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Joint Beamforming and Beam Scheduling in

SWIPT for Fractionated Spacecraft Systems
Long Yang, Senior Member, IEEE Hao Luo, Lu Lv, Member, IEEE Yuchen Zhou, Xuan Xue, Member, IEEE

Xiaoli Chu, Senior Member, IEEE and Hai Jiang, Fellow, IEEE

Abstract—Fractionated spacecraft is a novel technology to
improve flexibility, robustness, and survivability in future satellite
systems by decomposing a traditional spacecraft into multiple
functional modules. This paper investigates simultaneous wireless
information and power transfer (SWIPT) for a fractionated
spacecraft system, where a primary satellite (PS) equipped with
a large scale antenna array transmits energy signals to charge
multiple energy-constrained miniaturized satellites (MSs) in the
near field of the PS, and simultaneously sends information signals
to serve ground information receivers (IRs) in the far field of
the PS. A joint optimization problem of digital beamforming,
analog beamforming, and beam scheduling at the PS is developed
to maximize the achievable sum rate of the IRs subject to
a requirement on MSs’ harvested energy. Due to the highly
coupled optimization variables and the binary beam-scheduling
variables, the formulated problem is a mixed-integer non-linear
programming (MINLP) problem and hence, is difficult to solve.
We first develop an alternating optimization algorithm to solve
the formulated problem based on the weighted minimum mean-
square error method, the manifold optimization method, and
the matching theory. To get a low-complexity solution of the
formulated problem, we derive the coherence between near- and
far-field steering vectors. Then by exploiting the channel coher-
ence, we propose a low-complexity algorithm that transforms
the original MINLP problem to a linear programming problem.
Numerical results are provided to validate the performance
improvement of our proposed algorithms compared to various
benchmark schemes, and reveal the practical significance of
our developed beamforming and beam scheduling strategies for
spectral- and energy-efficient fractionated spacecraft SWIPT.

Index Terms—Fractionated spacecraft, simultaneous wireless
information and power transfer, beam scheduling, beamforming,
mixed near and far field.

I. INTRODUCTION

Fractionated spacecraft is recognized as a key enabler for

future satellite communication systems. Technically, fraction-

ated spacecraft distributes its functionalities, such as data
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storage, computation, payload, and power generation, into

several independent module miniaturized satellites (MSs),

sharing those functionalities through a wireless network [1]–

[3]. In order to perform information integration, those modules

should fly in a cluster. This physically separate yet functionally

wireless-linked characteristic makes fractionated spacecraft-

s significantly unique to other traditional satellite systems.

The existing literatures have investigated how to implement

a fractionated spacecraft from both hardware and software

perspectives [4], [5]. In [4], a wireless transceiver that is

specifically designed to meet the mission requirements of

fractionated spacecraft system is proposed to make efficient

use of limited communications bandwidth over a wide range

of spacecraft separation distances and network populations. In

[5], a layered software architecture consisting of an operating

system, a middleware layer, and component-structured applica-

tions is developed to guarantee the stable connectivity among

the modules. Main advantages of fractionated spacecraft tech-

nology include flexibility to add features later, rapid response,

enhanced in-orbit robustness, and lower mission recovery costs

[6]–[8]. However, due to the limited on-board power, the

operations and lifetime of module MSs are severely restricted.

Hence, how to effectively address the energy limitation at an

affordable cost is a fundamental issue to achieve sustainable

and green satellite networks.

In a fractionated spacecraft system, the MSs need to be

charged, and ground users need to be served. Therefore, it is

natural to use the simultaneous wireless information and power

transfer (SWIPT) technique [9]–[11], in which a primary satel-

lite (PS) transmits energy signals to a number of near-field MS

energy receivers, and simultaneously provides communication

services to a number of ground information receivers (IRs).

SWIPT allows MSs to harvest energy from radio frequency

(RF) information signals transmitted by the PS instead of

utilizing large-scale solar panels, which significantly reduces

the deployment cost of MSs. In the literature, there have been

research efforts on SWIPT for fractionated spacecraft systems

[12]–[15]. In [12], [13], a system-level feasibility assessment

is conducted on the wireless energy transmission problem of

the fractionated spacecraft. In [14], a beamforming design is

presented as the method to maximize the transmission efficien-

cy while minimizing the interference and power spillover from

the sidelobes. In [15], a space simultaneous-information and

power-transfer scheme is developed, to extend the lifetime of

MSs efficiently and reduce their manufacturing and launching

costs.

The aforementioned research works [12]–[15] consider a
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small scale antenna array in far-field energy transmission,

resulting in very low energy conversion efficiency. However,

in fractionated spacecraft scenarios, a module for energy

supply and information transmission is usually equipped with

an extremely large antenna array (ELAA) to achieve high-

directivity beams [16], leading to near-field energy supply

for other spacecrafts. In the near field, the ELAA can be

exploited to generate focused beams in specific regions, name-

ly beam focusing [17], which can improve the efficiency of

energy harvesting (EH) [18]–[20]. Near-field energy supply

has been investigated in the literature for traditional SWIPT

systems in ground scenarios. A dynamic metasurface antenna

aided downlink cellular SWIPT system is investigated in [18],

where a base station (BS) transmits energy and information

simultaneously to multiple receivers. It is demonstrated that

a dynamic metasurface antenna array can help to achieve

better rate performance while satisfying a requirement on

harvested energy. In [19], a BS uses SWIPT to transmit

energy to energy receivers and information bits to IRs. Optimal

beamforming is designed, which maximizes the weighted sum

energy harvested by all energy receivers while ensuring a

minimum information rate requirement of IRs. In [20], it is

shown that a single beam can serve multiple energy receivers

and IRs, by properly designing the hybrid beamforming of the

BS.

The above research efforts [18]–[20] focus on near-field

energy and information transmission in ground scenarios. The

investigation of satellite near-field energy transmission is still

in the early stage. Particularly, consider that a PS, which is an

information and energy transmitter, transmits energy signals

to a number of near-field MS energy receivers, and simultane-

ously provides communication services to a number of ground

IRs. Since the energy transmissions are in near field, and the

information transmissions are in far field, we have a mixed

near- and far-field scenario. Mixed-field SWIPT systems have

been investigated in [21]–[23] for ground scenarios, in which

energy receivers are in near field, and IRs are in far field.

The work in [21] considers a reconfigurable intelligent surface

(RIS)-assisted SWIPT system, and designs the transmitter’s

beamforming and the RIS’ reflection coefficients. The work

in [22] proposes a secure beamforming scheme. The work

in [23] designs beam scheduling (i.e., how many beams are

assigned?), to maximize the harvested energy at near-field

energy receivers. It is shown that, although energy receivers

can harvest energy from information beams, in general a

dedicated energy beam is still needed.

In this paper, we investigate beamforming and beam

scheduling of a PS to serve near-field MSs and far-field IRs.

The differences of our work from [21]–[23] are as follows. 1)

The work in [21] and [22] assign a beam for each near-field us-

er and each far-field user, and investigate beamforming. How-

ever, for our considered mixed-field satellite scenario, based

on the existing work [24] and our derivation in Section IV, a

beam dedicated for a far-field IR can help the EH of a near-

field MS. In addition, a beam dedicated to a near-field MS may

generate interference to far-field IRs. According to these two

observations, it may not be necessary to assign a dedicated

beam for each near-field MS, i.e., a beam scheduling is

needed to decide which MSs will be assigned dedicated beams.

Therefore, in our work, we investigate both beam scheduling

and beamforming of the PS. 2) The work in [23] investigates

beam scheduling and power allocation of a BS in serving near-

field and far-field ground users. In its beam scheduling, if a

user is assigned a beam, the beam direction points directly to

the user. We use a different beam scheduling in our mixed-field

satellite system. Our major motivation is to adjust the beam

direction of a beam for a far-field IR to help EH of near-field

MSs. Thus, in our beam scheduling, the PS will decide which

MSs/IRs will be assigned beams and to which directions the

beams will point. Moreover, the work in [23] uses a successive

convex approximation (SCA)-based alternating optimization

(AO) algorithm to solve their joint beam-scheduling and power

allocation optimization with a computational complexity of

O(Iiter(K + M)3.5), where K + M is the total number of

receivers and Iiter is the number of iterations. In this paper,

we propose an AO algorithm that uses a weighted minimum

mean-square error (WMMSE) method and the matching theory

to achieve better performance than the AO algorithm in [23].

In addition, by exploiting the channel coherence of mixed

field to obtain the closed form of beam-scheduling design, we

also propose a low-complexity algorithm, which reduces the

computation complexity to O(Iiter(K+M)) and also achieves

a better performance than the AO algorithm in [23]. 3) The

works in [21]–[23] consider ground users, and thus, they use

two-dimensional (2D) beams. In our satellite scenario, we need

to design three-dimensional (3D) beams, which makes channel

modeling and algorithm derivation more complex.

The main contributions of this paper are summarized below.

• We consider a novel SWIPT-enabled fractionated space-

craft system, consisting of an information and energy

transmitter PS, K MS energy receivers in the near field,

and M IRs in the far field. The PS adopts hybrid

beamforming for high-frequency information transmis-

sion and energy supply. By jointly optimizing the dig-

ital/analog beamforming and the beam scheduling for all

the receivers, we formulate an optimization problem to

maximize the achievable sum rate of the IRs, subject to

a requirement on the MSs’ energy demand.

• We propose an AO algorithm to solve the original prob-

lem, which optimizes the hybrid beamforming and beam

scheduling alternatively. For the hybrid beamforming

design, we design a fully digital beamforming by using a

weighted minimum mean-square error (WMMSE)-based

algorithm. We then derive a closed-form solution for the

digital beamforming, and get the analog beamforming

by using manifold optimization (MO) to approximate

the fully digital beamforming. For the beam scheduling

design, a many-to-one matching process is developed to

address the challenge of binary variables in the optimiza-

tion problem.

