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Abstract—This article develops multi-target detection in near-
field (NF) integrated sensing and communication (ISAC) systems.
Specifically, the base station (BS) operates in full-duplex mode
to sense the environmental information from the targets while
communicating with the users. To minimize BS transmit power
and to satisfy communication and sensing rate targets, we
design optimal transmit beamforming (for communication and
sensing) and reception beamforming at the BS. We develop an
iterative beamforming algorithm to solve the resulting non-convex
optimization problem. Compared to the traditional far-field
benchmark, the proposed NF approach with 255 BS transmit and
reception antennas uses ~ 1118 % (or ~ 6 dBm) less BS transmit
power to satisfy the required rate requirements. Furthermore,
our proposed approach provides precise multi-target location
estimates, emphasizing the advantages of NF sensing.

Index Terms—Integrated sensing and communication, Near-
field, Beamforming.

I. INTRODUCTION

NTEGRATED sensing and communication (ISAC) is being

developed for sixth-generation wireless networks [1]. ISAC
systems will utilize ultra-large antenna arrays (i.e., more than
100 antennas) and high frequencies (i.e., 10 GHz to 10 THz))
for high communication capacity and sensing resolution [1]-
[4]. Consequently, propagation characteristics transition from
far-field (FF) to near-field (NF) [3], [4].

NF and FF propagation exhibit markedly distinct character-
istics. Unlike FF, which propagates with planar waves, NF
propagation forms a spherical wavefront. Furthermore, NF
fading undergoes more pronounced changes over distance: FF
signal strength diminishes with the square of distance, whereas
NF signal strength fades with the 4-th to 6-th power of dis-
tance. This spherical wave propagation of NF introduces novel
possibilities for ISAC [2], [3]. It enables simultaneous distance
and angle estimations, reduces communication interference,
and minimizes the necessity for distributed arrays and synchro-
nization. The larger array aperture enhances spatial resolution
in both angular and range domains. NF’s beam-focusing effect
enhances the signal-to-noise ratio of echo signals, leading to
more precise estimates. In certain sensing applications like
human activity recognition, NF’s spherical wavefronts may
enhance accuracy [2], [3]. Table I compares NF and FF ISAC
systems regarding parameter estimation. Specifically, NF’s
beam-focusing effect and distance estimation aid in detecting
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TABLE I: The estimated target parameters in NF and FF ISAC

Parameter NF FF
Angle v v
Distance v X

targets at the same angle, which is impossible in the FF
counterpart [3], [4].

Previous NF ISAC research has focused on single-target
systems [3]-[6], without treating the multiple-target detection
problem. The primary challenge of the latter is mitigating
interference between target echo signals. In particular, targets’
shapes, sizes, and materials vary, influencing the strength of
the echo signal. Thus, echoes from numerous targets interfere
with a single target, reducing the signal-to-interference-plus-
noise ratio (SINR) and creating target detection ambiguity.
Also, the trade-offs between sensing and communication must
be balanced in ISAC. Thus, this study offers a beamforming
framework that mitigates interference between target echo
signals while capturing NF channel characteristics.

To achieve these goals, we utilize a base station (BS) that
operates in full-duplex (FD) mode. The FD mode allows the
BS to discern echoes from multiple targets (i.e., sensing)
while communicating with the users. We aim to reduce the
BS’s transmit power while ensuring the system’s efficacy in
handling both sensing and communication tasks. We jointly
optimize the transmit and receive beamforming at the BS to
achieve this. To handle the resulting optimization problem, we
utilize the alternating optimization (AO) method, combined
with semi-definite relaxation (SDR) and Rayleigh quotient
techniques. We develop a highly efficient solution. For ex-
ample, our NF system uses approximately ~ 1118 % (or ~
6 dBm) less transmit power than conventional FF benchmarks
for 255 BS transmit and reception antennas. Furthermore, our
approach ensures precise multi-target location estimates.

Notation: Vectors (lower-case) and matrices (upper-case)
are bold. AT, A", Tr(A), and diag(A) denote transpose,
Hermitian transpose, trace, and diagonal operator. I is the
M x M identity matrix. || - ||, E[-], and | - | denote the
Euclidean norm, expectation, and absolute value. CN'(u, R)
is a complex Gaussian vector with mean p and co-variance
R. If f(z) = O(g(x)), there exists M and a such that
f(z) < Mg(x) for all z > a. Finally, M = {1,... M},
K& {1,.. K}, L= {1,...,L}, Kp 2 K\ {k}, and
Ly 5L\ {1}

II. SYSTEM MODEL AND PRELIMINARIES

Here, we describe the system model, channel model, and
transmission signals in detail.
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Fig. 1: A NF ISAC system.

