III. SYSTEM DESIGN

The available degrees of freedom are the spatial beamform-
ers (s and s;.) and the temporal code sequences (ci- and
¢;o) of the STAR-RIS, the implementation of the radar receiver
(including both the analog beamformer s,,q and the decision
rule), and the implementation of the communication receiver.
Next, we will discuss each of these aspects.

A. Design of sy and S

Since the radar function is the primary task, the spatial
beamformer s, is chosen to maximize the array power gain
of the STAR-RIS towards the angular direction inspected
by the radar receiver in the transmissive half-space, namely,
|ul. (¢er)diag{g}si.|?. The spatial beamformer s, is simi-

larly constructed. For n = 1,..., Ny, we have [14]:
[Str}n — efi(é[g]n‘i’é[“ris(¢tr,t)]n)’ (lla)
[Sre]n — e_i(é[g]n'i'é[uris(‘vl)re,t)]n). (1 1b)

B. Design of ci; and ¢

The temporal code sequences must ensure that the echoes
from different half-spaces can be distinguished by the radar re-
ceiver [14] (see Sec. III-C); therefore, ¢ and ¢, should have
a low cross-correlation and be Doppler tolerant. Also, if the
communication function is active, they must embed a message
that can be decoded without CSI (see Sec. III-D). This is a
challenging problem whose comprehensive analysis is left for
future development; next, we will discuss a heuristic solution
inspired by previous encoding strategies considered in [14]
and [5] for radar-only and communication-only applications,
respectively.

Assume that P is a power of 2. When the communication
function is active, we propose to construct ¢, and ¢, as the
concatenation of P/M codewords taken from distinct code-
books Cy, and Cy, respectively, so that [Cic](m—1)M41:mm €
Cir and [cre}(mfl)JV[+1:mM € Cre, form=1,.. 7P/]\4 Let
M > 2Yt1 where b > 0 is the number of bits sent in each
half-space during a time slot; also, let H,, € {—1,1}"*" be
the Hadamard of order n. Then we propose to have?

Cir = {ﬁrst 2" columns of (1/\/§)HM},
Cre = {last 2° columns of (1/\/§)HM}

(12a)
(12b)

Notice that each codebook contains orthogonal codewords,
thus facilitating the message recovery. Also, the factor 1/+/2

2If P is a power of 2 and P/M integer, then M is also a power of 2 and
therefore H j; exists.
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in (12) is included to ensure energy conservation at the STAR-
RIS. Finally, we have observed that using the columns of the
Hadamard matrix from right to left in Cy, and from left-to-right
in C,. guarantees Doppler tolerance.

When the communication function is not active, we choose
¢ty and ¢, as the first and the last column of H p, respectively,
which corresponds to set M = P and b =0 in (12).

C. Implementation of the radar receiver

The analog beamformer s,,q is chosen to maximize the
array power gain of the PESA towards the inspected angular
directions, namely, |sH  uraa(dei)? = |81 qtrad (Pres) |
where the latter equality is a consequence of the angular
directions being mirror-symmetric relative to the array plane.
Hence, we have S;aq X Urad(Prt)-

Then, the radar detector exploits ¢, and ¢, to distinguish
and detect prospective echoes from the two half-spaces. With
reference (6), there are four hypotheses:

Ho: No target is present on both sides;
H1 ¢r: The target is only present on the transmissive side;
H1,re: The target is only present on the reflective side;
‘Ha: The target is present on both sides.
As in [14], we resort to a GIC-based decision rule [15]. To
proceed, define the following quantities:

_1

£tr(Vtr,t) = r_aclih(ctr, Vtr,t)/HCrajh(Cm Vtr,t)||> (13a)
_1

ére(yre,t> = C;aéh(crea Vre,t)/HCrajh(crea l/re,t>||7 (13b)

(13c)

where H,,q = [h(cre,umt) h(cthutr)t)]. Also, denote by
Vi v and V. 1, the feasible Doppler sets for a prospective target
in the transmissive and reflective half-spaces, respectively.
Then, the selected hypothesis is [14]

=C_ H,.q (HgdC;éHrad)_lﬂ’

E (Vo s Vor,t) rad a

H=ar max L (14)
8 Le{Ho, H1,tr,H1,ve, Hat HL),
where
0, if £L="%Hy,
H 2 .
max lgtr(ytr,t)yrad‘ — Thad, if £= Hl,tra
Vir,t € Vir,t
_ H 2 .
M(‘C) - max |£re(Vre,t)yrad| — Thrad, it L= Hl,rea
Vre,t € Vre,t
—H 2 .
max ||'=' (Vtr,t7 Vtr,t)yradH — 2Maq, if L= Ha,
Vir,t € Vir,t
Vre,t € Vre,t
(15)
and 7,.q 1s a penalty factor that can be set to control the false

alarm rate under H,. When a target is detected, an estimate
of its Doppler shift (and hence radial velocity) is provided by
the maximizer of the objective function in (15) under .

D. Implementation of the communication receiver

For illustration, consider the user in the transmissive half-
space. Upon treating B, ,, in (10) as an unknown deterministic
parameter, the maximum likelihood (ML) decoding rule selects
the codeword best-correlated with the received signal [5], i.e.,

Y

Gty = arg max
' lell?

c€Cyr

(16)

‘ ‘
—s—M=4, b=1, R=1 kbit/s

-8 -M=8, b=2, R=1 kbit/s

- % -M=8, b=1, R=0.5 kbit/s
e M=16, b=3, R=0.75 kbit/s
g M=16, b=2, R=0.5 kbit/s
e M=16, b=1, R=0.25 kbit/s

-10 40

Figure 2. BER vs SNR,, for different rates and different number of pulses
M in the time slot.

