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Abstract—This paper investigates the design of near-field
wideband beamformers for holographic integrated sensing and
communication (ISAC) to mitigate frequency-spatial-dependent
beam split and near-field propagation effect with multiple moving
targets. Specifically, we propose an efficient beamforming design
strategy that leverages the properties of wideband signals and
the frequency-spatial coupling of the near-field channel model
in holographic ISAC systems which lead to high-dimension
problem. The proposed scheme ensures high spatial resolution
and robust performance in sensing tasks. We efficiently solve
the resulting extremely large-scale nonconvex problem using the
alternating direction method of multipliers (ADMM). Numerical
experiments demonstrate that the proposed algorithm achieve
favorable convergence performance, and the wideband near-field
holographic ISAC can align beams toward multiple targets across
different subcarriers.

Index Terms—Alternating direction method of multipliers, near-
filed holographic integrated sensing and communication.

I. INTRODUCTION

Integrated sensing and communication (ISAC) systems have
attracted significant research attention due to their ability
to simultaneously provide communication and sensing func-
tionalities through a unified platform [1-5]. Leveraging the
radar sensing capabilities on wireless communications, ISAC
systems can effectively utilize shared hardware resources,
reduce deployment costs, and enhance spectrum efficiency
[6]. This integrated framework is particularly advantageous for
emerging wireless applications such as autonomous vehicles,
intelligent transportation systems, and smart cities, where pre-
cise environmental perception and reliable signal transmission
are essential [7].

Reconfigurable holographic surfaces (RHS), typically imple-
mented using densely packed metasurface antenna arrays with
sub-wavelength spacing, enable advanced electromagnetic wave
manipulation to create programmable radio environments [8].
Different from another kind of metasurface, i.e., reconfigurable
intelligent surfaces, RHS can quickly control the transmit
beam toward to the desired directions with the low-cost and
higher energy efficiency via tuning the amplitude of each
RHS element [9, 10]. Exploring these advantages, RHS is
utilized in communication system to significantly enhance
spectral efficiency and spatial resolution [11]. By extending
holographic technologies to ISAC, it can significantly amplify
sensing accuracy and communication throughput due to its
ability to precisely manipulate electromagnetic waves across a
continuous aperture [12]. This increased flexibility facilitates
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advanced beamforming techniques, enabling holographic ISAC
systems to better manage complex and dynamic propagation
environments [13].

Recently, near-field beamforming techniques become critical
when ISAC systems operate in short-range scenarios, where
the classical far-field planar wave assumption no longer
holds [14, 15]. Specifically, in the near-field region, wave
propagation exhibits spherical wavefront characteristics, making
traditional beamforming approaches ineffective. Thus, near-
field ISAC must therefore account for the complex propagation
behaviors and frequency-dependent spatial responses inherent to
wideband signals [16]. After that, near-field holographic ISAC
has garnered attention for its potential to achieve the improved
downlink performance [17]. Most of the above-mentioned
works assumed that the near-field channel achieves the flat
pathloss over all the antennas which is not quiet matched
with practical channel. Meanwhile, due to the utilizing of
extremely large-scale antenna array in near-field applications,
the resulting problem generally involves an extremely high
dimension problem. These challenges necessitate efficient
beamforming strategies that can dynamically adapt to the near-
field characteristics of the holographic ISAC channel.

To address these issues, this paper proposes an efficient near-
field wideband beamforming technique specifically designed for
holographic ISAC systems. We leverage the unique properties
of wideband signals and develop a frequency-spatial varying
channel model tailored for near-field holographic propagation
scenarios under the exact near-field channel model. To solve the
resulting large-scale, highly nonconvex optimization problems,
we apply the alternating direction method of multipliers
(ADMM), demonstrating effective computational efficiency and
convergence. Numerical experiments validate the effectiveness
of our method, showing superior performance in aligning
beams across multiple frequency subcarriers towards moving
objectives, thus advancing its practical applicability.

II. SIGNAL MODEL AND PROBLEM FORMULATION

Consider a wideband MIMO OFDM-ISAC system employing
the extremely large-scale antenna array. The transmitter (Tx)
and receiver (Rx) are equipped with a N;-antenna RHS fed
by Ngrp radio-frequency (RF) chains, and N,-antenna full-
digital array. Both Tx and Rx are composed by uniform
linear array (ULA) which can be either co-located or deployed
separately. We denote I,,, = (2n,,¥Yn,),n: € {1,--+, Nt}
and I, = (%n,,Yn,.),nr € {1,---, N, } by the position of
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n¢-th Tx antenna and n,-th Rx antenna, respectively, in a two-
dimensional (2-D) Cartesian plane. Assume that the holographic
ISAC system senses the near-field coverage area comprised ()
targets, a term which refers to the objects of interest to radar,
communication users !, and scatterers; the g-th target located
at [, and having a velocity v @ g=1,---,Q.