• We also design a low-complexity algorithm to solve the

original problem. We first derive the coherence between

the near- and far-field steering vectors by assuming that

there is one beam pointing to each IR and MS. Then

based on characteristics of the coherence, the beam
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scheduling strategy is obtained, and accordingly, the

original problem, which is a mixed-integer non-linear

programming (MINLP) problem, is transformed to a lin-

ear programming (LP) problem, whose optimal solution

can be obtained through conventional methods.

• Numerical simulations demonstrate that our proposed

algorithms achieve significant performance improvement

compared to benchmark schemes. We also have interest-

ing findings: 1) Near- and far-field channel coherence is

essential when jointly designing beamforming and beam

scheduling in a mixed-field scenario. 2) It is preferable

to use far-field information beams for near-field EH, and

thus, dedicated energy beams may not be needed in some

cases. We also derive cases when energy beams are not

needed.

The remainder of this paper is organized as follows. Sec-

tion II gives the system model for the proposed fractionated

spacecraft SWIPT system and the problem formulation. Sec-

tion III provides the AO algorithm for solving the formulated

problem. Section IV derives the coherence between the near-

and far-field steering vectors and develops the low-complexity

algorithm to solve the formulated problem efficiently. Numer-

ical results are provided in Section V. This paper is concluded

with future research directions in Section VI.

Notations: Throughout the paper, we use italic lower-case

letters, boldface lower-case letters, and boldface upper-case

letters to denote scalars, vectors, and matrices, respectively.

The Euclidean norm and the Frobenius norm are denoted

by ∥ · ∥ and ∥ · ∥F, respectively. diag(x) means a diagonal

matrix whose diagonal elements are from vector x. CN (µ, σ2)
means circularly symmetric complex Gaussian distribution

with mean µ and variance σ2. C
N×M means the set of all

N × M matrices. (·)T , (·)†, and (·)H represent transpose,

conjugate, and conjugate transpose operations, respectively.

(·)⋆ means optimal solution of a problem. vec(X) means

vectorization operation of matrix X. ℜ{x} means the real part

of complex number x. ◦ and ⊗ denote the Hadamard product

and Kronecker product, respectively. E(·) means expectation

operation.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

We consider a satellite communication system, which is

composed of a fractionated spacecraft and M ground IRs,

as shown in Fig. 1. Specifically, the fractionated spacecraft

contains a PS for energy supply and information transmission,

and K MSs for other missions. We assume that the IRs and

MSs are all equipped with a single antenna, and the PS is

equipped with an N -element uniform linear array (ULA),

where N = 2Ñ+1. The sets of IRs, MSs, and ULA elements

are represented as MIR = {1, . . . ,M}, KMS = {1, . . . ,K},

and Ñ = {−Ñ , . . . , Ñ}. Due to the limited cost, only the PS

is connected to a solar panel, and can transmit information

beams to IRs for communication services and simultaneously

transmit power beams to MSs for power supply. Each MS has

an EH circuit along with a battery for energy storage. All the

MSs are located in the near-field region of the ULA, since

Fig. 1: Fractionated spacecraft enabled SWIPT system.

the distance between the PS and each MS is shorter than the

Rayleigh distance Rray = 2D2

λ , where D ≈ Nd is the antenna

aperture of the ULA, d is the antenna spacing, and λ represents

the carrier wavelength. On the other hand, due to the extremely

large distance between the PS and the ground, IRs lie in the

far field of the ULA.

1) Near- and Far-field Channel Models: Here we use the

near- and far-field channel models in [23]. The system layout

of the PS is shown in Fig. 2. The center of the ULA is

located at (0, 0, 0) in the Cartesian coordinates, and hence

the coordinate of the n-th PS antenna is (0, nd, 0), with

n ∈ {−Ñ , . . . , Ñ}. From the near-field spherical wavefront

model [25], [26], the distance between MS k and the n-th

antenna at the PS is expressed as

r
(n)
k =

√

r2k + n2d2 − 2rknd sin θk cosϕk

(i)≈rk−nd sin θk cosϕk+
n2d2(1− sin2 θk cos

2 ϕk)

2rk
. (1)

In this expression, rk is the distance between the ULA center

and MS k, ϕk and θk denote the physical azimuth and

the physical elevation angle-of-departure (AoD) from the PS

center to MS k, respectively, and step (i) is because of the

second-order Taylor expansion
√
1 + x ≈ 1 + 1

2x − 1
8x

2. As

such, the free-space near-field channel from the PS to MS k
is given as

h
E
k =

√

NGR,kh
E
k b(θk, ϕk, rk), k ∈ KMS, (2)

where superscript (·)E means “energy harvesting”, GR,k is

the receive antenna gain of MS k, hEk = λ

4πr
(n)
k

e−j
2π
λ
r
(n)
k ≈

λ
4πrk

e−j
2π
λ
rk is complex-valued channel gain from any anten-

na of the PS to MS k,1 and b(θk, ϕk, rk) is the normalized

1In the radiative Fresnel region where rk > rmin
=

max{ 1

2

√

D3

λ
, 1.2D}, the channel gains from the antennas of the PS

to MS k are approximately the same [27]. The condition of the radiative
Fresnel region can be easily satisfied. For example, for a PS equipped with
N = 512 antennas, carrier wavelength λ = 100 GHz, and the antenna

spacing d =
λ
2

= 0.0015 m, the boundary of radiative Fresnel region is

rmin
= max{ 1

2

√

D3

λ
, 1.2D} = 3.072 m, which is significantly smaller

than the distance between PS and MS k.
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Fig. 2: System layout of the PS.

near-field channel steering vector, expressed as

b(θk, ϕk, rk)=
1√
N

[e−j
2π
λ

(r
(−Ñ)
k

−rk), . . . , e−j
2π
λ

(r
(Ñ)
k

−rk)]T .

(3)

For each IR in the far-field of the PS, similar to (1) and

ignoring the second-order term, the distance between IR m
and the n-th antenna at the PS is given by

r(n)m = rm − nd sin θm cosϕm, (4)

where rm is the distance between the ULA center and IR m,

ϕm and θm denote the physical azimuth AoD and the physical

elevation AoD from the PS center to IR m, respectively. Then

the far-field free-space channel from the PS to IR m is given

by

h
I
m =

√
NhIma(θm, ϕm),m ∈ MIR, (5)

where superscript (·)I means “information receiving”, hIm =
λ

4πrm
e−j

2π
λ
rm is the complex-valued channel gain from any

antenna of the PS to IR m, and a(θm, ϕm) represents the

following normalized far-field channel steering vector

a(θm, ϕm)=
1√
N

[1,e−j
2π
λ
d sin θm cosϕm , e−j

2π
λ

2d sin θm cosϕm ,

. . . , e−j
2π
λ

2Ñd sin θm cosϕm ]T . (6)

We assume quasi-static flat fading channels2, indicating that

the channel coefficients are unchanged in one transmission

block but vary independently across different transmission

blocks. To fully characterize the performance upper bound

of the fractionated spacecraft system through beamforming

and beam scheduling design, we assume that the PS perfectly

knows the channel state information (CSI) of all links, e.g.,

through channel estimation methods in [29]–[31].

2) Signal Model: The PS utilizes hybrid beamforming

architecture to serve the K MSs and M IRs with NRF (NRF ≥
K +M ) RF chains. Letting xEk denote the energy signal for

MS k with E(|xEk |2) = 1, and xIm denote the information

signal for IR m with E(|xIm|2) = 1, the transmitted signal at

2Quasi-static flat fading channel is considered in this paper. Because we
consider beamforming and beam scheduling optimization within a single time
slot, and the distance between the PS and IRs is extremely large, the movement
of the PS in the coherence time will not cause a significant change in the
distance between the PS and IRs, which means the channel between PS and
IRs can be considered as a constant in the coherence time [28]. Furthermore,
in a fractionated spacecraft system, the PS and MSs fly in a cluster with
fixed relative positions [7], indicating that the channel between PS and MSs
is effectively constant in our considered time slot.

the PS is given as

x = FAFDAs, (7)

where FA ∈ C
N×NRF denotes the analog beamform-

ing matrix, s = [xE1 , . . . , x
E
K , x

I
1, . . . , x

I
M ]T , A =

diag(αE
1 , . . . , α

E
K , α

I
1, . . . , α

I
M ) is a beam-scheduling matrix

with αE
k = 1 if a dedicated energy beam is assigned to

MS k and αE
k = 0 otherwise, and αI

m = 1 if a dedicated

information beam is assigned to IR m and αI
m = 0 otherwise,

and FD = [fED,1, . . . , f
E
D,K , f

I
D,1, . . . , f

I
D,M ]T ∈ C

NRF×(K+M)

denotes the digital beamforming matrix with f
E
D,k ∈ C

NRF×1

and f
I
D,m ∈ C

NRF×1 representing the digital beamforming

vector for MS k and IR m, respectively.

Benefiting from the broadcast characteristic of wireless

channels, MS k is capable of harvesting energy not only

from its own dedicated energy-bearing signal but also from

the energy signals for the other MSs and all the information-

bearing signals for IRs. By using a practical non-linear EH

model from [32], MS k’s harvested energy is denoted as

Ek(P
in
k ) =

Ẽk(P
in
k )−MkΩk
1− Ωk

, ∀k ∈ KMS, (8)

where Ẽk(P
in
k ) = Mk

1+exp(−lk(P in
k
−jk)) is the logistic func-

tion with respect to the received RF power P in
k , and Ω =

1
1+exp(lkjk)

. Here, lk and jk denote the relevant parameters of

the EH circuit for MS k, Mk represents the upper bound of

harvested power in MS k, and P in
k is the actual power input

at MS k, which is given by

P in
k =αE

k |(hE
k )
H
FAf

E
D,kx

E
k |2+

K
∑

i=1,i ̸=k
αE
i |(hE

k )
H
FAf

E
D,ix

E
i |2

+
M
∑

m=1

αI
m|(hE

k )
H
FAf

I
D,mx

I
m|2, ∀k ∈ KMS. (9)

On the right-hand side of the expression, the first term is the

power from the dedicated energy beam for MS k, the second

term is the power from the other energy beams, and the last

term is the power from all the information beams.

