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Abstract—Integrated sensing and communication (ISAC)
in the near-field regime offers the potential to jointly sup-
port high-rate downlink transmission and high-resolution
multi-target detection by exploiting the spherical-wave
nature of electromagnetic propagation. In this paper, we
propose a unified beamforming framework for a multi-user
multi-target near-field ISAC system. In this system, a multi-
antenna base station simultaneously serves multiple single-
antenna users and senses multiple point-targets without
prior knowledge of their radar cross sections. By optimizing
the transmit covariance matrix, our design maximizes the
minimum weighted transmit beampattern gain across all
targets to ensure accurate sensing while strictly limiting
inter-target cross-correlations and guaranteeing per-user
communication rate. We extend classical far-field beam-
pattern and cross-correlation measures to the near-field by
incorporating both angle and range dependencies, enabling
discrimination of targets along the same direction but at
different distances. The resulting non-convex program is
efficiently relaxed to a semidefinite program via rank-one
lifting. We then develop a closed-form reconstruction to
recover optimal rank-one beamformers. Numerical simu-
lations demonstrate that our near-field ISAC design can
simultaneously resolve and serve users/targets along the
same direction but at different distances, achieving signif-
icant gains over far-field and single-target benchmarks.

I. INTRODUCTION

Integrated sensing and communication (ISAC) has
emerged as a transformative paradigm that integrates
communication and sensing functionalities into a sin-
gle system, leveraging shared hardware and spectrum
resources [1]. By enabling these dual functionalities,
ISAC systems can enhance the efficiency of resource
utilization, reduce hardware costs, and open new pos-
sibilities for applications such as autonomous vehicles,
smart cities, and industrial automation [1].

In recent years, near-field communication and sensing
have attracted growing interest, driven by the adoption
of high-frequency systems and large-aperture multiple-
input-multiple-output (MIMO) base station (BS) anten-
nas [2]. In the near-field region, where the propagation
distance is on the order of the Rayleigh distance, the
spatial channels follow a spherical rather than planar
wavefront. As a result, both communication and sensing

channels depend on the users’ or targets’ angles and
ranges [2], [3]. This range-dependent behavior enables
the system to distinguish objects aligned in the same di-
rection but at different distances, substantially improving
spatial resolution for both functionalities [2], [3]. Such
capabilities are essential for next-generation applications
that demand high accuracy and spectral efficiency.

The design of multi-user, multi-target near-field ISAC
systems, however, remains a significant challenge. Most
existing studies on near-field ISAC beamforming focus
on serving multiple communication users while sens-
ing only a single target [2], [4]-[6], which severely
limits performance in multi-target scenarios. To address
this, recent works explore the multi-target problem. For
instance, [3] considers multi-target sensing by treating
echoes from other targets as interference and optimizes
the signal-to-interference-plus-noise ratio (SINR) for
each target. Separately, [7] formulate the beamforming
design as a problem of minimizing the sum Cramér-Rao
Bound (CRB) over all targets for localization, subject to
communication quality-of-service constraints.

However, these existing multi-target approaches have
two drawbacks. First, in MIMO sensing signal design,
reducing cross-correlation among transmit waveforms is
critical for accurate multi-target indication [8], [9] and
for enabling adaptive MIMO radar techniques [10]. This
requirement is not imposed in SINR-based method in
[3], thereby deteriorating the capacity of multi-target
indication. Second, both the SINR-based method in [3]
and CRB-based method [7] assume prior knowledge of
each target’s radar cross-section (RCS) information to
compute the respective performance metrics, yet RCS
values are often unavailable in practical ISAC deploy-
ments. In contrast, evaluating sensing performance via
beam-pattern gains and cross-correlation levels requires
only known array steering functions and is entirely
agnostic to RCS values [8]-[10].

