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Optimal transmit beamforming for near-field integrated
sensing and wireless power transfer systems

Ping Sun, Haibo Dai, and Baoyun Wang*

Abstract: The integrated sensing and wireless power transfer (ISWPT) technology, in which the radar sensing and
wireless power transfer functionalities are implemented using the same hardware platform, has been recently
proposed. In this paper, we consider a near-field ISWPT system where one hybrid transmitter deploys extremely
large-scale antenna arrays, and multiple energy receivers are located in the near-field region of the transmitter. Under
such a new scenario, we study radar sensing and wireless power transfer performance trade-offs by optimizing the
transmit beamforming vectors. In particular, we consider the transmit beampattern matching and max-min
beampattern gain design metrics. For each radar performance metric, we aim to achieve the best performance of radar
sensing, while guaranteeing the requirement of wireless power transfer. The corresponding beamforming design
problems are non-convex, and the semi-definite relaxation (SDR) approach is applied to solve them globally optimally.

Finally, numerical results verify the effectiveness of our proposed solutions.

Key words: radar sensing; near-field wireless power transfer; integrated sensing and wireless power transfer (ISWPT);

beamforming design

1 Introduction

Radar sensing has been identified as one of the key
technologies for future 6G networks, to support many
new applications such as Internet of Everything (IoE)
applications, unmanned aerial vehicle (UAV) networks,
and advanced cross-reality (XR) applicationst!-2],

Therefore, radar sensing technology has gained a lot of
research interest from both academial3 4 and industry(3].
Meanwhile, the radio frequency based wireless power
transfer (WPT), enabling the charge of low-power
devices (such as IoE devices) over the air, has also
been regarded as a key enabling technology for future

wireless networks(® 71, It is worth noting that although
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both radar and WPT are
functionalities, they are studied and implemented using

sensing promising
two separate subsystems conventionally.

Inspired by the idea of dual-functional radar
communication (DFRC) where both radar and
communication functionalities are jointly designed and
implemented using the same hardware platform[®: 9], the
authors in Ref. [10] proposed a novel concept of
integrated sensing and wireless power transfer
(ISWPT). In ISWPT systems, a hybrid transmitter is
capable of providing the services of radar sensing and
WPT simultaneously. As such, ISWPT has many
potential advantages in terms of reducing the system’s
physical size, cost, and power consumption, as well as
alleviating the issues of electromagnetic compatibility
and spectrum congestion(!%]. These evident advantages
of ISWPT over conventional individual radar sensing
and WPT make it become an exciting and promising
area of research.

In the pioneering work(10], the authors optimized the
transmit beamforming vectors for characterizing the

fundamental trade-off between radar sensing and WPT,
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considering the case of far-field operation. As extremely
large-scale antenna arrays are deployed, especially at
high-frequencies, wireless devices (such as WPT
devices) are likely located in the near-field region of
Different from the far-field
region, where the wavefront is planar, in the near-field,

the transmitterl!!-14],

the wavefront is spherical. The near-field spherical
wavefront enables the beam focusing capability, which
can be leveraged to facilitate near-field multi-user
communications[!5-17] or wireless power transferl18-20],
For example, the authors in Ref. [19] studied the near-
field WPT with dynamic metasurfaces antennas and
illustrated that focused energy beams can not only
enhance energy transfer efficiency but also reduce
energy pollution.

Motivated by the above observations, in this paper,
we consider the near-field ISWPT scenario, where one
hybrid transmitter equipped with an extremely large-
scale antenna array serves radar sensing and wireless
power transfer simultaneously. As the energy receivers
need to be deployed close to the transmitter in general,
we consider the energy receivers are located in the
near-field region of the transfer antenna, whereas the
potential radar targets are located in the far-field region
of the transmitter. Under such a scenario, we study the
beamforming design at the transmitter to balance the
performance of radar sensing and wireless power
transfer. The main contributions of this paper are
summarized as follows.

e To the best of our knowledge, this work is the first
that studies the near-field ISWPT systems, considering
the energy receivers are located in the near-field region
of the base station (BS) with extremely large-scale
antenna arrays. The BS charges multiple single-antenna
energy receivers and senses several potential target
directions simultaneously, and the beamforming
vectors of BS are optimized to balance these two
functionalities.

e For radar sensing, both the metrics of classical
beampattern matching and the emerging max-min
beampattern gain are considered. For each radar
a dedicated

optimization problem to maximize the performance of

performance metric, we formulate

radar sensing, while guaranteeing the requirements of
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wireless power transfer. The formulated beamforming
design problems are non-convex, and the semi-definite
relaxation (SDR) approach is applied to solve them
globally optimally.

e Finally, the numerical results are provided to verify
the effectiveness of our proposed design. By considering
the near-field effect, our proposed design significantly
outperforms the far-field benchmark schemes in terms
of beampattern matching accuracy and extra harmful
beam-free.