Considering the far-field information transmission, the re-

ceived signal of IR m is given by

ym =αI
m(hI

m)HFAf
I
D,mx

I
m +

M
∑

i=1,i ̸=m
αI
i(h

I
m)HFAf

I
D,ix

I
i

+
K
∑

k=1

αE
k (h

I
m)HFAf

E
D,kx

E
k + nIm, ∀m ∈ MIR, (10)

where nIm ∼ CN (0, σ2
m) is the additive white Gaussian noise

at IR m. Therefore, the received signal-to-interference-plus-

noise ratio (SINR) of IR m is denoted as (11) on the top of

the next page, and the achievable rate of IR m is given by

RI
m = log2(1 + γIm).

B. Problem Formulation

Our goal is to maximize the system achievable sum rate

by jointly optimizing the beam scheduling matrix, digital and

analog beamforming matrices, subject to a transmit power
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γIm =
αI
m|(hI

m)HFAf
I
D,m|2

∑M
i=1,i ̸=m α

I
i|(hI

m)HFAf
I
D,i|2 +

∑K
k=1 α

E
k |(hI

m)HFAf
E
D,k|2 + σ2

m

, ∀m ∈ MIR, (11)

constraint at the PS, a minimum rate requirement of each IR,

and a minimum EH constraint at each MS. Accordingly, the

optimization problem is formulated as

max
A,FA,FD

M
∑

m=1

RI
m (12a)

s.t. RI
m ≥ Rmin,m, ∀m ∈ MIR, (12b)

Ek(P
in
k ) ≥ Emin,k, ∀k ∈ KMS, (12c)

K
∑

k=1

αE
k ||FAf

E
D,k||2+

M
∑

m=1

αI
m||FAf

I
D,m||2≤Pmax, (12d)

|[FA]i,j | = 1, ∀i ∈ Ñ , j ∈ {1, . . . , NRF}, (12e)

αE
k , α

I
m ∈ {0, 1}, ∀k ∈ KMS,m ∈ MIR, (12f)

where Pmax is the power budget of the PS, Rmin,m is the

minimum achievable rate required by IR m, Emin,k is the EH

requirement for MS k. Constraint (12b) guarantees the quality-

of-service (QoS) requirements of the IRs. Constraint (12c)

ensures that the energy harvested by MS k is more than its EH

requirement Emin,k. Constraint (12d) specifies that the total

transmit power at the PS is bounded by the transmit power

budget Pmax. Constraint (12e) is the unit-modulus constraint

for analog beamforming matrix ([FA]i,j means the i-th row

and j-th column element of FA). Constraint (12f) is the binary

beam scheduling matrix coefficients for each MS and IR.

There are several challenges in solving problem (12). First,

the beam scheduling matrix, digital and analog beamforming

matrices are strongly coupled in the objective function (12a)

and in constraints (12b)–(12d). Second, the analog beamform-

ing is constrained by a unit modulus, which is essentially

non-convex. Third, problem (12) is a MINLP problem due

to the binary beam-scheduling variables in (12f), and hence is

NP-hard. Thus, it is generally challenging to optimally solve

Problem (12).

To solve Problem (12), we will first propose an AO algo-

rithm in Section III, and develop a low-complexity algorithm

in Section IV.

Remark 1: Both the proposed AO algorithm and low-

complexity algorithm can solve this MINLP problem (12)

effectively, and they strike different tradeoffs between perfor-

mance and computational complexity. The AO algorithm is

a general method that divides the original problem (12) into

multiple subproblems and optimizes them alternately. It does

not need any specific structural assumptions of the problem or

the channel model, making it applicable to general scenarios

and achieve a good enough performance. On the other hand,

the low-complexity algorithm utilizes the inherent channel

coherence of the mixed field to obtain a closed form of beam-

scheduling design, and thus, the original MINLP problem

(12) can be further simplified to an LP problem, which can

be solved with significantly lower computational complexity.

However, due to the fixed beam directions, the low-complexity

algorithm has a lower achievable sum rate than that of the AO

algorithm, which will be discussed in Section V.

III. AO ALGORITHM DESIGN

This section develops an effective AO algorithm to solve

problem (12). Each AO iteration has two steps. First, we fix

a beam scheduling matrix, and utilize a WMMSE algorithm

to design the full-digital beamforming. Then, we derive the

digital beamforming in closed form, and obtain the analog

beamforming using the MO algorithm. Next we fix the PS

beamforming, and exploit the matching theory to optimize the

beam scheduling matrix. The AO algorithm converges after a

number of iterations.

Section III-A and Section III-B will detail the two steps for

an iteration (say, the (q + 1)-th iteration).

A. Hybrid Beamforming Design in the (q + 1)-th iteration

At the (q + 1)-th iteration, based on F
(q)
A , F

(q)
D , and A

(q)

that are obtained in the q-th iteration, we will get the hybrid

beamforming design, as follows. Note that superscript (·)(q)
represents a notation in the q-th iteration of AO.

1) Full-Digital Beamforming Design: Define F = FAFD =
[fE1 , . . . , f

E
K , f

I
1, . . . , f

I
M ] ∈ C

N×(K+M) as the fully digital

beamforming matrix at the PS. Accordingly, problem (12) is

reformulated as

max
F

M
∑

m=1

R̃I
m (13a)

s.t. R̃I
m ≥ Rmin,m, ∀m ∈ MIR (13b)

Ek(P̄
in
k ) ≥ Emin,k, ∀k ∈ KMS, (13c)

K
∑

k=1

αE
k ||fEk ||2+

M
∑

m=1

αI
m||f Im||2 ≤ Pmax, (13d)

where R̃I
m and P̄ in

k are given as (14) and (15) on the top

of next page, respectively, with h̃
I
i = αI

ih
I
i, ∀i ∈ MIR and

h̃
E
j = αE

j h
E
j , ∀j ∈ KMS.

By employing the WMMSE algorithm, we transform R̃I
m

in (13a) and (13b) into a more tractable form. Specifically, the

signal ym is estimated by the corresponding equalizer um as

ỹm = umym. Then, the mean-square-error (MSE) for ym can

be written as

em = E(|ym − ỹm|2) = |um|2σ2
m − 2ℜ{um(h̃I

m)Hf
I
m}

+ |um|2
( M
∑

i=1

|(h̃I
i)
H
f
I
i |2 +

K
∑

k=1

|(h̃E
k )
H
f
E
k |2

)

+1. (16)

We introduce a positive weight vm for IR m. As such,

problem (13) can be equivalently reformulated as [34]

min
F,{vm},{um}

M
∑

m=1

vmem − log2 |vm| (17a)
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R̃I
m = log2

(

1 +
|(h̃I

m)Hf
I
m|2

∑M
i=1,i̸=m |(h̃I

m)Hf Ii |2 +
∑K
k=1 |(h̃I

m)HfEk |2 + σ2
m

)

, ∀m ∈ MIR, (14)

P̄ in
k = |(h̃E

k )
H
f
E
k |2 +

K
∑

i=1,i̸=k

|(h̃E
k )
H
f
E
i |2 +

M
∑

m=1

|(h̃E
k )
H
f
I
m|2, ∀k ∈ KMS. (15)

s.t. (13c), (13d),

log2|vm|−vmem+1≥Rmin,m, ∀m ∈ MIR. (17b)

For problem (17), the optimal values of um and vm can be

represented as [34]

v⋆m=1+
|(h̃I

m)Hf
I
m|2

∑M
i ̸=m|(h̃I

m)Hf Ii |2+
∑K
k=1 |(h̃I

m)HfEk |2+σ2
m

, (18)

u⋆m=
(h̃I
m)Hf

I
m

∑M
i ̸=m|(h̃I

m)Hf Ii |2+
∑K
k=1 |(h̃I

m)HfEk |2+σ2
m

. (19)

For the EH constraint (13c), by using the inverse function

of Ek(P̄
in
k ), we get an equivalent form of (13c) as

P̄ in
k ≥ P̄ in

k (Emin,k)

= jk−
1

lk
ln

(

Mk

(1− Ωk)Emin,k +MkΩk
− 1

)

, ∀k. (20)

Substituting the expression of P̄ in
k (i.e., (15)) into (20), we

obtain the following equivalent form of constraint (13c)

K
∑

i=1

|(h̃E
k )
H
f
E
i |2+

M
∑

m=1

|(h̃E
k )
H
f
I
m|2 ≥ P̄ in

k (Emin,k), ∀k. (21)

Subsequently, by deriving the first-order Taylor expansion

at the given points (fEi )
(q) and (f Im)(q), we have

|(h̃E
k )
H
f
E
i |2 = (fEi )

H
Hkf

E
i ≥ 2ℜ{(fEi )(q)HHkf

E
i }

− (fEi )
(q)H

Hk(f
E
i )

(q) , G(fEi , h̃
E
k ), (22)

where Hk = h̃
E
k (h̃

E
k )
H , and (fEi )

(q) is the solutions of f
E
i at

the q-th iteration. Similarly, the lower bound of |(h̃E
k )
H
f
I
m|2

is obtained as G(f Im, h̃
E
k ). With G(f Im, h̃

E
k ) and G(fEi , h̃

E
k ),

constraint (21) is transformed into the following convex form

K
∑

i=1

G(fEi , h̃
E
k )+

M
∑

m=1

G(f Im, h̃
E
k ) ≥ P̄ in

k (Emin,k), ∀k. (23)

Therefore, the full-digital beamforming optimization problem

(13) is transformed as

min
F

M
∑

m=1

v⋆mem|um=u⋆m
− log2 |v⋆m| (24)

s.t. (13d), (17b), (23),

which is a convex Quadratically Constrained Quadratic Pro-

gram (QCQP) problem. An optimal solution of the QCQP

problem can be obtained by using interior-point methods.

2) Hybrid Beamforming Design: Based on the obtained

full-digital beamforming design, next we get our digital beam-

forming design and analog beamforming design.

To approximate the performance of the full-digital beam-

forming F
⋆ obtained in problem (24), we formulate the

following hybrid beamforming design problem

min
FA,FD

∥F⋆ − FAFD∥2F (25)

s.t. (12e).