A. System Model

We consider a narrowband NF ISAC system having an FD
BS with M-transmit and N-receiver antennas, K > 1 single-
antenna communication users, and L > 1 sensing targets —
Fig. 1. Without loss of generality, we assume that the BS
antenna arrays are uniform linear arrays (ULAs) with antenna
spacing of d and the coordinate system’s origin at the center of
the ULAs !. Thus, the aperture of the transmit (receiver) ULA
is D= (M —1)d (or D = (N — 1)d), resulting in Rayleigh
distance of 2D2/ A, which defines the boundary between NF
and FF. In addition, ) is the signal wavelength [4]. We further
assume that the users and sensing targets are in the BS’s NF
region, i.e., the Fresnel region of NF, 1.2D < r < 2D?/),
where r is the user/target distance from the BS [4].

B. Channel Model

We employ the NF spherical wave channel model for the
channels between the BS and user/targets [4], [7]. We denote
the channel between the transmit ULA and the k-th user and
the transmit ULA and the [-th target as h, € CM*! and
g1 € CMXL respectively, while g;,; € CV*! represents the
channel between the [-th target and the BS receiver ULA.

The coordinate of the m-th element of transmit ULA is
given as s, = [0,md] for m € M. Let the k-th user be
located at rj distance and 6y angle from the center of the
transmit ULA. The k-th user coordinate is thus given as vy, =
[r cos(0), ry sin(f)]. The distance from the m-th transmit
antenna element to the k-th user is calculated as

Tmk = [V = Sm|| = \/7",3 + m2d? — 2mdry sin(6y). (1)

Therefore, the channel between the m-th transmit antenna
element and the k-th user is given by [4], [7]

Bk = \/ Cmge ™ FTm )

where (1 accounts for the path-loss. The NF channel vector
between the BS transmit ULA and the k-th user, h, thus can
be expressed as

_ T a2
hk— h_ﬂg‘*lkw"’hOk?"'h%k} —Ck ah(rk,ek),@)

where (, = diag(C—l\g+lk, .. '76%1{) and ah(T‘k,ek) is the

NF array response vector with [ap (g, 0k)]m = eI Tmk,

'Note that the transmit and receive ULAs may be separated by placing
them in the z-axis for self-interference (SI) cancellation.

Finally, Ggy € CM*¥ represents the SI channel between the
transmitter and the receiver antennas of the BS.

We assume the use of distinct time slots for channel
estimation and data transmission/sensing, i.e., time-division
duplexing. Thus, a one-time slot in each coherent interval is
reserved for estimating channel state information (CSI), which
can be done via emerging methods [8]. Thus, we assume the
availability of perfect CSI. This assumption is standard and
yields upper-bound performance limits.

C. Transmission Signal

The BS transmits signal x to communicate with users and
sense targets, i.e., X = > ;e Wi¢i+)_ . S;j, where ¢; € Ciis
the intended data symbol for the ¢-th user with unit power, i.e.,
E{|q:|?} = 1, w; € CM*! is the BS data beamforming vector
for the i-th user, and s; € CM*! is the sensing signal for the
j-th target with the covariance matrix S; £ E{s; si'}. Here, it
is assumed that ¢; and s; are independent of each other, and
the beamforming at the BS is achieved through designing w;
and S; [9]. The received signal at the k-th user is given by

yr = hilx + 2,
_pH He H
*hkkakJFZieKkthzQz+Zj€£hkSJ + 2k, (4)

where z ~ CN(0,0?) is the k-th user white Gaussian noise
(AWGN) with 0 mean and ¢? variance.

Meanwhile, the targets reflect x, which comes back to the
receiver at the BS. This received signal is given as

Yo = Zjeﬁ V80,581 ;% + Gsrx + 7, (&)

where o is the j-th target power reflection coefficient, Ggrx
represents the SI at the receiver of the BS due to simultaneous
transmission and reception, and z, ~ CN(0,0%Iy) is the
AWGN at the BS. Due to the limited dynamic range of the
receiver, SI cannot be canceled perfectly even with the perfect
CSI of the SI channel [10]. After the SI cancellation, the BS
applies the receiver beamforming, u; for [ € L, to the received
signal (5) to acquire the desired reflected signal of the [-th
target. The post-processed SI cancelled signal is thus given as

H H
Yb,l = Vo, Gix + Zjeﬁl LT ij
+ \/BufGSIX + ufz;,, (6)

where G; = gbng?j and 0 < 8 < 1 accounts for the SI
cancellation quality.