Existing far-field MIMO beamforming designs treat
each array’s response as a function of direction only,
using planar wavefront models with the steering vector
varying solely with angle. As a result, classical ap-



proaches optimize both the transmit beampattern and the
cross-correlation of waveforms over angular coordinates
alone [8]-[10]. In the near-field, however, each antenna
element sees a spherical wavefront whose strength and
phase shift depend on both the distance to and the
direction of each user or target. This means that two
objects aligned along the same angle but at different
ranges produce non-coherent channels. To exploit this,
we generalize the traditional beampattern and cross-
correlation criteria so that they account simultaneously
for angle and range. Thus, our beamforming can not only
form narrow beams in specific directions, but also focus
or place nulls at particular distances, thereby enabling
separation of users or targets that lie along the same
direction but at different distances. This leads to greatly
enhancement in both multi-user communications and
multi-target sensing resolution in ISAC systems.

In this work, we propose a unified framework for
joint transmit beamforming in near-field ISAC systems
that simultaneously serves multiple downlink users and
resolves multiple sensing targets without relying on prior
RCS knowledge. By optimizing the transmitted signal
covariance, our formulation maximizes the worst-case
weighted beampattern gain across all targets while en-
forcing strict limits on mutual cross-correlation and guar-
anteeing per-user communication rate and total power
constraints. Crucially, we extend classical far-field beam-
pattern and cross-correlation metrics to depend on both
angles and ranges, enabling the discrimination of ob-
jects at identical directions but different distances. To
solve the resulting non-convex program, we recast it via
semidefinite relaxation (SDR) into a convex form and
derive a rank-one recovery procedure that yields optimal
beamformers in closed form. Numerical results demon-
strate that our method can simultaneously distinguish
and serve users and sensing targets located in the same
direction but at different distances.

Notations: Throughout the paper, ()7, (-)* and (-)#
denote transpose, conjugate and conjugate transpose,
respectively; || - || is the Euclidean norm; Tr(-) is the
trace operator; [E{-} is statistical expectation; J[-] is the
Kronecker delta function; and I,, is the n x n identity
matrix. Scalars, vectors and matrices are denoted by
italic, bold lowercase and bold uppercase letters.

II. SYSTEM AND SIGNAL MODEL
A. System model
Fig. 1 illustrates the considered mmWave ISAC sys-

tem. We assume a BS with a planar array of N, an-
tennas for transmission and another planar array of N,
antennas for sensing reception. The position of the n;-th
transmitting antenna element (1 < n; < V) is denoted
as py(n;) € R3, with the array’s radiation normal vector
represented by w;, which defines the main direction of
the array’s radiation (i.e., its boresight). Analogously,
the positions and radiation normal vector for the BS’s
receiving array are given by p,.(n,.) and w,., respectively.

The BS simultaneously serves downlink communica-
tion to K single-antenna users, indexed by the set /C, and
senses L targets, indexed by the set L. Each user/target
a € K U L has a known position p, within the near-
field region of the BS, bounded by the Rayleigh distance
Rgi. = 2D? /A [2], where D is the antenna aperture,
A = ¢/ f. is the wavelength, f. is the carrier frequency,
and c is the speed of light.
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Fig. 1: Illustration of the near-field ISAC system with
multiple communication users and multiple targets.

B. Transmitted ISAC signal
We consider a coherent block of length 7. At time

t € {1,...,T}, the transmitted signal of the BS is [11]
alt] =, Freelt] + s, (1

where the n;-th element of z[t] € Ct is the symbol
transmitted by the ny-th element (1 < n, < Ny).
The vector f;, € CNt is the fully digital beamformer
for communicating the symbol cy[t] to the user k, and
s[t] € CM¢ is the signal dedicated for target sensing,
whose covariance is R, = E {s[t]s”[t]}. The commu-
nication symbols have unit power and are independent
and identically distributed (i.i.d) over time and users.
Thus, we have E {c;[t]cf[t]} = d[k —I]. The covariance
of the transmitted signal x[t] is given by
R, = E {z[t]z" 1]} :Zkelc fff+Re. @
C. Communication model
We employ the near-field spherical wave model for
the channels between the BS and users/targets. For a
user k € KC, the channel h, ;, € CN+ is modeled as [12]:

(hekl,, = VF(pr — pe(ne), wy)B(pr — pe(ne)), 3)
where F'(pr —pi(nt), w;) is the radiation pattern (gain)
of the antenna element. This function depends on the
direction vector to the user, py — p:(nt), and the an-
tenna’s radiation normal vector, w;. While the proposed
framework is applicable to any antenna element model,
for simulation purposes we adopt the commonly used
cosine-based model from [13]:

Flpaw)= {§<b+1> cos’ (i)(paw)).