The OFDM signaling consists of K subcarriers and M
OFDM symbols, each with a total duration of T4y, = Top+Tes,
where T, and T¢s represent the cyclic prefix duration and ele-
mentary symbol duration respectively. The subcarrier spacing
is given by A f = —=—. Furthermore, the frame length of the
coherent processing mterval (CPI) is defined as Tepi = MTyym
[19, 20]. Let the signal vector transmitted on k-th subcarrier
and m-th OFDM symbol over N; antennas be denoted by
Xk,m € CNex1,

A. Wideband Holographic Transmission Model

Following the holographic principle [10, 21], the transmit
signal at k-th subcarrier and m-th OFDM symbol over Ny
antennas is

ey

where F;, € CVer*U denotes full-digital beamformer, Sk,m €
CY*1 denotes the data symbols for the communication users
[22-24], U < @ denotes the total number of communica-
tion users, V;, € CNt*Nrr denotes the propagation delay
matrix of RHS at the k-th subcarrier with Vi (ns, nrr) =

—j2my SREME — —

e k ,nt—1,-~-,NtananF—1,~-~,NRF,fy
denotes the radiation profile of the RHS material, d,, . »n,
denotes the distance between n rpg-th RF chain and n;-th RHS
element, and the diagonal matrix ¥ € RNexNt denotes the
holographic beamformer. Applying N; K-point inverse fast
Fourier transform (IFFT) to the signal Xy, ,,,, and following an
upconversion over the block of M symbols in ¢t € [0, M Ty,
the transmit signal of RHS element in time domain takes the
form [20, 22]

{Z Zxk e??™ Tktrect ( Tstym> } 2)

m=1 k=1 sym

Xkm = ‘I’VkaSk,m € CNtXl

where the rectangular pulse function rect(t) takes the value 1
for t € [0,1] and O otherwise, f. is the carrier frequency and
fr = fe + kAf is the k-th subcarrier frequency.

B. Near-field Sensing Model

The received signal at n,.-th receive antenna after propagation
delay is

. k
)eJQngtm t

Zaqgnr ng(t)wm(t Tren,

Yn, (t

+np, (t)v 3)

where ¢, denotes the RCS of ¢-th target and n,, (t) is the
front end additive Gaussian white noise (AWGN) of the n,.-th

I'Herein, we assumed that the communication users can also reflect the
signal to Rx for estimating and tracking the key motion parameters, see [18].

Rx element. The Doppler shift, mn , for the g¢-th target on
the k-th subcarrier with the n;-th Tx and n,-th Rx antenna

pair is given [25]
.k _ & (<’U(q)7]lq _Hnt> + <v(q)7]1q _Hnr>) (4)
e g -1 g =Indl/°

[Ug(cq), Uz(;q)]

an

where v(@ = denotes the directional velocity of
g-th target in which v\? and vg(,q) are the velocity along with
z and y-axis, respectively [26]. Meanwhile, the time delay in
(3) takes the form

S P L P )

NNy c

We consider frequency dependent path loss in (3) which can
be modeled as 9* k= \/ZW [27], where * € {n,,n:},
z, denotes radiation profile of the material of corresponding
element, and z, = 1 for the full-digital array and 0 < z, < 1
for RHS [28].

Removing CP and the carrier frequency in I/Q demodulation
and implementing the Fourier transform within m-th time
interval i.e., OFDM symbol duration, the received signal on
the k-th subcarrier of the m-th OFDM symbol is given by

(m~41)Tsym
[, K] = / Y (B)e

MTsym~+Tep

727rfct6727rkAftdt.

(6)

Substituting (3) into (6) and stacking the received signal of all
the Rx elements, we can rewrite (6) as

Q
Yem = ZaqaR(k7m7Q)ag(k7m7Q)Xk,m+nk,m; (7)
q=1
aT(k’m’ q) _ [gq kej27rt,01(k,m,Q) ’g?\f k6j27rtpNt(k,m,q)]T,
fi (09, 1,-1L)
k T T Ts m I _H* )
( mq) c ”I[ 7]1*” MLsy ” q ||

and * € {n¢, n, }, where ar denotes the wideband near-field
Tx steering vector of Tx; the Rx steering vector is similarly
defined. We then stack the received signal (7) from all M
OFDM symbols into a single vector as

yi = Agxy, +ng € CVM ®)

where yi, = [yZ .-+ ,y} /)7 denotes the receive signal of
k-th subcarrier with the mean pr = Agxy and the covariance
Ci = 021y, respectively, Ay = bdiag[Ay1, -+, Ak,
Xp = [x;‘gl,n- ,X;‘QM]T and n; = [n£717~-~ ,nf,M]T.