Notation: Scalars, vectors, and matrices are denoted
by lower letters, bold-face lower-case letters, and bold-
face upper-case letters, respectively (e.g., x, x, and X,
respectively). For a matrix X, X >0 means that X is
positive semidefinite matrix, and XH denotes its

Hermitian operator.

2 System model and problem formulation

2.1 Signal and system models

We consider a near-field ISWPT system as shown in
Fig. 1, where one hybrid base station (BS) sends
wireless signals to charge K single-antenna energy
receivers and to perform radar sensing over a potential
area simultaneously. The BS employs an extremely
large-scale uniform linear array with N antenna

L A . .
elements. The antenna spacing is d = > with A denoting

the carrier wavelength. The boundary between the
near-field region and the far-field region is referred
to as the Rayleigh distancel!!: 121, which is defined as

X >4

Near-field region Energy harvester ﬁ

Far-field region Potential target 2

Transmitter
Fig.1 Illustration of near-field ISWPT scenario, where one
extremely large-scale antenna array charges multiple energy
receivers (located in the near-field) and senses several
potential targets (located in the far-field) simultaneously.
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2D* .
dr = Q0 with D denoting the antenna array aperture.

(N-1d,
and the strong near-field region can be up to tens of

In our setting, the antenna array aperture D =

meters for a middle-size antenna array. In practice,
energy receivers need to be deployed close to the BS
because they have poorer sensitivity[2!-22], Therefore,
we consider the energy receivers are located in the
near-field region of BS. While for radar sensing, the
potential targets are assumed to be located in the far-
field region of BS.

Considering the fact that radar signals can be utilized
to realize radar sensing and wireless power transfer
simultaneously, we assume the BS uses N radar beams
for potential target sensing and wireless power transfer.
Thus, the baseband transmitted signal of BS, denoted
by x e C¥*! is given by

N
X = Zw,-s,» (1)
i=1

CNx1 denotes the

where w; e i-th radar sensing
beamforming vector and s; denotes the i-th radar
waveform with zero mean and unit variance. It is
assumed that {s;} are independent.

Based on Eq. (1) and considering that the radar
waveform s; has a unit power. The per-antenna transmit

power constraint at the BS can be formulated as

o P
[Zw,w?] <N’, n=12,...,N ©)
i=1

nn
where P, denotes the maximum transmit power budget
and [-],, denotes the (n,n)-entry of a matrix.

Let p, = (0,(n—1)d) denotes the Cartesian coordinate
of the n-th antenna element of BS. Then, under the
free-space condition, the near-field wireless channel
between the BS and the k-th energy receiver located in
pr = (x,yr) can be given byl14]
¢ )2 —jznfcd—]’i

e c

dnf.dk ©)

[hk]n = (

where h; € C¥*! denotes the near-field wireless channel
between the BS and the k-th energy receiver, with [h;],
representing the n-th element of hy; ¢ and f. denote the
light speed and the carrier frequency, respectively; and

d,lj £ |p, — pi| denotes the distance between the n-th
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antenna element of BS and the k-th energy receiver.
According to Egs. (1) and (3), the harvested energy
of the k-th energy receiver can be written as(?!-22]

Ev((wi}) = §Z|hHw, NVkeXK @)

where 0</<1 denotes the conversion

efficiency at the energy receiver.

energy
For radar sensing, we focus on the transmit
beampattern design, which has been widely used in the
field of multiple-input (MIMO)
radar(?3], For our considered ISWPT system, both the
energy signal and radar waveform can be used to

multiple-output

perform radar sensing. Therefore, the corresponding
transmit beampattern gain can be formulated as