Y(pw)€l0,7/2],
otherwise,
where 1 (p, w) is the angle between the direction Vecgor

p and the array’s normal vector w. The parameter b
determines the Boresight gain, which is 2 for the dipole.



The term [(px — p:(i,1)) denotes the attenuation and
phase change caused by the path, with 5(p) being
B(p) = A/ (4pll) - %17, )
Here, we compare the near-field model (3) to
its far-field approximation. In the far-field -case,
the radiation profile and the path-loss term are
both taken as constants across the array, i.e.,
\/F(Pk — pi(ne), wy) ~ VF(Pr — pro, wt),
M (nlps = pe(n)l) ~ A(Anlpx — proll). and the
phase term uses the distance approximation as follows:
||Pk - pt(nt)H ~ ||Pk - Pt,OH - ||pt(nt) —Pt.,OH
x cos(Y(pt(nt) — Pr.o, Pk — Pto))
£ Ak

Hence the far-field channel becomes ©)
Ant,k_

[hi%], =\/F(pr—pro,wi) B(pk — pro) e 75

In the far-field model (7), the amplitude is a C(gr712
stant across all elements and the inter-element phase-
differences depend only on the common directions in
A, and not on the distances. Consequently, far-field
beamforming cannot resolve two users sharing the same
angle but at different distances. In contrast, the near-
field model (3) depends on the distance, indicating the
capacity of distinguishing such users.
The received signal at user k at time ¢ is

yklt] = by t] + nlt], @®)
where ny[t] ~ CN(0,0%) is the additive noise. Thus,
the SINR at user £ is given by:

h{ )y fr

5 .
Swer s eS| + R Rshey + 0}
The achievable communication rate for user k (in bits
per second per Hz) is used as the performance metric,
given by the Shannon capacity formula [12]:
Ry, = logy(1 + ng).
D. Sensing model

‘ 2

M = €))

(10)

The sensing channel involves round-trip propagation
to each target [ € £, which can be separated into the
forward channel (from the BS to the target) and the
backward channel (from the target to the BS). Similarly
to the near-field communication model (3), the forward
channel h;; € C™ is modeled as

[hedl,, = VF(pi — pi(ne), wi)B(pr — pe(ne)), (11)
and the backward channel h; , € CN+ is modeled as
[hir], = VF®,(nr) = pi,w,)B(pr(ny)—pr). (12)
Thus, the overall round-trip sensing channel of target [,
denoted as H; € CN~*Mt is given by
H, = yhy b}, (13)
where ; is the RCS of target [. Summing up the echoes
of all targets, the received sensing signal at the BS is

yolt] = ZH Hx[t] + n.[t], (14)
where n,.[t] ~ CN(0,0%1y,) is the sensing noise.

Similar to the communication case, the near-field
sensing model in (13) also retains its dependence on
distance, thereby enabling the resolution of targets at the
same direction but different ranges.

For multi-target MIMO sensing, the transmit covari-
ance R, must be shaped to achieve two complementary
objectives [8]-[10]: 1) Beam-pattern gain: maximize
the power delivered to each target [, quantified by
hZz R, hi;; 2) Cross-correlation suppression: mini-
mize mutual interference between any two targets [ # [/,
quantified by ’th R, h; /|- This constraint ensures that
the waveforms reflected from different targets are nearly
orthogonal at the receiver, which is critical for dis-
tinguishing closely spaced targets and mitigating inter-
target interference [10].