Owing to the inherent coupling between the analog and

digital beamforming, an alternating minimization approach is

developed to optimize them [33].

• Digital beamforming design: Given FA, problem (25) can

be rewritten as

min
FD

||F⋆ − FAFD||2F. (26)

Optimal solution of the problem in (26) is given as

F
⋆
D =

(

F
H
A FA

)−1
F
H
A F

⋆. (27)

• Analog beamforming design: Given FD, optimization

problem (25) is simplified as

min
FA

||F⋆ − FAFD||2F (28)

s.t. (12e),

which has an equivalent form

min
FA

e(vec(FA)), ||vec(F⋆)−
(

F
T
D ⊗ INRF

)

vec(FA)||2

(29)

s.t. (12e).

A MO algorithm is used to solve the problem in (III-A2),

which consists of three steps.

a) Computation of Riemannian Gradient: The Rie-

mannian gradient gradvec(FA)
e(vec(FA)), which is ob-

tained by orthogonally projecting the Euclidean gradient

▽vec(FA)e(vec(FA)) onto the tangent space, can be ex-

pressed as

gradvec(FA)
e(vec(FA))=▽vec(FA)e(vec(FA))−vec(FA)

◦ ℜ{▽vec(FA)e(vec(FA)) ◦ vec(FA)
†}, (30)

where the ▽vec(FA)e(vec(FA)) is given by (31) on the

top of next page.

b) Finding Search Direction: The search direction is given

as

d = −gradvec(FA)
e(vec(FA)) + ωT(d̄). (32)

Here ω denotes the conjugate gradient update parameter,

d̄ denotes the search direction, and T(d̄) = d̄ − ℜ{d ◦
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▽vec(FA)e(vec(FA)) = 2
(

F
T
D ⊗ INRF

)H(

F
T
D ⊗ INRF

)

vec(FA)− 2
(

F
T
D ⊗ INRF

)H
vec(F⋆). (31)

vec(FA)
†} ◦ vec(FA).

c) Retraction: The retraction maps the point vec(FA) on

the tangent space back to the complex circle manifold

to obtain the next iteration solution. Mathematically, it is

defined as

[vec(FA)]n ,
[vec(F̄A) + τd]n
|[vec(F̄A) + τd]n|

, (33)

where [·]n denotes the n-th element of a vector, a tilde

above a notation refers to the previous iteration, and τ
denotes the step size.

By using the alternating minimization approach, we can get

digital beamforming design and analog beamforming design.

Now we should make sure that constraints (12b)–(12d) are

satisfied with the obtained digital beamforming design and

analog beamforming design. We assume that the number of RF

chains is at least twice the number of receivers (MSs and IRs).

With this assumption, it is guaranteed that the hybrid beam-

forming matrices can perfectly approximate any full-digital

beamforming design [35], and thus constraints (12b)–(12d) are

satisfied. When the above assumption is not satisfied, we can

introduce small margins, denoted by ϱ, Rϱ,m, and Eϱ,k when

we design the full-digital beamforming matrix so that we have

constraints
∑K
k=1 α

E
k ||FE

k ||2+
∑M
m=1α

I
m||FI

m||2 ≤ Pmax + ϱ,

R̃I
m ≥ Rmin,m + Rϱ,m, and Ek(P̄

in
k ) ≥ Emin,k + Eϱ,k,

respectively, which are more stringent than the constraints

(12b)–(12d). By taking appropriate margins, the obtained

digital beamforming design and analog beamforming design

may make constraints (12b)–(12d) satisfied.

B. Beam Scheduling Design in the (q + 1)-th Iteration

Given F
(q+1)
A and F

(q+1)
D obtained in the (q+1)-th iteration,

next we design A
(q+1), i.e., we determine whether or not a

receiver (MS or IR) needs a dedicated beam. If a receiver has a

dedicated beam, we say that the receiver has beam-scheduling

status 1; otherwise, the receiver has beam-scheduling status 0.

Therefore, the beam scheduling design is actually a many-to-

one matching: we match each user to a status in L = {0, 1}.

To mathematically characterize the matching, denote Z as

the set of Z = K +M receivers (say, K MSs and M IRs).

We have the following definition.

Definition 1: A many-to-one matching Φ is a matching

between the receiver set Z to the status set L. Denoting Φ(z)
(z ∈ Z) as the status that receiver z is matched to and Φ(l)
(l ∈ L) as the set of receivers that are matched to status l, we

have the following properties

(a) Φ(z) ∈ L;

(b) Φ(l) ⊆ Z;

(c) |Φ(z)| = 1, |Φ(l)| ≤ Z;

(d) Φ(z) = l ⇐⇒ z ∈ Φ(l).

In Definition 1, property (a) and property (b) indicate that

each receiver only matches with one status and each status can

be matched with a subset of receivers, property (c) means that

at most Z receivers can be assigned to each state, and property

(d) indicates that z and l are matched with each other.

Since information beams can be used to charge MSs, the

preference (i.e., the preferred status) of each receiver may be

affected by other receivers’ status. Hence, we conclude that

beam-scheduling problem is a many-to-one matching problem

with externalities [36].

Based on the above definition, the solution of the many-to-

one matching problem can be obtained by the following three

steps: 1) Initialize the matching unit satisfying Definition 1; 2)
Check each of the Z receivers. For checking of a receiver (say,

receiver z), if changing the status of receiver z and applying

the corresponding beamforming strategies achieves a higher

system achievable sum rate, we change the status of receiver

z. 3) Repeat step 2) until the achievable sum rate cannot be

increased by changing status of any receiver.

C. Overall Algorithm

With the above results, we derive an AO algorithm by

optimizing the PS beamforming and beam scheduling matrix

alternatively until convergence, where each iteration uses the

solution obtained in the previous iteration as an initial point.

The developed AO algorithm is summarized in Algorithm 1.

Convergence: The convergence of the AO Algorithm is

proved as follows. Denote the achievable sum rate at the

end of the q-th iteration as F(F
(q)
A ,F

(q)
D ,Φ(q)). Then at the

(q + 1)-th iteration, we first fix Φ(q) and solve problem (24)

to obtain the optimal beamforming design F
(q+1)
A ,F

(q+1)
D ,

resulting in a non-decreasing achievable sum rate, i.e.,

F(F
(q)
A ,F

(q)
D ,Φ(q)) ≤ F(F

(q+1)
A ,F

(q+1)
D ,Φ(q)). Then in beam

scheduling design of the (q + 1)-th iteration, we change

the beam scheduling decision for a MS/IR if this can in-

crease the achievable sum rate. Thus, the achievable sum

rate is non-decreasing after the beam scheduling design, i.e.,

F(F
(q+1)
A ,F

(q+1)
D ,Φ(q)) ≤ F(F

(q+1)
A ,F

(q+1)
D ,Φ(q+1)). Thus,

overall, the achievable sum rate is non-decreasing from an

iteration to the next. On the other hand, the system has an

upper bound on its achievable sum rate as the PS’ transmit

power is limited. Therefore, the AO algorithm is guaranteed

to converge.

Complexity: The computational complexity of Algorithm 1

is calculated below. Since the calculations of Step 4 and

Step 6 are given by closed-form solutions, the computational

complexity of Algorithm 1 is greatly determined by Step 5

and Step 7. In Step 5, the complexity for solving Problem

(24) is in the order of O((K +M)N3) [37]. In Step 7, the

complexity for solving Problem (28) using an MO algorithm

is given by O((K + M)N2) [38]. Denote the numbers of

iterations for the WMMSE method, MO method, matching

theory and the overall AO algorithm are IW, IMO, IM, and

IAO, the total computational complexity of Algorithm 1 is

O(IAOIM(IW((K +M)N3) + IMO((K +M)N2))).
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Algorithm 1 AO for Solving (12)

1: Initialize variable {F(0)
A ,F

(0)
D ,A(0),Φ(0)}, iteration index

q = 0, and threshold ε.
2: repeat

3: repeat

4: Update vm and um in (18) and (19).

5: Update F
(q+1) by solving problem (24) with fixed

A
(q) and Φ(q).

6: Update F
(q+1)
D in (27) with fixed F

(q+1) and F
(q)
A .

7: Update F
(q+1)
A by solving problem (28) with fixed

F
(q+1)
D and F

(q+1).

8: until the fractional decrease of (24) is below ε.
9: Update A

(q+1) by changing matching configuration

Φ(q).

10: q = q + 1.

11: until Φ(q+1) is a stable matching.

IV. LOW-COMPLEXITY ALGORITHM DESIGN

In this section, we design a low-complexity algorithm to

solve problem (12). Specifically, we first reformulate the

problem and then derive the coherence between near- and far-

field steering vectors. By exploiting the characteristics of the

derived coherence, the original problem is transformed to an

LP problem to optimize the power allocation.

A. Problem Reformulation

Denote F̃ = [f̃E1 , . . . , f̃
E
K , f̃

I
1, . . . , f̃

I
M ] ∈ C

N×(K+M) and

P = diag(
√

PE
1 , . . . ,

√

PE
K ,

√

P I
1, . . . ,

√

P I
M ) satisfy PF̃ =

FAFD. Thereafter, let f̃Ek = b(θk, ϕk, rk), ∀k ∈ KMS and f̃
I
m =

a(θm, ϕm), ∀m ∈ MIR, we can rewrite the power input at MS

k and the achievable rate of IR m as (34) and (35) on the top

of the next page, where gEk = NGR,k|hEk |2 and gIm = N |hIm|2.

Hence, problem (12) can be reformulated as

max
A,P

M
∑

m=1

R̃I
m (36a)

s.t. R̃I
m ≥ Rmin,m, ∀m ∈ MIR (36b)

Ek(P̃
in
k ) ≥ Emin,k, ∀k ∈ KMS, (36c)

K
∑

k=1

αE
kP

E
k+

M
∑

m=1

αI
mP

I
m ≤ Pmax, (36d)

αE
k , α

I
m ∈ {0, 1}, ∀k ∈ KMS,m ∈ MIR, (36e)

which is non-convex due to the binary variables (36e) and

the non-convex objective function. Thus, it is still challenging

to solve problem (36). In the following part of this section,

we first provide some useful insights for the beam scheduling

matrix A, and then transform problem (36) to an LP problem,

which can be solved efficiently.