SI cancellation in conventional FD radios involves hardware
techniques, analog domain cancellation, and digital domain
cancellation of residual SI [10]. These can also be developed
for ISAC systems.

D. Communication and Sensing Rates

The critical system measures include the attainable rate at
the users and the sensing rate at the BS. Hence, we develop
computational formulas for these.

From (4), the received SINR at the k-th user can be written
as

i wi|?
ZiEKk |h1k_‘IW1|2 + ZjEL', hI];Ithk + 0‘2 ’

Yk = (N



Thereby, the rate of the k-th user is approximately given as

Re = logy (1 + k). ®)

The BS uses the target’s reflected signal to detect and extract
environmental information. To this end, using (6), the sensing
rate of the [-th target at the BS is approximately given as [9]

R~ logy(1+1), €))
where I'; is the [-th target sensing SINR and given as
aE{|[ullG;x|?}

F =
'Y o B{[ull G x 2} + BE{[uf Gerx |2} + E{[uf'z, 2}
JELY
alu}{GleG}{ul 7(10)
u}{ (Z ajGijG?+BGSIR$GgI+U2IN> u;
€Ly
where R, £ E{xx"} = Y, cwwi' + 3,/ S; is the

variance matrix of the BS transmitted signal [9].

Remark 1. The sensing rate indicates how much environmen-
tal information can be extracted from the reflected signal of
a particular target. It may also be useful for optimal sensing
waveform designs [11]. In addition, the sensing rate can be
useful for transmit and receive beamforming design for target
detection [9]. In contrast, the standard transmit-beampattern’s
mean squared error does not account for the receiver beam
pattern or target interference.

III. PROBLEM FORMULATION

Herein, we aim to minimize the transmit power at the
BS to reduce the system’s power consumption. In particu-
lar, we optimize the BS’s transmit beamforming, {wy}rex
and {S;};c., and the receiver beamforming, {w;};c-, while
maintaining the communication and sensing rate demands
at users and the BS, respectively. This goal fosters large-
scale connectivity by reusing saved power to expand network
capacity for more users and targets. This method is especially
advantageous for green Internet-of-Things (IoT) networks,
which aim to reduce energy usage. On the other hand, our
study tackles the distinct challenges of power minimization
in NF ISAC systems, where targets actively contribute to the
sensing process. Unlike traditional setups, such as cognitive
radio systems focused on interference, NF ISAC strives to
balance communication efficiency and sensing accuracy.

Defining A = {{w }icc, {Wk }trex, {Si > 0}iec} as opti-
mization variables, the formulated problem is thus given by

P: mi 2 Tr(S;) 11

min Y0 wel® )0 TS, (1a)

s.t Vi Z ’yk ) v‘l€7 (11b)
L, >T, v, (11c)
|lwl* =1, Vi, (11d)

where (11b) and (11c) guarantee the required communication
and sensing rates at users and the BS, respectively. Note that
since the user/tag communication/sensing rates are monoton-
ically increasing functions of their arguments, i.e., SINR, we
replace rates with respective SINRs to obtain constraints (11b)

and (11c). Thus, v £ 2Rk — 1 and 4" 2 2R — 1 with
Rth and Rth denote the respective targeted communication
and sensing rates. Constraint (11d) is the reception filter’s
normalization constraint at the BS.

IV. PROPOSED SOLUTION

Due to the involved products of the optimization variables,
problem P is non-convex. Thus, we decompose P into two
sub-problems [12]. This AO approach iteratively optimizes
a variable or set of variables while keeping the rest of the
variables fixed until convergence is achieved.

A. Sub-problem 1: Receiver beamforming optimization

With fixed transmit beamformers, {wy rexc and {S;}iez,
the receiver beamforming, {u;};c,, becomes a variable in
a feasibility problem, where it does not directly affect BS
transmit power minimization. To support the indirect aim of
power reduction, u; is optimized to enhance the sensing SINR
of each target. This method leverages the sensing SINR’s
structure, transforming the sub-problem into a generalized
Rayleigh quotient problem with a known closed-form solution
[13]. Thus, we have the following optimization problem:

P,: nllla}x
aullG R, Gly, (120
ull <j§l oszijG? + BGgIR, GE + O'QIN> u,
st lwl>=1, Wi, (12b)

The objective function in (12a) can be restated as the following
optimization problem

Py max wl'gg'w/wl'Qu, (13)
1

s.t. (12b), (13b)

where g = /oG (Zielc w; + ZjEE sj) and Q; =
Yier @;G;R, G + BGsR, Gy + oI y. Problem Py is
a generalized Rayleigh ratio quotient problem. The optimal
received beamformer is thus given by

u =Q;'g/IQ &l VI,

which is a minimal mean-squared error (MMSE) filter [13].