Remark: In multi-target sensing, existing far-field
MIMO beamforming methods optimize beam-pattern
and cross-correlation metrics exclusively over angular
directions, treating each array’s response as a planar
wavefront that depends only on the angle [8]-[10].
More recent near-field study [3] extends beamforming
to near-field spherical-wave channels but focuses on
SINR-based designs that do not jointly shape angle-
and-range beampatterns and suppress cross-correlation
among multiple targets. As shown in Section IV, neglect-
ing cross-correlation suppression makes classical MIMO
techniques, e.g., Capon spectrum, incapable of indicating
multiple targets. In contrast, our work is the first to gen-
eralize both beampattern and cross-correlation criteria to
the near-field model, which accounts simultaneously for
angle and distance; Thus it can resolve targets along
the same direction but at different distances. Another
advantage of our formulation is that the beam-pattern and
cross-correlation metrics is independent of target RCSs
knowledge, making it more broadly applicable compared
to the SINR-based optimization in [3].

III. BEAMFORMING OPTIMIZATION
We formulate the joint beamforming design for multi-

user communication and multi-target sensing as

max
{fi},Rs=0,Ry, 1t

st wi(h{Rehj)) >Vl € L,

(15a)

(15b)

wp|h Rohy | <ep, VLI €L 1£T,
(15¢)
Ry > Rming, Vk €K, (15d)
Tr(R:) < Pax; (15¢)
— H
R,=) _ ffil +Re  (50)

Remark: While the mathematical structure of op-
timization (15) is general, its power is unlocked by
using near-field channels. In far-field MIMO beamform-
ing, metrics for beampattern gain and cross-correlation
are optimized exclusively over angular directions. The
key innovation and near-field specificity of our ap-
proach stem from the inputs used within this frame-



work—namely, the channel vectors h;; and h;;. Be-
cause these vectors are defined by the spherical-wave
model, they capture range-dependent phase and ampli-
tude variations. This allows the beampattern and cross-
correlation constraints, (15b) and (15¢), to be enforced
over a joint angle-range space. This is the core mech-
anism that enables our design to resolve co-directional
users and targets, a task that is infeasible when using
traditional far-field channel models within the same
optimization structure.

The optimization in (15) maximizes an auxiliary
variable p, which represents the worst-case weighted
sensing beampattern gain across all targets (objective
(15a)), subject to the following: each target’s weighted
beampattern gain must be at least p (constraint (15b));
the magnitude of the cross-correlation between any two
targets, scaled by weight w; ;/, must not exceed € i to
suppress inter-target interference (constraint (15¢)); each
user’s downlink rate must meet its minimum requirement
Riin, i (constraint (15d)); the total transmit power must
not exceed the budget P .x (constraint (15e)); and the
overall transmit covariance R, must equal the sum of the
communication beamformer covariances and the sensing
covariance as defined in (2) (constraint (15f)).

The optimization problem (15) is non-convex because
of the quadratic term fi, f{’ in the equality constraint
(15f). To solve it, we recast it into a convex optimization
using the SDR strategy following the two steps below.

First, using the Shannon capacity formula (10) and the
definition of SINR (9), (15d) is equivalent to [2]

Ll (& S F - Ry)) 2 o,
where &, = 2 Fmink /(QRmink 1),

Second, we replace the optimized variable fj with
Fr, = fx f,f and leave out the constraint that Fy is
rank-one. Thus, the optimization (15) is relaxed to

max
{Fi} R =0, R,

st. wi(h{ Rohj)) > p, V€L, (17b)

(16)

(17a)

w| b Rahy | <ep, VI € L,1£T,
(17¢)
Tr (h} b 1 (&Fr—Ro)) > 0%, V€K
(17d)
Tr(Rz) < Prax; (17¢)
R, =) _ Fi+R. (17f)

The relaxed optimization (17) is convex and can be
solved with cvx in MATLAB. The optimum is denoted
as {Fk}ke;c and R,. We can construct the following
rank-one solution that achieves the same objective value
without violating the constraints of (15) [8, Theorem 1]:

£ T T * —1/2 *
fi= (RTBuh ) B, (18)

Proof. By [8, Theorem 1], fi. fi¥ <F}. Hence if we set

K
R, = R, + Y (Bu— fifl),
k=1

then ﬁs > 0 and the total transmit covariance based
on {f;} and R, is unchanged. Thus, the constraints
(15b), (15¢) and (15¢) remain satisfied. Moreover, [8,
Theorem 1] shows that ]hfkfk|2 = h{, Frh},. so all
the SINR constraints (16) remain satisfied, malging the
rate constraints (15d) satisfied. Thus, {fx} and R, form
a feasible rank-one solution with the same objective. [J

IV. SIMULATION RESULTS
In this section, we evaluate the performance of the pro-

posed near-field ISAC beamforming design via numer-
ical simulations. Specifically, we compare our method
against two benchmarks: no cross-correlation suppres-
sion (NCCS), which omits the cross-correlation sup-
pression constraint, and far-field beamforming (FFBF),
which employs a far-field beamforming model. We
will demonstrate gains in both downlink communication
(SINR and achievable rate) and multi-target sensing
(Capon spectrum) under mmWave configurations.

A. Parameter and method configurations

The operating frequency is f. = 30 GHz, correspond-
ing to a wavelength of A = 10 mm. The transmit power
at the BS is Py,x = 23 dBm, while the noise power is
configured as 02 = —80 dBm for the BS receiver and all
the communication users. The block length is 7" = 1000.

The transmitting and receiving arrays of the BS are
both uniform planar arrays (UPAs) with N, = 10 x 10
elements, where the inter-element spacing is A/2. The
corresponding Rayleigh distance of near-field region is
Rgri, = 1 m, where the antenna aperture is given by
D = 0.071 m. The BS transmitter and receiver are
centered at p; = (0,0,0) m and p; = (0,0.06,0) m,
whose radiation normal vectors are both w, = (0,0,1).

The number of communication users is K = 2,
indexed as User 1 and 2, whose positions are (0,0.1,0.1)
m and (0, 0.5,0.5) m, respectively. The number of sens-
ing targets is L = 3, indexed as Target 1, 2 and 3, whose
positions are (0,—0.1,0.1) m, (0,—0.25,0.25) m and
(0,0,0.4) m, respectively. The RCSs of targets are all
1. Note that User 1 and User 2 locate along the same
direction from the BS transmitter but at different ranges,
as do Targets 1 and 2.

In the optimization (15), we set a minimum rate
requirement of R, = 17 bps/Hz for both users. In
beam-pattern and cross-correlation constraints, i.e., (15b)
and (15¢), we set the weights as w; = 1/||hy,| and
wry = 1/(Jhegll - |Re]]), respectively, to balance
the sensing requirements across all targets regardless of
their individual channel strengths. The cross-correlation
tolerance parameter is € = 0.1.

In addition, we consider two benchmark schemes for
comparison: 1) NCCS: We solve the same problem
as (15) but omit constraint (15c¢), thus removing the




cross-correlation suppression on multi-target sensing. 2)
FFBEF: To highlight the benefits of near-field design, we
solve (15) after replacing every channel vector h; , (a €
KU L) with its far-field approximation (7). Additionally,
since far-field users or targets at the same direction
become fully coherent, we relax the communication
constraint by lowering Ry, to 0.95 bps/Hz and remove
the cross-correlation constraint (15d) for the target pair
(1,2), thereby ensuring problem feasibility. Note that if
we set R min = K2 min = Rmin, the optimization is
feasible only if Ry, < 1 bps/Hz in far-field modeling.