B. Coherence Evaluation Between IRs and MSs

We derive the coherence between the channels of IRs and

MSs, so as to shed useful insights for the beam-scheduling

design. The coherence between two near-field steering vectors

located at (θ1, ϕ1, r1) and (θ2, ϕ2, r2) in the polar coordinate

system can be expressed as follows

f(θ1, θ2, ϕ1, ϕ2, r1, r2) = |b(θ1, ϕ1, r1)Hb(θ2, ϕ2, r2)| (37)

=

∣

∣

∣

∣

1

N

(N−1)/2
∑

n=(1−N)/2

exp{jκ(r(n)1 − r
(n)
2 )}

∣

∣

∣

∣

≈
∣

∣

∣

∣

1

N

(N−1)/2
∑

n=(1−N)/2

exp{jκ
(

nd(sin θ2 cosϕ2 − sin θ1 cosϕ1)

+
n2d2

2

(1− sin2 θ1 cos
2 ϕ1

r1
− 1− sin2 θ2 cos

2 ϕ2
r2

))

}
∣

∣

∣

∣

,

where κ , 2π
λ . Although the above expression is derived

for two near-field steering vectors, the expression can also

characterize the near- and far-field coherence, since the near-

field channel model is a general version of the far-field

channel model. The phase of each term in the summation

of (37) has two components. The first component is the

linear phase nd(sin θ2 cosϕ2 − sin θ1 cosϕ1) related to the

angular difference. The second component is the quadratic

phase n2d2

2

(

1−sin2 θ1 cos2 ϕ1

r1
− 1−sin2 θ2 cos2 ϕ2

r2

)

, which depends

on both the angle and the distance. Similar to [39], we

will develop an angular beam-scheduling method based on

the linear phase component, and develop a distance beam-

scheduling method based on the quadratic phase component.

1) Azimuth angle Beam-scheduling Method: To design the

azimuth angle beam-scheduling method, we are supposed

to focus on the linear phase component nd(sin θ2 cosϕ2 −
sin θ1 cosϕ1), which only depends on the angular differ-

ence. Therefore, we need to first eliminate the influence

of the quadratic phase component n2d2

2

(

1−sin2 θ1 cos2 ϕ1

r1
−

1−sin2 θ2 cos2 ϕ2

r2

)

in the steering vectors coherence (37). In

the polar coordinate, denote a surface as 1−sin2 θ cos2 ϕ
r =

1
δ , where δ is a constant. For any two points located

at (θ1, ϕ1, r1) and (θ2, ϕ2, r2) on the surface in the po-

lar coordinate, their locations satisfy n2d2

2

(

1−sin2 θ1 cos2 ϕ1

r1
−

1−sin2 θ2 cos2 ϕ2

r2

)

= 1
δ , and then it is obvious that the quadratic

phase component n2d2

2

(

1−sin2 θ1 cos2 ϕ1

r1
− 1−sin2 θ2 cos2 ϕ2

r2

)

=
0, and thus it can be removed from (37). Then, at the

same elevation angle (i.e., θ1 = θ2 = θ), the linear

phase component nd(sin θ2 cosϕ2 − sin θ1 cosϕ1) is equiv-

alent to nd sin θ(cosϕ2 − cosϕ1), and hence the coherence

f(θ1, θ2, ϕ1, ϕ2, r1, r2) = f(θ, θ, ϕ1, ϕ2, r1, r2) only depends

on the azimuth difference cosϕ2−cosϕ1, and then we rewrite

the coherence f(θ, θ, ϕ1, ϕ2, r1, r2) as follows

f(θ, θ, ϕ1, ϕ2, r1, r2)=

∣

∣

∣

∣

1

N

(N−1)/2
∑

n=(1−N)/2

ejκnd sin θ(cosϕ2−cosϕ1)

∣

∣

∣

∣

(ii)
=

1

N

∣

∣

∣

∣

e−j
N−1

2 ψ
(

1− ejNψ
)

1− ejψ

∣

∣

∣

∣

=
1

N

∣

∣

∣

∣

−2j sin Nψ
2 e−j

N−1
2 ψe

jNψ
2

−2j sin ψ
2 e

jψ
2

∣

∣

∣

∣

=
1

N

∣

∣

∣

∣

sin Nψ
2

sin ψ
2

∣

∣

∣

∣
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P̃ in
k = αE

kP
E
k g

E
k +

K
∑

i=1,i ̸=k
αE
i P

E
i g

E
k |bH(θk, ϕk, rk)b(θi, ϕi, ri)|2 +

M
∑

m=1

αI
mP

I
mg

E
k |bH(θk, ϕk, rk)a(θm, ϕm)|2, (34)

R̃I
m = log2

(

1 +
αI
mP

I
mg

I
m

∑M
i=1,i̸=m α

I
iP

I
i g

I
m|aH(θm, ϕm)a(θi, ϕi)|2 +

∑K
k=1 α

E
kP

E
k g

I
m|aH(θm, ϕm)b(θk, ϕk, rk)|2 + σ2

m

)

. (35)

(iii)≈
∣

∣

∣

∣

sin Nψ
2

Nψ
2

∣

∣

∣

∣

=

∣

∣

∣

∣

sinc(
Nψ

2
)

∣

∣

∣

∣

, (38)

where step (ii) arises because of the equivalent substitution

κd sin θ(cosϕ2 − cosϕ1) = ψ, and step (iii) results from

the fact that sin ψ
2 ≈ ψ

2 when ψ
2 → 0. Moreover, the

numerical results of function |sinc(·)| are widely known.

Therefore, in order to maximally improve the coherence,

i.e., let f(θ, θ, ϕ1, ϕ2, r1, r2) ≈
∣

∣sinc(Nψ2 )
∣

∣ higher than a

desired threshold Γ, we can calculate the range of az-

imuth angles that have a strong correlation with any given

point (θ0, ϕ0, r0) at the same elevation angle on the surface
1−sin2 θ cos2 ϕ

r = 1
δ . The range of azimuth angles is defined

as the azimuth beam-width. For example, if we desire the

threshold Γ = 0.5, it can be solved from
∣

∣sinc(Nψ2 )
∣

∣ ≥ 0.5 that
∣

∣

Nψ
2

∣

∣ ≤ 1.8955. Substituting the equation κd sin θ0(cosϕ −
cosϕ0) = ψ into

∣

∣

Nψ
2

∣

∣ ≤ 1.8955 yields the angle range

[arccos( 1.8955λ
Nπd sin θ0

+ cosϕ0), arccos(
−1.8955λ
Nπd sin θ0

+ cosϕ0)] and

the azimuth beam-width A-BW3dB = arccos( −1.8955λ
Nπd sin θ0

+

cosϕ0)− arccos( 1.8955λ
Nπd sin θ0

+ cosϕ0).

According to the above observation, the points that are in

the obtained azimuth angle range have a strong coherence with

the given point (θ0, ϕ0, r0), indicating that the beam directed

towards the given point has strong energy in the azimuth

beam-width. Therefore, we have the following lemma for our

azimuth angle beam-scheduling method.

Lemma 1: For MS (θk, ϕk, rk), ∀k ∈ KMS, if ∃m ∈
MIR satisfying θk = θm, and ϕk ∈ [arccos( ϕ∆λ

Nπd sin θm
+

cosϕm), arccos( −ϕ∆λ
Nπd sin θm

+ cosϕm)], where ϕ∆ is the so-

lution of inequality
∣

∣sinc(Nψ2 )
∣

∣ ≥ Γ, the beam-scheduling

matrix element of MS k is given by αE
k = 0; otherwise, the

beam-scheduling matrix element of MS k is given by αE
k = 1.

Proof: Please refer to Appendix A.

Remark 2: Lemma 1 shows the fact that an MS can harvest

sufficient energy from an information beam of a far-field IR

to maintain its functionality, when the MS is in the azimuth

beam-width of the IR. On the contrary, if the MS is not in

azimuth beam-width of any far-field IR, a dedicated energy

beam is needed to provide energy for the MS.

Lemma 2: For each IR in the far-field region, a dedicated

information-bearing beam must be needed to provide commu-

nication services, i.e., αI
m = 1, ∀m ∈ MIR.

Proof: We prove Lemma 2 by contradiction. If ∃m ∈
MIR satisfying αI

m = 0, the achievable rate of IR m is 0

since γIm|αI
m=0 = 0 holds, as observed from (11). This fact

indicates that there is no reliable communication service for

IR m, which contradicts the QoS requirement constraint (12b).

This completes the proof.

2) Elevation angle Beam-scheduling Method: Since the

elevation angle θ is always coupled with the azimuth angle

ϕ in (37), the impact of elevation angle on (37) is exactly the

same as that of azimuth angle. As a result, by using the similar

derivation to that utilized in Section IV-B1, we can calculate

the range of elevation angles that have a strong correlation

with any given point (θ0, ϕ0, r0) at the same azimuth angle

on the surface 1−sin2 θ cos2 ϕ
r = 1

δ′ (δ′ is a constant). The

range of elevation angles is defined as the elevation beam-

width. Similarly, based on the 3dB criterion, i.e., Γ = 0.5,

we have
∣

∣

Nψ′

2

∣

∣ ≤ 1.8955, and then substituting the equation

κd cosϕ0(sin θ − sin θ0) = ψ′ into
∣

∣

Nψ′

2

∣

∣ ≤ 1.8955 yields

the elevation beam-width E-BW3dB = arcsin( 1.8955λ
Nπd cosϕ0

+

sin θ0) − arcsin( −1.8955λ
Nπd cosϕ0

+ sin θ0). Based on the above

derivation, we have the following lemma for elevation angle

beam-scheduling method.