(14)

B. Sub-problem 2: Transmit beamforming optimization

For a given received beamforming, {u;};cz, problem P
resembles a transmit beamforming optimization problem. We
first define the matrix W, £ wkwkH, where W, is a semi-
definite matrix with a rank one constraint, i.e., Rank(W}) =
1. By utilizing SDR techniques to relax the highly non-convex
rank one constraints, the resultant problem is formulated as

P, : V{]nré v THOWR) + Z (15a)
s.t. Z T (hh'W,) + Z Tr(h;hi'S;) 4 o2
7Tr(hkhk Wk)/ﬂYk = 07 Vk> (le)



Algorithm 1 : Iterative Beamforming Algorithm

1: Input: Set the iteration counter ¢ = 0, the convergence
tolerance € > 0, initial feasible solution {wy }rex and
{Si}icc. Initialize the objective function value FO =,

. . O+ _p)
2: while TEGFL) > do
(t+1)

3:  Solve (14) for the received beamformer, u,,

4:  Solve (15) to obtain transmit beamformers by recover-
ing a rank-one solution via GR, {w(fﬂ), sl(t+1)}.

s:  Calculate the objective function value F(¢+1),

6: Sett+t+1;

7: end while

8: Output: Optimal solutions .A*.

Y gl + L
J ] 0-—2
qeL

Z a; Z Tr(gjg]

JELy e

+5 Z Tr(gs1 851, Wi) + Z Tr(gs1,;881,,5¢)

€K qeL
th ZTr (2181’ W +Z Tr(gig'S,)| <0, VI, (15¢)
l i€IC qeL

where g; £ G?ul and ggr,; £ GIS{Iul. The rank-1 relaxed
P, can be solved as a standard semi-definite programming
(SDP) problem and CVX Matlab tool.

The optimal solution of P, denoted by W7, is not neces-
sarily rank-1. However, if it is, the only eigenvalue is the trace
of W7 ; the corresponding eigenvector determines the optimal
beamforming vector. Otherwise, we need to extract a rank-1
solution from W7. To do that, we can pick a random vector
r from CN(0, W}) and then project it to the feasible region
of Py,. This random sampling is performed 10 times, and
we pick only the best approximate solution. This approach is
known as Gaussian randomization (GR) [14].

All these steps are put together in Algorithm 1. It begins
with the initialization of {wg}rex and {s;}ics to random
but feasible values. In each iteration, it refines the values of
{{wg trer, {si}icc, {w }iec} until the normalized improve-
ment of the objective is smaller than ¢ = 1073,

Remark 2. Within the AO framework, each sub-problem
is structured for local optimality, with convergence to a
local minimum ensured under specific conditions, such as
lower-boundedness and smoothness of the objective func-
tion [12]. The SDR method address the sub-problem for
AWk trer, {si}icc} while {u; } e is derived directly via the
Rayleigh quotient. As the SDR method is a well-established
optimization technique with provable convergence, the con-
vergence of our AO approach is underpinned, ensuring its re-
liability and efficacy [14]. Nonetheless, our simulation results
also corroborate the validity of this claim (Fig. 2).

C. Computational Complexity

The computational complexity of Algorithm 1 mainly
depends on the SDR and Rayleigh quotient techniques.

TABLE II: Simulation parameters.

Parameter Value Parameter Value
fe 28 GHz Ko 27.5
d /2 a? —100dBm
K 3 B —60dB
L 2 R 10 bps/Hz
n 2 R“‘ 5bps/Hz

The optimal received beamforming is obtained using the
Rayleigh quotient. Computing the inverse of the matrix Q;
requires O(N?). Additionally, the MMSE filter for the L
targets adds O(LN?) complexity. Therefore, the complexity
is O(LN? + N3). Sub-problem 2 based on the SDP is
solved via the interior-point method. From [15, Th. 3.12],
the complexity of a SDP problem with m SDP constraints,
which includes a n x n positive semi-definite (PSD) matrix,
is O (y/nlog (1) (mn® +m?n? +m?)), where € > 0 is the
solution accuracy. With n = M and m = K + L, the
approximate computational complexity for solving P, can be

given as O ((K + L)M3V/M log (%))