B. Communication performance

To showcase the spatial discrimination enabled by our
near-field design, Fig. 2, 3 and 4 plot each user’s SINR
over the entire yz—plane under the proposed method,
NCCS, and FFBF, respectively. In both the proposed and
NCCS schemes (Fig. 2, 3), each user’s SINR exhibits a
sharp peak at its location and deep nulls at the other
user’s location, confirming the ability to resolve users
aligned in the same direction but at different distances.
By contrast, the far-field beamforming in Fig. 4 produces
overlapping SINR patterns that cannot distinguish users
along the same direction but at different distances; More-
over, the peak SINR remains below 0 dB, far weaker
than the above 40 dB peaks achieved by the near-field
approaches. Such SINR level renders reliable commu-
nication impossible, thus highlighting the advantage of
near-field ISAC beamforming for multi-user separation.
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Fig. 2: SINR (in dB) of each user’s downlink signal over
the yz-plane with proposed method.

C. Sensing performance

In this section, we examine the localization perfor-
mance with the Capon spectrum. First, we generate the
sensing signal using (14). Then, for any position pg, the
normalized Capon spectrum is given by [14]
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Fig. 3: SINR (in dB) of each user’s downlink signal over
the yz-plane with NCCS.
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the yz-plane with FFBF.
hl RyYX R

(hd!, Ry o) (R R A )
Here X = [z[1],...,2[T]] and Y = [y[1],...,y[T]]
collect the transmitted and received snapshots, and
Rx = 7XX, Ry = 1YY# are their sample
covariance matrices. The normalized steering vectors
ht’() = ht70/||ht’0|| and hO,r = h()’»,‘/”h[)’»,‘” are formed
by evaluating (11) and (12) at py and then normalizing.
Compared to the conventional Capon spectrum, (19)
employs normalized vectors to remove range-dependent
amplitude scaling.

Fig. 5 plots the normalized Capon spectrum over the
yz—plane for the proposed method, NCCS, and FFBF. In

5capon (pO) = T (19)



* Users .
" Targets

Z Position (m)

o =
A ®
°
@
o
= o
o O
o

N

1

(a) Normalized Capon spectrum (in dB) with proposed
method

¢ Users
* Targets

-100

-120

-140

-160

Z Position (m)

-180

1 os 08 04 02 0 02 04 06 08

Y Position (m)

(b) Normalized Capon spectrum (in dB) with NCCS

-100
-120
-140
-160

-180

Z Position (m)

-200

05 -1

Y Position (m)

1 05

(c) Normalized Capon spectrum (in dB) with FFBF

Fig. 5: Normalized Capon spectrum (in dB) of sensing
with (a) proposed method, (b) NCCS, (c) FFBF.

Fig. 5a, three distinct peaks arise exactly at the true posi-
tions of Targets 1-3, confirming that our near-field beam-
former can capture both angular and range information
and separates targets along the same direction (Targets
1 and 2). By contrast, Fig. 5b yields a cluttered spec-
trum with spurious peaks and no clear target signatures,
illustrating that neglecting cross-correlation suppression
renders classical Capon processing ineffective in multi-
target scenarios. Finally, Fig. 5c¢ cannot distinguish target
distances—it shows only angular lobes—and it merges
Targets 1 and 2 into a single peak. This highlights the far-
field model’s inability to resolve targets along the same
direction in range or combined angle-range domains.
Overall, these results underscore the clear advantage of
our joint beampattern and cross-correlation optimization

in near-field ISAC for precise multi-target localization.

V. CONCLUSION
In this paper, we developed a beamforming strategy

for near-field ISAC systems that serves multiple down-
link users and senses multiple targets without requir-
ing prior RCS information. By formulating a max—min
beampattern gain optimization with cross-correlation
suppression, per-user rate guarantees, and total power
limits, we extended classical far-field metrics to jointly
account for angle and range. Such an extension enabled
the separation of objects along the same direction but at
different distances. The original non-convex design was
relaxed into a semidefinite program, and we proposed
a simple rank-one reconstruction yielding closed-form
beamformers that attain the global optimum. Numerical
results demonstrated that our approach substantially out-
performs both no cross-correlation suppression and far-
field benchmarks in terms of communication rate and
multi-target localization accuracy.
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