Lemma 3: For MS (θk, ϕk, rk), ∀k ∈ KMS, if ∃m ∈
MIR satisfying ϕk = ϕm, and θk ∈ [arcsin( −θ∆λ

Nπd cosϕm
+

sin θm), arcsin( θ∆λ
Nπd cosϕm

+sin θm)], where θ∆ is the solution

of inequality
∣

∣sinc(Nψ
′

2 )
∣

∣ ≥ Γ, the beam-scheduling matrix

element of MS k is given by αE
k = 0; otherwise, the beam-

scheduling matrix element of MS k is given by αE
k = 1.

Proof: This lemma can be proved using the similar steps

given in Appendix A.

3) Distance Beam-scheduling Method: For any two points

located at the same azimuth angle ϕ and elevation an-

gle θ, i.e., ϕ1 = ϕ2 = ϕ, and θ1 = θ2 =
θ, the first linear phase component nd(sin θ2 cosϕ2 −
sin θ1 cosϕ1) can be removed from (37). Then, the coherence

f(θ1, θ2, ϕ1, ϕ2, r1, r2) = f(θ, θ, ϕ, ϕ, r1, r2) depends on the

second quadratic phase component n2d2

2

(

1−sin2 θ1 cos2 ϕ1

r1
−

1−sin2 θ2 cos2 ϕ2

r2

)

= n2d2(1−sin2 θ cos2 ϕ)
2

(

1
r1

− 1
r2

)

, which relies

on the distance-related terms 1
r1

and 1
r2

. Based on the above

observation, we have the following lemma related to the

coherence of the steering vectors in the distance domain.

Lemma 4: For any given point (θ0, ϕ0, r0), a largest interval

[rmin, rmax] can be found from the same azimuth angle ϕ0 and

the same elevation angle θ0, which makes ∀r ∈ [rmin, rmax]
satisfy 1

N

∣

∣b(θ0, ϕ0, r0)
H
b(θ0, ϕ0, r)

∣

∣ ≥ Γ. Then, the depth of

beam focusing can be defined as Ξ , rmax−rmin. Specifically,

if Ξ is calculated based on the 3dB criterion, i.e., Γ = 0.5,

the 3 dB depth of focus is given by

Ξ3dB =

{

2r20rDF

r2
DF
−r20

, r0 < rDF,

∞, r0 ≥ rDF,
(39)

where rDF ,
N2d2(1−sin2 θ0 cos2 ϕ0)

2λη23dB

and η3dB = 1.6.

Proof: Please refer to Appendix B.
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Remark 3: We define the depth of beam focusing range as

the high correlation region of point (θ0, ϕ0, r0), which shows

the energy distribution of the beam that is fully targeted to the

point (θ0, ϕ0, r0). Lemma 4 provides two interesting insights

into the impact of the far-field beams on the near-field EH, as

described below.

• Note that if Γ = 0.5 and θ0 = 0, then rDF = N2d2

2λη23dB

≈
D2

2λη23dB

≈ 1
10Rray. When r0 < rDF, the boundaries of the

high correlation region are precisely defined by rmin and

rmax. The energy of the beam directed toward the desired

location (θ0, ϕ0, r0) can be focused in the high correlation

region. On the other hand, if r0 ≥ rDF, the upper bound

of the high correlation region rmax approaches infinity,

which means that the energy of the beam targeted to this

area cannot be focused even if this area is in the near field.

Therefore, the spherical wavefronts can only be exploited

to generate focused beams in specific spatial region (i.e.,

r0 < rDF).

• Taking Γ = 0.5 and θ0 = 0 as an example, it is observed

that the expression of rmin = rDFr0
rDF+r0

has the following

characteristic. Assuming the desired location (θ0, ϕ0, r0)
is in the far field, i.e., r0 ≥ 10rDF = Rray, we have

rmin =
10r2DF

10rDF+rDF
≈ 0.9rDF. This observation shows

the fact that, even if a near-field receiver is from the

same angle with a far-field beam, the channel correlation

between the IR pointed by the far-field beam and the

near-field receiver may be poor, and thus, the beam

does not cause significant communication interference or

strong energy supply to the receiver, especially when the

distance between the receiver and the transmitter is small.

Based on the above discussion, we can give the lemma of

distance beam-scheduling method.

Lemma 5: For MS (θk, ϕk, rk), ∀k ∈ KMS, if ∃m ∈ MIR

satisfying θm = θk, ϕm = ϕk and rk ≥ rmin = rmrDF

rm+rDF
, then

the beam-scheduling matrix element of MS k can be given by

αE
k = 0, otherwise αE

k = 1.

Proof: This lemma can be proved using the similar steps

given in Appendix A.

Combining Lemma 1, Lemma 3, and Lemma 5, we have the

following lemma for the beam-scheduling method for near-

field MSs.

Lemma 6: For MS (θk, ϕk, rk), ∀k ∈ KMS, if

∃m ∈ MIR satisfying θk ∈ [arcsin( −θ∆λ
Nπd cosϕm

+

sin θm), arcsin( θ∆λ
Nπd cosϕm

+ sin θm)], ϕk ∈
[arccos( ϕ∆λ

Nπd sin θm
+ cosϕm), arccos( −ϕ∆λ

Nπd sin θm
+ cosϕm)],

and rk ≥ rmrDF

rm+rDF
, the beam-scheduling matrix element of MS

k is given by αE
k = 0; otherwise, we have αE

k = 1.

C. Low-complexity Algorithm Design

Utilizing the results in Lemma 2 and Lemma 6,

the beam-scheduling matrix elements of both far-

field IRs and near-field MSs can be obtained as

A
⋆ = diag((αE

1 )
⋆, . . . , (αE

K)⋆, (αI
1)
⋆, . . . , (αI

M )⋆). where

{(αE
1 )
⋆, . . . , (αE

K)⋆, (αI
1)
⋆, . . . , (αI

M )⋆} is the beam-

scheduling sequence obtained by Lemma 2 and Lemma

6. Then the problem (36) can be reduced to a power

allocation problem, which can be solved by using iterations,

as follows. At the (q+1)-th iteration, given an initial feasible

point P(q), we will get a power allocation problem, and then

we again use WMMSE method to handle the non-convex

sum-rate objective function. Specifically, the received signal

of IR m is given by

y′m=nIm +

K
∑

k=1

(αE
k )
⋆
√

PE
k g

I
m|aH(θm, ϕm)b(θk, ϕk, rk)|xEk

+
M
∑

i=1,i ̸=m
(αI
i)
⋆
√

P I
i g

I
m

∣

∣a
H(θm, ϕm)a(θm, ϕi)

∣

∣xIi

+ (αI
m)⋆

√

P I
mg

I
mx

I
m. (40)

By introducing equalizer ũm and positive weight ṽm, the

estimation of the received signal y′m can be expressed as

ỹ′m = ũmy
′
m and the MSE for IR m can be given by

e′m = E|y′m − ỹ′m|2 = |ũm|2σ2
m − 2ℜ{ũm(αI

m)⋆
√

P I
mg

I
m}

+ |ũm|2
M
∑

i=1

αI
iP

I
i g

I
m|aH(θm, ϕm)a(θi, ϕi)|2

+ |ũm|2
K
∑

k=1

αE
kP

E
k g

I
m|aH(θm, ϕm)b(θk, ϕk, rk)|2+1

≤ Y (m) + 1− 2ℜ{ũm(αI
m)⋆

√

gIm}
(

√

(P I
m)(q)

+
1

2
√

(P I
m)(q)

(

P I
m − (P I

m)(q)
)

)

+|ũm|2σ2
m , ẽ′m, (41)

where Y (m) , |ũm|2 ∑M
i=1 α

I
iP

I
i g

I
m|aH(θm, ϕm)a(θi, ϕi)|2+

|ũm|2 ∑K
k=1 α

E
kP

E
k g

I
m|aH(θm, ϕm)b(θk, ϕk, rk)|2, and

(P I
m)(q) is the power of IR m at q-th iteration. As such,

problem (36) can be equivalently reformulated as

min
P,{vm},{um}

M
∑

m=1

ṽmẽ
′
m − log2 |ṽm| (42a)

s.t. (36c), (36d)

log2 |ṽm| − ũmẽ
′
m+ 1 ≥Rmin,m,

∀m ∈ MIR, (42b)

where the optimal value of ṽm and ũm can be represented as

ṽ⋆m=1+
(αI
m)⋆P I

mg
I
m

Y (m) 1
|ũm|2 +σ2

m

, ũ⋆m=
(αI
m)⋆

√

P I
mg

I
m

Y (m) 1
|ũm|2 +σ2

m

. (43)

For the EH requirement constraint (36c), we use the same

method in Section III-A and obtain the equivalent form as

follows

K
∑

i=1

αE
i P

E
i g

E
k |bH(θk, ϕk, rk)b(θi, ϕi, ri)|2 +

M
∑

m=1

αI
mP

I
mg

E
k

× |bH(θk, ϕk, rk)a(θm, ϕm)|2 ≥ P̄ in
k (Emin,k), ∀k ∈ KMS,

(44)
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Algorithm 2 Low-complexity algorithm for Solving (12)

1: Initialize variable P
(0), iteration index q = 0, and thresh-

old δ.

2: Fix beam direction with f̃
E
k = b(ϕk, rk) and f̃

I
m = a(ϕm)

3: Obtain A through Lemma 2 and Lemma 5

4: repeat

5: Update ṽm and ũm in (43).

6: Update P
(q+1) by solving LP problem (45).

7: q = q + 1.

8: until the fractional decrease of (45) is below δ, output

P
(q+1)

9: Recover FA and FD by P
(q+1)

F̃ = FAFD.

which is a linear constraint for the variable P. Therefore, the

problem can be rewritten as

min
P

M
∑

m=1

ṽmẽ
′
m − log2 |ṽm| (45)

s.t. (36d), (42b), (44).

We observe that the objective function and the constraints

in problem (45) are all affine. Thus, problem (45) is an LP

problem, and can be solved using CVX successively until

convergence. At last, the full digital beamforming FD and the

analog beamforming FA are recovered by PF̃ = FAFD. The

overall low-complexity algorithm is summarized in Algorith-

m 2.