C. Problem formulation

Let us first rewrite (8) as the real vector yi =
Rye)"s Swm) "1, e = R(u)" ()" )", and Cp, =
%IQ N, M- To evaluate the performance of beamformers, we
can first write the likelihood function as [29]

1 o o NTE—1(o =
S — —(Fe—8K)" Cp (Yr—hK)/2
Pe\Yk,Xk) = —¢ .9
Tioxe) = am ey

971



According to (9), we can write the log-likelihood function and
omit the constant terms as

_ 1 _ _ _ 1, _
In pr (Y&, Xk) 2—5(111 |Cr|+ (37— 1) T C; H(Fr— 21))-

For the near-field transmit beamformer design, we can assume
the channel matrix Ay, is obtained and then solve the following
problem

(t)
g’z}qumze ,;hlpk (yr,0') (10a)
subject to  ||xx||3 = P, Vk, (10b)

where the constraint restrict the transmit power in the certain
level. Herein, an equality constraint is imposed on the total
power budget in (10), as practical radar systems typically
operate at their maximum available transmit power [6, 30].
Similarly, we rewrite the non-negative log-likelihood function
to MSE as [31]

K

o . . —A 2 11
mpimizg, )l — Ay (1D
subject to  ||xx |3 = Py, Vk. (11b)

Lemma 1. The strong duality holds for nonconvex problem
(10) under the mild condition P, > 0.

Proof. See [32]. O]

Based on Lemma 1, the global optimal solution of non-
convex problem (10) can be achieved using the primal dual
method or the SDR method [33, 34]. However, solving the
dual problem involves a set of nonlinear equation which lead
to a higher computational complexity.

III. ADMM SOLVER

To tackle the challenging nonconvex problem (11), we utilize
ADMM to solve the problem with a lower complexity. Because
of the disjoint variables and the objective function, for k-th
subcarrier, we can first reformulate problem (11) equivalently

minimize ||y — Apxg||3 (12a)

XkyZk
subject to zksz = Py, (12b)
zr — X, = 0. (12¢)

Lemma 2. The strong duality holds for nonconvex problem
(12) under the mild condition Py, > O.

Proof. We omit the proof due to the limited space. O

We can use Lemma 2 to analyze the convergence and global
optimality which are beyond the scope of this paper and thus
omit herein. Note that the problem in (12) is separate in terms
of the subcarrier index k. We can solve the problems in parallel
for all subcarriers. Then, the augmented Lagrangian of problem
(12) is given by

L(xk, 21, up) =xi A Apx — 2R(y 1 Arxi) + ¥ yn

+ R (2 = x0)) + Bz = xell3. (13)

Based on the equality,

R(uy (2 —Xk))+%k\|zk—xk|\§ (14)
_Pky, T 2
= =it = 5
k
=Lz — x + vl — 2 lval3, (s)

where v = pikuk., we can write the augmented Lagrangian
(13) as
L(Xp, 21, Vi) =xT AT Apx, — 2R(yHT Apxi) + vy
+ Bz =i+ vill3 = il (16)
A. ADMM Solution

Then, the ADMM update for jointly solving the primal-dual
problem (12) as

X](:Jrl) = argmin x; Af Apxi — 2R(y7H Agxy)

Xk

+ Bz =i+ v 3 (17a)

Z’(:'*'l) = argmin %”Zk - X,(:) + V;g ||§a st 23 2y = Pi;
Zk

(17b)

vi ) = argmax 22 - x{ + Vil - vl (170
Vi

Then, the solutions for the subproblems in (17) are, respectively,
given by

XD = (AFTA, + P 5 PEn—t(Ally, + ’)2 (2 +vi);
(18a)
ngﬂ) [l (t+1)7)k v, (Xgﬂ)*vg))? (18b)
v,(:+1) (t) +Z(tJrl) Eﬂt+1). (18¢)

It is seen that the updating of x; in (18a) involves the inverse
of the large-scale matrix which leads to the extremely high
computational complexity. Toward this end, we can use the
block sparse property of matrix Aj to simplify the calculation
of the inverse matrix, i.e., Ayl = bdiag[A ], -+, A}l
Note that for the problem (18b) it should chose the scalar as
but not VP due to the second-order

Pr
” (t+1) _ (t)H - Hx;:-*—l)_vl(:)‘lz
0pt1mal condition.