N 2
a0 {Z Wisi] ] =
N i=1 (5)
ate) (Z wiw}*]a(e)
i=1

where a(f) represents the steering vector at angle 6,

BO) =E

given by
d T
j2n—sin@

a(9)=l1 e 4 (6)

ej2n%l(N— l)sine}

For radar sensing, one of the widely used design
metrics is called the beampattern matching, where the
radar beams are designed to match a given desired
beampattern[23). The radar performance can be evaluated
by the matching error function, given by

L(iwi},a)=

)

=1

2

(7

aB(6)-a (91)[wa ]0(91)

where « is a scaling factor; and {B(H;)} . denotes the

given desired beampattern, specifying the desired
power distribution at the L angles {6,}~,. Based on the
tasks, the

beampattern can either be uniformly distributed

radar sensing specific pre-designed
beampattern (e.g., angles are sampled uniformly), or
non-uniformly distributed beampattern (e.g., angles are
sampled only towards several potential directions). The
former pre-designed beampattern is suitable for the

task without knowing the direction of radar targets,
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while the latter beampattern is beneficial for the
application with knowing the potential directions, e.g.,
for target tracking.

2.2 Problem formulation

The goal of this paper is to design transmit radar beams
for achieving the best radar performance while
guaranteeing the energy harvesting constraints of
energy receivers. Considering first the matching error
function defined in Eq. (7) as the radar metric, our
interested beamforming design problem can be
formulated as

2

L N
min — > |aB(0)-a" (0) Zwiw}* a(6))
{wl}a = i=1
N 2
s.t. {Z |nlwi|” > ex, ®)
i=1

P
< —,Vn
N

N
S !
i=1

where ¢; denotes the target harvested energy value of

n.n

the k-th energy receiver.

In addition to the beampattern matching, the max-
min beampattern gain design criterion is also very
commonly adopted for evaluating radar performance in
Ref. [24
design criterion is

]. The key idea of max-min beampattern gain
to maximize the minimum
beampattern gain of several desirable directions/angles
O £{61,0,,...,0r}). Then,
beampattern gain as the radar metric,

considering the max-min
the radar
beamforming design problem in Formula (8) can be
replaced by

r{nax\greléré a (9)[wa Ja(Q)

St gz B, > e, ©)

We note that both problems (8) and (9) are non-
convex with respect to optimization variables {w;}.

3 Proposed solution

In this section, we apply the celebrated semidefinite
relaxation (SDR) technique to solve problems (8) and
(9) globally optimally. Specifically, the globally
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optimal solution to problem (8) is provided in
Subsection 3.1, and that to problem (9) is presented in
Subsection 3.2.

3.1 Optimal beamforming design to problem (8)

In this subsection, we propose the SDR approach to
solve the non-convex problem (8) globally optimally.
For this purpose, we define a new set of auxilary
variables

Wi=wwh i=12,. N (10)

where W; > 0 and Rank (W;) = 1.
By substituting Eq. (10) into Formula (8), it follows

that

2

1 L _ N
min > aB(eo—aH(ez)[; Wl-Jawz)
s.t. {ZTI thh ) e, a1
N

—Vn

2V

i=1 n,n

W; >0, Rank(W;) = 1,Vi

Problem (11) is still non-convex due to the non-
convex rank-one constraint. To handle this challenge,
we adopt the SDR approach by ignoring the non-
convex rank-one constraint. Then, the relaxed problem
of Formula (11) is given by
I 2
min —
(Wita L

N
aB6)-a ) (Z W,-] a(6)
1

i=1

s.t. gZTr thhk> ek, (12)

|

W; >0, Vl

Py
< —, Yn,

Problem (12) is convex quadratic semidefinite
Thus,
directly and efficiently by using existing convex

programming (QSDP)[23], it can be solved
optimization solvers such as CVX[23],

Denote {W}} as the globally optimal solution of
problem (12). If the rank of each W; is one, e.g.,
Rank (Wl*) =1, {W} is also the globally optimal solution
to problem (11). This implies that the rank relaxation
on {W;} in Formula (11) does not cause any loss of

optimality. Otherwise, the rank-1 approximation (such
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as randomization procedurel2¢]) should be used to find
an approximation to problem (11) from {W}}, which
will cause performance loss to some extent in general.
Fortunately, we have the following theorem, which
proves the optimality of SDR for problem (11).
Theorem 1 There always exists a rank-one optimal

solution to problem (11), denoted by {W;}, such that

Rank (W) =1,i=12,...,N (13)