Since the beam scheduling matrix A is obtained by Lemma

6 of the revised manuscript, and the beam directions are fixed

by f̃
E
k = b(ϕk, rk) and f̃

I
m = a(ϕm), the convergence of

the low-complexity algorithm relies on the convergence of

the LP problem (45) based on the WMMSE method. Since

the optimization result of the q-th iteration is used as the

initial solution for the (q + 1)-th iteration, a non-decreasing

achievable sum rate can be obtained after (q+1)-th iteration.

On the other hand, because the PS’ transmit power is limited,

the system has an upper bounded achievable sum rate. Hence,

the low-complexity algorithm is guaranteed to converge. The

computation complexity for solving problem (45) is obtained

as O(ILP(K+M)) [40], where ILP is the number of iterations.

V. SIMULATION RESULTS

Numerical results are used to validate the efficiency of two

proposed algorithms. We consider a 3D network topology,

as shown in Fig. 3, where the PS is located at the coor-

dinate origin, serving at most 6 MSs and 6 IRs. Specif-

ically, under the polar coordinates, the MSs 1 to 6 are

located at (1.5708rad, 0, 30m), (1.043rad, 0.5256rad, 90m),

(0.7854rad, −0.7854rad, 200m), (1.0472rad, −0.5256rad,

150m), (0.5256rad, 1.0472rad, 120m), and (0.7825rad,

0.788rad, 100m), respectively, while IRs 1 to 6 are located

at (1.5708rad, 0, 700km), (1.0472rad, 0.5236rad, 710km),

(0.7825rad, 0.7825rad, 720km), (1.0472rad, −0.5256rad,

710km), (0.7825rad, −0.3927rad, 720km), and (0.5256rad,

−0.5256rad, 720km), respectively. Without loss of generality,

in the following simulation, if we set K = 3, then MS 1 to

Fig. 3: Simulation setup for fractionated spacecraft enabled

SWIPT system.

TABLE I: Simulation Parameters

Parameter Value

Number of RF chain NRF = 2(K +M) [35]

Carrier frequency f = 100 GHz [41]

Carrier wavelength λ = 0.003 m [41]

Antenna spacing d = λ

2
= 0.0015 m [41]

EH circuit parameters jk = 0.021, lk = 20, ∀k [42]

Saturation power Mk = 100 mW, ∀k [42]

Maximum power budget Pmax = 40 ∼ 50 dBm [43]

Noise power σ2

m = −120 dBm ∀m [44]

Receiver antenna gain GR,k = 40 dBi ∀k [45]

MS 3 will be in the satellite system to perform EH, while the

remaining MS 4 to MS 6 will be reasonably ignored. If we set

K = 6, then all 6 MSs will perform EH. Similarly, if we set

M = 4, then IR 1 to IR 4 will communicate with the PS, and

the remaining IR 5 to IR 6 can be ignored. Other parameters

used in simulations are summarized in Table I.

Remark 4: To perfectly approximate any full-digital beam-

forming design, the RF chains number of hybrid beamforming

design has to be at least twice the number of receivers, i.e.,

NRF ≥ 2(K + M) [35]. Considering hardware costs and

without loss of generality, we set NRF = 2(K +M).

We compare with the following three benchmark schemes:

1) Algorithm in [23]: This scheme adopts the same algorithm

in [23] to obtain power allocation and beam-scheduling so-

lution with fixed beamforming direction; 2) Low-complexity

beam scheduling and equal power allocation (LC-EP): This

scheme adopts the low-complexity beam scheduling strategy in

Lemma 6 and allocates equal power for all scheduled beams;

3) All beam scheduling and equal power allocation (ABS-

EP): In this scheme, each receiver (MS or IR) has a dedicated

beam with equal power allocation.

In Fig. 4, we illustrate the convergence performance of the

proposed algorithms. We set K = M = 3, Pmax = 40 dBm,

N = 512, Emin,1 = Emin,2 = 0.1 mW, and Emin,3 = 0.01
mW. It can be seen that the two proposed algorithms converge

in 10 iterations. It can also be observed from Fig. 4 that the AO

algorithm achieves a larger sum rate than the low-complexity

algorithm, since the AO algorithm first allocates all the power

to the information beams targeted to the IRs for maximizing
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Fig. 4: Convergence behavior of the proposed algorithms.
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Fig. 5: Achievable sum rate versus PS’s power budget Pmax.

the sum rate and then adjusts the directions of information

beams to provide sufficient energy to MSs, which will not

cause rate performance loss. In low-complexity algorithm, the

beam is fixed to point at each receiver (i.e., f̃Ek = b(θk, ϕk, rk)
and f̃

I
m = a(θm, ϕm)), and the power allocated to the MSs

cannot benefit the information transmission, resulting in rate

loss. Moreover, Fig. 4 shows that the achievable sum rate of

all algorithms decreases with Rmin,m. This is expected since

a larger Rmin,m indicates a more stringent QoS constraint,

which renders each IR to fulfill its QoS requirement at the

cost of increasing the transmit power allocated to the IRs with

larger path loss, thus leading to a smaller sum rate.

Fig. 5 illustrates the impact of the PS’s power budget on the

system achievable sum rate. In this figure, we set K =M = 3,

Rmin,m = 0.1 bps/Hz ∀m, N = 512, Emin,1 = Emin,2 = 0.1
mW, and Emin,3 = 0.01 mW. It is seen that a higher power

budget leads to a high achievable sum rate for each scheme.

Our two proposed algorithms have higher achievable sum rate

than other schemes. The proposed AO algorithm has a higher

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

10-4
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Fig. 6: Achievable sum rate versus EH requirement of MS 1.

achievable sum rate than the low-complexity algorithm when

the power budget of the PS is small. But their performance

gap almost shrinks to zero when the power budget is beyond

Pmax = 42 dBm, due to the following reason. the two

proposed algorithms almost achieve the same sum rate. The

reason can be attributed to the following fact. Given the PS’s

small power budget, the AO algorithm can adjust its beam

directions to adapt to information transmission and EH (i.e.,

with a flexibility of beamforming), and thus, can get a higher

sum rate than low-complexity algorithm. When the PS has a

large power budget, more energy from the information beams

in low-complexity algorithm is sufficient for the MS’s EH,

thus the low-complexity algorithm can utilize more power for

information transmission and achieve almost the same sum

rate with the AO algorithm. From Fig. 5, the ABS-EP scheme

has the worst performance, which demonstrates the importance

of the beam scheduling and beamforming optimization on the

system performance.

Fig. 6 plots the impact of one single MS’s EH requirement

on the system performance. Without loss of generality, we

select MS 1 with K = M = 3, Pmax = 40 dBm,

Rmin,m = 0.1 bps/Hz ∀m, N = 512, Emin,2 = 0.1 mW,

and Emin,3 = 0.01 mW. From Fig. 6, the increase of MS 1’s

EH requirement is harmful to the achievable sum rate of the

proposed algorithms. Indeed, a higher EH requirement causes

extra power consumption at MS 1, leading to more resources

being allocated to EH rather than information transmission,

which is not beneficial for the enhancement of the rate perfor-

mance. Moreover, the performance gap between AO algorithm

and the low-complexity algorithm increases due to the flexible

beamforming design in AO algorithm. Since the AO algorithm

can adjust the power allocation and direction of the beams

from the near angle of MS 1 to achieve energy supply,

while the beam direction is fixed by f̃
E
k = b(θk, ϕk, rk) and

f̃
I
m = a(θm, ϕm) in low-complexity algorithm, and thus the

increased EH requirement of MS 1 forces the low-complexity

algorithm to allocate more power for the dedicated energy

beam, resulting in a significant decrease of achievable sum



13

0.1mW 0.2mW 0.3mW 0.4mW 0.5mW
0%

20%

40%

60%

80%

100%

(a) MS 1.

0.06mW 0.07mW 0.08mW 0.09mW 0.1mW
0%

20%

40%

60%

80%

100%

(b) MS 2.

0.006mW 0.007mW 0.008mW 0.009mW 0.01mW
0%

20%

40%

60%

80%

100%

(c) MS 3.

Fig. 7: Energy Percentage for each MS from all information and energy beams versus each MS’s EH requirement.

rate. It can also be observed from Fig. 6 that the achievable

sum rate of ABS-EP and LC-EP schemes remain unchanged

with the increase of MS 1’s EH requirement, because of the

resource allocation strategy with equal power allocation.

For each MS, Fig. 7 shows the percentage of energy it

harvests from information beams and percentage of energy

it harvests from energy beams, where the information beam

m is the information-bearing beam scheduled for IR m, and

the energy beam k is the energy-bearing beam scheduled for

MS k. In this figure, we set K = M = 3, Pmax = 40 dBm,

Rmin,m = 0.1 bps/Hz ∀m, and N = 512. It is observed from

Fig. 7(a)–(c) that MS 1 can harvest energy not only from

information beam 1, but also from the energy beam 1, while

the energy demand of MS 2 can be satisfied by information

beam 2 only, and the EH requirement of MS 3 is fully

achieved by its dedicated energy beam 3. These observations

can be explained as follows. Since the PS equipped with a

large-scale antenna array can achieve far-field high-directivity

beam steering and near-field beam focusing, MS k can harvest

energy from both far-field information beams pointing to near

its angle and the dedicated energy beam scheduled for MS k.