V. SIMULATION RESULTS

In this section, we present simulation results for assessing
the performance of the NF ISAC system with multiple targets.
We use the free-space path-loss model for the large-scale
fading as (mr = Ko + nlogyg(rmi), where Ky is the
path loss at the reference distance dy = 1m and 7 is the
path-loss exponent. The users and the targets are randomly
distributed within an area having an inner radius of 40m
and an outer radius of 50m, ie., {rr,m} ~ U(40,50)
and {0x,0,} ~ U(—n/2,7/2). Unless otherwise specified,
Table II summarizes the simulation parameters. All simulation
is evaluated for 10° iterations. We compare the following
benchmarks against the proposed NF ISAC system.

1) FF ISAC: Since D < 1y in the FF, the channel response
in (2) becomes hynp, = /Ceed X mdsin(04) [4], [7]. This
benchmark aids in determining the cost of inadequate
channel modeling in NF ISAC.

2) Communication-only: This evaluates the system’s com-
munication capabilities primarily through multi-user
communication, i.e., X = Y, s Wrqp.

3) Sensing-only: This focuses on a sensing-centric system
with multi-targets, i.e., X = Y, si.

Fig. 2 depicts the convergence behavior of Algorithm 1 for
different combinations of K and L with M = N = 255.
The objective is to minimize the BS transmit power while
satisfying communication and sensing rates at the users and
the BS, respectively. Algorithm 1 outputs optimal {w;};cr,
{wi}trer, and {s;};er, for a given NF ISAC system setup.
The BS power stabilizes after several iterations and shows
convergence. As per Fig. 2, the objective decreases rapidly
and saturates as the number of iterations grows. Specifically,
regardless of M, K, or L, the overall algorithm converges in
less than 5 iterations.

Fig. 3 explores the effect of the number of BS antennas,
M = N, on the BS transmit power for K = 3 and L = 2.
A clear and continuous trend emerges in BS transmit power
(Fig. 3); increasing the number of BS transmit antennas has
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Fig. 2: Convergence of the proposed Algorithm 1 for
M = N = 255.

at the BS, M = N.

an inverse influence on the necessary power. An increase
in antenna count, in particular, decreases transmission power
across all the schemes. This is because of their singular focus
on communication or sensing tasks, which allows them to
allocate transmit power more effectively to their primary goal.
In contrast, the FF system has the worst transmit power per-
formance due to distributed beam energy and multi-user/target
interference. Conversely, the NF system performs better as it
can handle user interference at the same angle. For example,
with M = N = 255, the NF system requires a ~ 1118 % (or
~ 6dBm) lower transmit power than the FF system to meet
the required communication and sensing rates.

Fig. 4 illustrates the radar functionality of Algorithm 1 to
direct the transmit and receiver beams in specific directions.
The algorithm converges signals from an array of antennas,
crafting a directed “beam” or “lobe” [9], [16]. The beam is
electronically steered while the antennas remain stationary.
This capability amplifies signal quality, boosts target detection,
and significantly minimizes potential interference [9], [16].

Conversely, the transmit signal, representing the outward-
projected energy, is critical in efficiently illuminating the
targets. Meanwhile, the received beamforming is optimized
for clear reception, capturing the echoes or reflections off
the targets. To this end, the beampattern gain is defined as
p(0) = |(u?‘)Hgb7lg?lx*|2. Fig. 4 depicts the beampattern
gain generated by Algorithm 1 for NF and FF ISAC systems.
As shown in Fig. 4, our proposed NF beamforming design has
higher power at target locations than the FF counter design,
indicating that the beam of the NF beamforming design has
superior target estimated performance in ISAC systems

VI. CONCLUSION

This article investigates a multi-target, multi-user ISAC
network. The FD BS detects echoes from the targets while
communicating with the users. We minimize the BS power
consumption via transmit and receiver beamforming opti-
mization while guaranteeing the required communication and
sensing rates. The problem is nonconvex; thus, we combined
AO, SDR, and Rayleigh quotient techniques. The resulting
algorithm offers precise multi-target location estimation, pro-
moting the benefits of NF sensing. Future directions include

300

Number of BS antennas

Fig. 3: Transmit power versus the number of antennas
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Fig. 4: Beampattern of radar functionality of Algo-
rithm 1 with NF and FF channels for M = N = 255.

machine learning algorithms, energy efficiency, interference
control, and integration with 6G.
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