IV. NUMERICAL RESULTS

We assume that the feeder employs rectangular pulses and
consider the following system parameters: f, = 28 GHz, B =
50 MHz, P = 30 dBm, T' = 0.25 ms, N3 = Nyaq = 256,
and Giis(@) = Graa(@) = I cos® $* cos® ¢°!. The channel
between the feeder and STAR-RIS is modeled as

A
g = GfGris((ﬁf)Fdfuris((pf)a

where ) is the carrier wavelength, Gy = 20 dB is the antenna
gain of the feeder towards the STAR-RIS, and df = 3 m and
¢¢ = [—45°;0°] are the distance and direction of the feeder
from the STAR-RIS, respectively. At the radar receiver, the
unambiguous Doppler interval is (— 1/(27),1/(2T)), where
1/(2T) corresponds to a radial velocity of about 10.7 m/s;
also, the Doppler resolution is 1/(PT), corresponding to a
radial velocity of about 1.3 m/s for P = 16 [16]; finally, we
assume Ch,q = O’rzadI p, with Jfad = —164 dBm/Hz, while
Nrad 18 set to have an average number of false alarms of 10~*
under Ho. As to the targets, we assume ¢y, = [160°;0°]
and ¢rey = [20°;0°]; in every snapshot, v, and vy are
uniformly sampled from Vi, and V.., respectively, with
Virt = Veer = (1.75kHz,2kHz); finally, we consider
a Swerling I fluctuation model, whereby o, and oyt
are modeled as independent circularly-symmetric Gaussian
random variables with variance o2 = RCS;/((4m)%dL,).
where RCS; is the radar cross-section and d;,q = 10 m
is the range under inspection. As to the user on the trans-
missive side, we assume L., = 15 and K, = 3; in
every snapshot, {Ttr,u,k}kK:“l are uniformly sampled from
{Ttr,uymin+€/3}5:”(‘)“_l, {¢tr7u7k}£<:“{“ are uniformly sampled
from Fip = (170°,180°) x (—25°, —15°), and {avg y 1o}t
are independent realizations of a circularly-symmetric Gaus-
sian random variable with variance 0121; the same assumptions
are made on the reflective side, except that the angles of de-
parture are sampled from F , = (15°,25°) x (—25°, —15°).

As to the communication function, Fig. 2 reports the bit
error rate (BER) of each user versus a reference signal-to-

a7

2265



1 » »
0.8 1
0.6 1
A
A~ P =8,16,32
0.4r 1
0.2r 1
—e—M=4, b=1, R=1 kbit/s
{ Radar only
4 ‘ ‘ :
25 20 -15 -10 5 0 5 10
10°
P =8,16,32
"\T
g 107!
=
2]
=1
=
102
»

-25 -20 -15 -10 -5 0 5 10
RCS; [dBsm)]

Figure 3. PD and RMSE in the estimation of radial velocity vs RCS¢ with
and without the communication function for P = 8,16, 32.

noise ratio, defined as

T - . 2
PAGris(Pre,u) |y (Pre,u)diag{g} sie| o2

2
Lre’uo’com

SNR, = , (18)
where J)re,u is the central direction in F;. ,; we consider here
various values of M (the number of pulses per time slot) and
b (the number of bits per time slot), that together determine
the transmission rate R = b/(MT) in each half-space. It
is observed that different tradeoffs between transmission and
error rates can be obtained. For fixed M, BER decreases by
reducing b, at the price of reducing R; for the same R, a larger
M should be preferred, as the received signal energy increases.
Finally, BER on the reflective side is lower than the one on the
other side since the angles of departure of the channel paths
fall here closer to the main beam of the STAR-RIS pointing
towards the prospective target (see also Fig. 1).

As to the sensing function, the considered performance
measures are the probability of declaring the hypothesis Ho
when Hy is actually true (called the detection probability, or
PD) and the root mean square error (RMSE) in the estimation
of the target radial velocity. Fig. 3 reports PD and RMSE
versus RCS; for P = 8,16,32. We assume here M = 4 and
b = 1, which provides the largest rate with the shortest time
slot in the considered setup; also, M = 4 is the most favorable
choice regarding the coherence time of the user channel (see
Sec. II-D). The performance when the communication function
is not present is also included for comparison. It is observed
that adding the communication function has a marginal impact

on radar performance. Similar results are obtained with other
values of M and b and are omitted due to space constraints.

V. CONCLUSIONS

In this study, we have considered an ISAC transceiver,
where a STAR-RIS acts as a dual-function transmitter by
superimposing space-time modulation on a pulse train emitted
by a feeder. The radar receiver relies on a PESA covering
both half-spaces and a single digital channel. The spatial
response of the STAR-RIS is chosen to illuminate directions
that are mirror symmetric. A binary temporal code is employed
instead to embed communication messages and distinguish
the target echoes from the two sides of the STAR-RIS. The
results demonstrate that adding the communication function
has a marginal impact on radar performance. We are currently
considering the optimization of the STAR-RIS and PESA
beampatterns in the presence of clutter.
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