First, MS 1 is from the same angle with IR 1, indicating that

MS 1 is able to harvest enough energy from the information

beam 1 to sustain its functionality, as discussed in Remark

2. However, the distance between MS 1 and the PS does not

satisfy the condition in Lemma 6, and thus a dedicated energy-

bearing beam must be scheduled for MS 1. For MS 2, although

it is not from an exact same angle with IR 2, both the angle θ2,

ϕ2 and distance r2 of MS 2 satisfy the conditions in Lemma

6. Therefore, the energy required by MS 2 is all provided by

the far-field information beam 2 from the similar angle. On

the other hand, there is no IR from the angle of MS 3, and

hence the energy beam 3 must be scheduled for its energy

supply. From Fig. 7(a), it is also observed that the harvested

energy percentage of MS 1 from energy beam 1 increases as

the EH requirement of MS 1 increases. This suggests that with

a large EH requirement, the near-field MS 1 cannot harvest

sufficient energy from the far-field beams in the same angle,

which forces the PS to schedule energy beam 1 to support

its functionality. The reason for this phenomenon is that the

channel coherence between MS 1 and IR 1 is poor, and the

wireless energy received by MS 1 from information beam 1
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Fig. 8: Achievable sum rate versus the number of PS’s

antennas.

is largely reduced, leading to more power allocated to energy

beams for energy supply. This implies that, different from the

existing beam-scheduling strategy in [23], where the energy

beam must be scheduled for near-field EH receivers, it is

preferable to utilize far-field information beams to satisfy near-

field EH requirement unless there are no information beams for

IR which is from the near angle of the near-field EH receivers

or the EH demand of the energy receivers is very large.

Fig. 8 depicts the achievable sum rate of the overall system

versus the number of PS’s antennas, where K = M = 3,

Pmax = 40 dBm, Rmin,m = 0.1 bps/Hz ∀m, Emin,1 =
Emin,2 = 0.1 mW, and Emin,3 = 0.01 mW. More antennas at

the PS result in higher achievable sum rate for all the schemes.

Our two proposed algorithms perform much better than other

benchmark schemes.

Fig. 9 shows achievable sum rate versus the number of IRs,

where K = 3, Pmax = 50 dBm, N = 512, Rmin,m = 0.1
bps/Hz ∀m, Emin,1 = Emin,2 = 0.1 mW, and Emin,3 = 0.01
mW. It can be seen from the figure that the achievable sum

rate achieved by all the algorithms increases with the increased

number of IRs. The phenomenon is because that the PS can



14

3 3.5 4 4.5 5 5.5 6
2.5

3

3.5

4

4.5

5

5.5

6

3 3.0000000001
4.616

4.617

Fig. 9: Achievable sum rate versus the number of IRs.

3 3.5 4 4.5 5 5.5 6
0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

Fig. 10: Achievable sum rate versus the number of MSs.

effectively mitigate inter-user interference through beamform-

ing. In this context, each additional IR contributes its own rate

without significantly degrading other IRs’ performance.

Fig. 10 shows the achievable sum rate performance when

the number of MSs varies, where M = 3, Pmax = 40 dBm,

N = 512, Rmin,m = 0.1 bps/Hz ∀m, Emin,1 = Emin,2 =
0.1 mW, and Emin,3 = Emin,4 = Emin,5 = Emin,6 = 0.01
mW. We can observe from the figure that as the number of

MSs increases, the achievable sum rate of all the algorithms

decreases. The reason behind this behavior is that there is no

any information beam near MS 4 and MS 5, which forces

the PS to allocate power to achieve the energy requirement

of MS 4 and MS 5, leading to a reduced rate performance.

Fortunately, there is a dedicated information beam 3 for IR 3
near MS 6, and thus the addition of MS 6 will not affect the

rate performance of the satellite system.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we studied a SWIPT-enabled fractionated

spacecraft system and formulated an optimization problem to

maximize the achievable sum rate of the IRs by jointly de-

signing the digital/analog beamforming and beam scheduling

matrix, subject to the EH constraints of MSs. An AO algorithm

was then developed to solve the formulated problem based on

the WMMSE method, MO method, and matching theory. By

utilizing the intrinsic structure of mixed near- and far-field for

fractionated spacecraft system, the coherence between near-

and far-field steering vectors was derived and a low-complexity

algorithm was proposed to solve the formulated sum rate

maximization problem by exploiting the characteristics of the

coherence. We provided simulation results to demonstrate the

efficiency of our proposed algorithms. Furthermore, unlike

existing mixed near- and far-field SWIPT systems in ground

scenarios, it is wise to utilize far-field information beams

to achieve energy supply for near-field energy receivers in

fractionated spacecraft systems.

We conclude the paper with some potential extensions of

the proposed SWIPT-enabled fractionated spacecraft system

and future research directions as follows. First, in this paper

we consider that all the MSs are in the near-field of the

PS and they only harvest energy from the PS. In some

scenarios, MSs also receive necessary mission information

from the PS. Therefore, it is necessary to consider the MSs’

EH and communication requirements simultaneously, and de-

sign effective operating protocols for MSs, which deserves

further investigation. Second, the energy source of the PS

has not been considered in this paper. In practical systems,

the PS needs to convert the Sun’s energy into electricity

to support energy supply and information transmission for

MSs and IRs. In this scenario, it is meaningful to design an

operation protocol and transmission scheme for an energy-

limited multi-functional PS to improve energy efficiency. Last

but not the least, in this paper, we assume that only a

single fractionated spacecraft system communicates with the

ground IRs. In more general scenarios, multiple fractionated

spacecraft systems may communicate with the ground IRs

simultaneously, and information transmission is also required

between the multiple fractionated spacecraft systems. As a

result, the MSs are able to harvest energy not only from space-

to-ground communication signals, but also from inter-satellite

communication signals. In this context, it will be interesting

to investigate beamforming and beam-scheduling design for

multi-satellite space-to-ground SWIPT.

APPENDIX A

PROOF OF LEMMA 1

If ∃m ∈ MIR satisfies ϕk ∈ [arccos( ϕ∆λ
Nπd sin θm

+

cosϕm), arccos( −ϕ∆λ
Nπd sin θm

+ cosϕm)], at least one of IR’s

steering vector has a strong correlation with MS k, i.e., the

value of |bH(θk, ϕk, rk)a(θm, ϕm)|2 is large. This indicates

that at least one of the third terms on the right side of equation

(34) is large enough to guarantee that MS k harvests enough

energy to power its operation. Thus, the PS does not need

to transmit a dedicated energy-bearing beam for MS k, i.e.,

αk = 0. Otherwise, only the first term on the right side of

equation (34) is large enough to provide energy for MS k,

which forces αk = 1. This thus proves Lemma 1.
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APPENDIX B

PROOF OF LEMMA 3

For arbitrary two locations (θ0, ϕ0, r0) and (θ0, ϕ0, r) from

the same azimuth and elevation angles, the coherence of their

steering vectors can be expressed as

f(θ1, θ2, ϕ1,ϕ2, r1, r2) = f(θ0, θ0, ϕ0, ϕ0, r0, r)

=

∣

∣

∣

∣

1

N

(N−1)/2
∑

n=(N−1)/2

ejπn
2 d

2(1−sin2 θ0 cos2 ϕ0)
λ

( 1
r0

− 1
r
)

∣

∣

∣

∣

, |F (x)|, (46)

where x = d2(1−sin2 θ0 cos2 ϕ0)
λ ( 1

r0
− 1
r ), and the function F (x)

is given by

F (x) =
1

N

(N−1)/2
∑

n=(N−1)/2

ejπn
2x ≈ 1

N

∫ N/2

−N/2
ejπn

2xdn. (47)

If r0 ≤ r, then x = d2(1−sin2 θ0 cos2 ϕ0)
λ ( 1

r0
− 1

r ) ≥ 0. Letting

n2x = 1
2 t

2, we have

F (x) =
2√
2xN

∫

√
2xN/2

0

ej
π
2 t

2

dt

=

∫

√
2xN/2

0
cos(π2 t

2)dt+ j
∫

√
2xN/2

0
sin(π2 t

2)dt√
2xN/2

. (48)

It is obvious that
∫

√
2xN/2

0
cos(π2 t

2)dt and
∫

√
2xN/2

0
sin(π2 t

2)dt are Fresnel functions. Denote

β =
√
2xN
2 =

√

N2d2(1−sin2 θ0 cos2 ϕ0)
2λ ( 1

r0
− 1

r ), C(β) =
∫

√
2xN/2

0
cos(π2 t

2)dt, and S(β) =
∫

√
2xN/2

0
sin(π2 t

2)dt, the

function F (x) can be rewritten as

F (x) =
C(β) + jS(β)

β
= T (β). (49)

Moreover, if r0 > r, then we have −x =
d2(1−sin2 θ0 cos2 ϕ0)

λ ( 1
r0

− 1
r ) > 0. Similar to the

derivation of (49), if −x > 0, then F (x) = T †(β),

where β =
√
2xN
2 =

√

N2d2(1−sin2 θ0 cos2 ϕ0)
2λ ( 1r − 1

r0
).

In summary, the coherence can be approximated as

f(θ0, θ0, ϕ0, ϕ0, r0, r) = |F (x)| ≈ |T (β)|, where

β ≈
√

N2d2(1−sin2 θ0 cos2 ϕ0)
2λ

∣

∣

1
r0

− 1
r

∣

∣. Substituting

the approximate expression of the coherence

f(θ0, θ0, ϕ0, ϕ0, r0, r) ≈ |T (β)| and Γ = 0.5 into

the inequality f(θ0, θ0, ϕ0, ϕ0, r0, r) ≥ Γ, we have

|T (β)| ≥ 0.5. According to the numerical result of

T (β) [39], we can obtain β ≤ η3dB = 1.6, i.e.,
√

N2d2(1−sin2 θ0 cos2 ϕ0)
2λ

∣

∣

1
r0

− 1
r

∣

∣ ≤ η3dB, which is

equivalent to max

{

0, 1r0 − 2λη23dB

N2d2(1−sin2 θ0 cos2 ϕ0)

}

≤ 1
r ≤

1
r0
+

2λη23dB

N2d2(1−sin2 θ0 cos2 ϕ0)
. Recall rDF = N2d2(1−sin2 θ0 cos2 ϕ0)

2λη23dB

,

if r0 < rDF, the range of r can be obtained as
rDFr0
rDF+r0

≤ r ≤ rDFr0
rDF−r0 . Thus, the depth of beam focusing is

given by Ξ = rDFr0
rDF−r0 − rDFr0

rDF+r0
=

2r20rDF

r2
DF
−r20

. If r ≥ rDF, the

range of r is given by rDFr0
rDF+r0

≤ r ≤ ∞, and the depth of

beam focusing is given by Ξ = ∞. This completes the proof.
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