Once the optimal transmit beamformers over all aubcarriers
are obtained by ADMM, the full-digital and holographic
beamformers can be determined by the following optimization

problem

K M
— WV,.f 1
m\lpr}lirize ; Zl 1%, m V£ m||2 (19a)
subjectto 0 <, <1,ng=1,---, Ny, (19b)

where f.,, = Fpmskm. We observed that in (19), the
problems in terms of ¥ and fj ,,,, respectively, are convex.
Then, it can be efficiently solved by the alternating optimization
method.
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Figure 1. Convergence performance of ADMM algorithm.

B. Complexity Analysis

In general, the interior-point method for SDP algorithm
has worst-case complexity O(K (M N;)®) even tough it guar-
antees globally optimal solution [34]. Meanwhile, the com-
plexity of proposed ADMM algorithm of each iteration is
O(K(MN,)3) for calculating the matrix inversion in (18a).
Thus, the total complexity of the proposed ADMM algorithm
is O(TK(MNy;)?), where T denotes the total number of
iterations. However, due to the block diagonal spare structure of
A, the complexity of SDR can be reduced to O(K M (N;)35).
Meanwhile, the complexity of proposed ADMM algorithm
can reach to O(T KM (N;)?) which is much less than SDR.
It shows the efficiency of the proposed ADMM algorithm,
especially in the case of a wideband near-field and extremely
large-scale problem.

IV. NUMERICAL EXPERIMENTS

In the simulations, we consider a holographic system with
N; = 256 and N,. = 128 that is deployed along the x-axis and
set the origin as the centroid. The inter-element spacings for
Tx and Rx are set to A\./4 and \./2 with z,, = 0.8,Vn; and
Zn, = 1,VYn,. The number of RF chains is Ngr = 16. The
central frequency of the wideband ISAC system is f. = 28
GHz, and the frequency step of OFDM is set to A f = 20 MHz.
The total number of subcarriers and OFDM symbols are set to
K =16 and M = 8. Three objectives are located on [48, 54],
[—36, 48], and [0, 54], referred to radar target, communication
user, and scatterer respectively with the velocities of [10, 10],
[1,1], and [0, 0] m/s. The RCS in terms of all objectives are set
to |a1]| = 1, |ae| = 1, and |a3| = 0.1. The noise variances are
02 = —80dB and the Lagrangian parameters p; = - -+ = pg.
We terminate the ADMM algorithm when the error between
two adjacent iterations less than 10~° or reaches the maximal
iteration number ¢,,,,, = 100.

Fig. 1 illustrates the convergence of ADMM algorithm for
solving the problem (12). It is seen that, as the increasing of
iteration, the objective value of problem (12) is monotonically
decreased and convergent within 100 iterations. Meanwhile, the
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Figure 2. MSE versus SNR.
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Figure 3. Comparison of transmit beampattern in different subcarriers.

increasing of Lagrangian parameter first fasts the convergence
speed until p; = 10 and then slows down the convergence prop-
erty. This highlights the importance of Lagrangian parameter
selection.

Fig. 2 demonstrates the MSE versus the SNR under different
number of RF chains. It is observed that with the increasing
number of RF chain, the performance of partially connected
structure approaches the fully connected structure in which
each RF chain is connected with an RHS element. Meanwhile,
in low SNR case, i.e., less than 10 dB, the proposed holographic
can still achieve a preferable performance with a few RF chain,
c.g., N, RF = 2.

Fig. 3 shows the transmit beampattern of Tx with RHS.
Specifically, Fig. 3(a) and Fig. 3(b) illustrate the transmit
beampattern on the lowest frequency band f,,;, and highest
frequency band f,., respectively. It is seen that the proposed
wideband near-field beamforming scheme can align the beam
toward to the directions of objectives in different subcarrier.
This validates the effectiveness of our proposed method.
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V. SUMMARY

This paper has addressed the problem of near-field wideband
beamforming in holographic ISAC systems. The proposed
beamforming strategy leverages frequency-spatial channel
characteristics to deliver high spatial resolution and robust
sensing performance. The resulting nonconvex problem is
solved efficiently by ADMM algorithm. Numerical results
demonstrate that the proposed solution effectively aligns beams
toward dynamically moving targets across various frequencies,
highlighting significant improvements in practical applicability.
Future research could further explore the near-field parameter
estimation to further enhance the near-field beamformer design.
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