N

Proof. To prove Theorem 1, we define W = ZW,;
i=1

The eigenvalue decomposition of W is givén by

W =UAU"Y, with U and A denoting the eigenvector
matrix and the eigenvalue matrix, respectively.
Define W=UA*U" and W = [w,,Wa,...,wx]. It is

N

casy to verify that W = WWH = Z wiwr, because U is a
. . i=1

unitary matrix. Hence, we can construct a set of

matrices, i.€.,

Wi=wwl i=12,...,N (14)

Obviously, W; in Eq. (14) is rank-one and positive

semi-definite. Meanwhile, it is easy to very that
N N

W= ZWi = Zﬁ’i, implying {W,-} is capable of

achiel;ilng thelzslame function value as the {W;}. Also,

{Wi} satisfies all the constraints in Formula (12). As a

result, {VV,-} are the globally optimal solution to both

problems (11) and (12).

Theorem 1 states the existence of the globally
optimal solution to problem (12). From the proof
process of Theorem 1, we know that the optimal
solution to problem (11) can be constructed according
to Eq. (14). Accordingly, the optimal solution to
problem (8), denoted by {w}}, can be directly recovered

from (Wi}, i.e., w; =w;,Vi.
3.2 Optimal beamforming design to problem (9)

In this subsection, we aim to solve the non-convex
problem (9) globally optimally. To this end, we first
introduce a new auxiliary variable T and then transform
Formula (9) into the equivalent form

max T
witt
N

s.t. al (9)[2 wiw?]a(a) >1,Y0 €0,

i=1
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ul 2
§Z |thw,-| 2 ey,
i=1

N
P
{Z wiw?} < Nt,\/n
i=1

nn

(15)

Problem (15) is
optimization variables {w;}. We next apply the SDR

non-convex with respect to
technique to solve problem (15) globally optimally.

By defining a new set of auxiliary variables W; =
wiwh, i=1,2,...,N, Formula (15) can be equivalently

rewritten as

max 7
{wil,t

N
s.t. al(9) (Z W,»]a(e) >7,¥0€0,

i=1

gZTr(W;hkh,tl) > ey, (16)
=1

N

;W,- < %,\m,

n,n
W; >0, Rank(W;) = 1,Vi
Problem (16) is still non-convex due to the non-
convex rank-one constraint. By dropping the non-
convex rank-one constraint, we obtain the relaxed
problem of Formula (16):

max T
fwil,r

N
s.t. a9 (Z W,»]a(e) >7,V0€0,

i=1

N
§ZTr(WihkhE) > ey, (17)
i=1

Problem (17) is a separable semidefinite program
(SDP), which is convex and thus can be solved
optimally using the existing convex software tools such
as CVX.

We next provide Theorem 2, which shows the
optimality of the SDR approach for problem (16).

Theorem 2 Let {W;} denote the optimal solution to
problem (17). Then, the optimal solution to problem

(16) can be constructed as
Wi=wwh, i=12,...,N (18)

N Al oA .
where w; denotes the i-th column of W 2 UAzUY, with
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Uand A denoting the eigenvector matrix and the
N

eigenvalue matrix of R = Z W;, respectively.
i=1
Proof. The proof'is similar to that for Theorem 1 and
thus is omitted for brevity.

4 Numerical evaluations

In this section, numerical results are provided to
demonstrate the performance of our proposed optimal
beamforming designs in the near-field ISWPT scenario.
In our experiments, we consider a uniform linear array
having 32 elements (unless otherwise stated) positioned
in the y-axis, the carrier frequency is set to be 2.4 GHz.
Without loss of generality, we consider P,=10 W,
K =1, and £ = 0.9. The energy receiver is placed in the
x-axis at the point (3 m, 0 m). The near-field wireless
channel is generated following the free-space line-of-
sight channel modell'8]. The desired beampattern
consisting of three main beams, whose direction set is
0 ={-30°,15°,60°}. We consider a uniform sample in
the range of —90° to 90° with 0.1° interval.

For each radar design metric, we compare the
performance of our proposed near-field optimal solution
with two benchmark schemes: Radar only and Far-field
solution. Radar only denotes the scheme without
considering energy transmission, which yields the best
radar performance and serves as the performance upper
bound of radar sensing. Far-field solution is obtained
by replacing the accurate near-field energy transmission
channel with a conventional far-field channel model,
i.e., ignoring the near-field effect.

We first study the beampattern matching design
metric in Figs. 2 and 3. In Fig. 2, we show the transmit
beampatterns for our proposed optimal solution
(termed as “Near-field” ), radar only beamforming
scheme (termed as “ Radar only”), and the Far-field
solution (termed as “Far-field” ), under the energy
transmission threshold ¢y = =10 dBm. From Fig. 2, it is
observed that the performance of the proposed optimal
solution is close to the upper bound of the radar only
solution, whereas the far-field solution generates a
beam towards the direction of the energy receiver. This
beam may result in false detection, and thus, it is

45 ——Radar only

40 r- - - Near-field M g
3577 Far-field |

30
25
20
15
10

5
-90 -60 -30 O 30 60 90
Angle (°)

Transmit beampattern

vyl

Fig. 2 Transmit beampattern with beampattern matching
metric.

3.5

I Near-field
I Far-field

3.0
25¢
20t

Ratio

1.5}

1.0}

0571

-1%5 -13 -1 -9 -7 -5
€, (dBm)

Fig. 3 Energy harvesting ratio versus energy harvesting
threshold, under the beampattern matching metric.

harmful to radar sensing. The reason for generating this
harmful beam is that the far-field solution uses
inaccurate far-field channel modeling to characterize
the near-field transmission feature.

In Fig. 3, we plot the energy harvesting ratio over the
energy harvesting threshold e¢), where the energy
harvesting ratio is defined as the ratio of the practical
harvested energy (via the designed beamforming
solution) to the energy harvesting threshold ep. The
energy harvesting requirement/constraint is satisfied in
practice only when this ratio is greater than one. From
Fig. 3, it is observed that our proposed near-field
solution can always satisfy the energy harvesting
requirement, whereas the far-field solution cannot
guarantee this constraint, especially at the high e
regime. From Figs. 2 and 3, it is concluded that our
proposed near-field optimal beamforming solution
the far-field terms of

outperforms solution in
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beampattern matching, false beam-free, and energy
harvesting requirement satisfaction.

Next, we study the max-min design metric in Figs. 4
and 5 .
beampatterns of our proposed near-field solution and

In Fig. 4, we demonstrate the transmit

the two benchmark schemes. Similar to the
beampattern matching design, our proposed solution
matches the upper-bound beampattern of radar only
very well, whereas the far-field solution generates
harmful extra beams. This verifies the advantage of our
proposed optimal solution taking the near-field effect
into account.

Finally, in Fig. 5, we study the effect of the number
of antennas at the transmitter on the transmit
beampattern. From Fig. 5, it is observed that the
performance of our proposed near-field solution is the
same as that of the far-field solution when the number
of antennas is less than 12. This is caused, in this case,

the energy receiver is also located in the far-field

120
——Radar only
- -~ Near-field
c 100 Far-field
L
© 80
Q
&
9 60
& 40
c
o it
F 20 i
[
o b iidh JJ

-90 -60 -30 O 30 60 90
Angle (°)

Fig. 4 Transmit beampattern with max-min design metric.

140
—— Radar only

120 | - - - Near-field
***** Far-field

100

80

60

40

Transmit beampattern

20 /'A

5 10 15 20 25 30 35
Number of antennas N

Fig.5 Transmit beampattern versus the number of
antennas N, under the max-min design metric.
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region of the transmitter. However, the performance of
our proposed near-field optimal solution is gradually
better than the far-field solution as the increase of N.
For example, when N =32, the energy receiver is
located in the near-field region of the transmitter, and
thus the beampattern of our proposed solution is close
to the upper-bound achieved by the radar-only solution,

which is consistent with the above observations.

5 Conclusion

This paper considered a near-field ISWPT scenario,
where the energy receivers are located in the near-field
region of the transmitter. Under such a new scenario,
we studied the optimal beamforming design problem,
considering two radar sensing design criterias:
beampattern matching and max-min beampattern gain.
For each design criteria, we formulated a beamforming
design problem to achieve the best performance of
radar sensing, while guaranteeing the requirements of
Though the formulated

problems are non-convex, we solved them globally

wireless power transfer.
optimally via applying the technique of SDR. Finally,
numerical results demonstrated the effectiveness of our

proposed solutions.
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