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Abstract: Integrated sensing and communication (ISAC) can improve the energy harvesting
(EH) efficiency of simultaneous wireless information and power transfer (SWIPT)-assisted
IoT networks by enabling precise energy harvest. However, the transmit power is increased
in the hybrid system due to the fact that the sensing signals are required to be transferred
in addition to the communication data. This paper aims to tackle this issue by formulating
an optimization problem to minimize the transmit power of the base station (BS) under
a nonlinear EH model, considering the coexistence of power-splitting users (PSUs) and
time-switching users (TSUs), as well as the beamforming vector associated with PSUs
and TSUs. A two-layer algorithm based on semi-definite relaxation is proposed to tackle
the complexity issue of the non-convex optimization problem. The global optimality is
theoretically analyzed, and the impact of each parameter on system performance is also
discussed. Numerical results indicate that TSUs are more prone to saturation compared to
PSUs under identical EH requirements. The minimal required transmit power under the
nonlinear EH model is much lower than that under the linear EH model. Moreover, it is
observed that the number of TSUs is the primary limiting factor for the minimization of
transmit power, which can be effectively mitigated by the proposed algorithm.

Keywords: simultaneous wireless information and power transfer; integrated sensing and
communication; semi-definite relaxation

1. Introduction
Simultaneous wireless information and power transmission (SWIPT) has been envi-

sioned as a promising solution to extend the lifespan of energy-constrained devices in
the Internet of Things (IoT) networks [1–3]. This technology allows mobile terminals to
harvest energy from electromagnetic (EM) waves transmitted through radio frequency
(RF) [4]. To balance the performance of energy harvesting (EH) and information transmis-
sion, schemes like time switching (TS) and power splitting (PS) have been suggested to
separate signals for information decoding (ID) and EH [5,6]. However, the transmit antenna
polarization direction has great influence on the performance of EH in the SWIPT-assisted
networks [7]. Integrated sensing and communication (ISAC) offers a promising solution,
as sensing and communication metrics are optimized together on a single hardware unit
using a unified waveform. Thus, the base station can localize users and acquire angles to
each user, enabling the adjustment of the transmit antenna polarization direction [8,9].
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Whereas ISAC can enable precise EH, power consumption remains a challenge for the
SWIPT-assisted IoT networks. The authors in [9] investigated a sensing-assisted SWIPT
network in the presence of location uncertainty, where each time frame was divided into
wireless power transfer (WPT) and sensing phases, via a time-splitting strategy. In the
presence of location uncertainty, the authors proposed a two-layer optimization framework
to minimize the power consumption. The authors in [10] proposed a dynamic on–off
control strategy to flexibly enable or disable energy transmission to minimize the power
consumption. The work in [11] investigated a SWIPT-assisted ISAC network where in-
formation and energy receivers were co-located, aiming to enhance sensing performance.
To achieve a balance between communication and EH, the authors jointly optimized the PS
factors and beamforming vectors. In addition, the work in [12] investigated a multi-antenna
system comprised of an ID receiver, an EH receiver, and a sensing target, revealing the
performance trade-offs among communication, energy transfer, and sensing.

However, an increasing number of new IoT applications like extended reality, smart
cities, digital twins, and autonomous vehicles require the coexistence of PS users (PSUs)
and TS users (TSUs) [13]. Concretely, the hybrid system is shown in Figure 1, where
a dual-function base station (DF-BS) is utilized to transmit information and energy to
multiple PSUs and TSUs and senses potential targets. The transmit power of the BS
increases significantly due to the fact that the sensing signals are transferred in addition
to the communication data. Moreover, the coupling of PS and TS factors makes it rather
complicated for the power allocation at the BS. The above studies did not consider these
problems, make it rather challenging and necessary to optimize the power consumption in
such new hybrid IoT networks [14].
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Figure 1. SWIPT-assisted system with ISAC.

Motivated by the above discussion, we formulate an optimization problem for SWIPT-
assisted IoT networks with ISAC to minimize the transmit power of the BS under a
nonlinear EH model. The coexistence of multiple PSUs and TSUs are considered, to-
gether with the communication, EH constraints, and the sensing of the targets. To solve
the non-convex optimization problem, we propose a two-layer algorithm using semi-
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definite relaxation (SDR) technology. The main contributions of this paper are summarized
as follows:

• We consider a SWIPT-assisted system with ISAC, where the MF-BS transmits in-
tegrated sensing, communication, and energy signals to PSUs, TSUs, and targets
simultaneously. We also formulate an optimization problem aimed at minimizing
the required transmit power, which involves the beamforming vectors at the MF-BS,
the PS factors at PSUs, the TS factors at TSUs, and the covariance matrix of sensing.

• Due to the coupling of optimization variables and the non-convexity of the nonlinear
EH model, it is difficult to solve the formulated problem. To this end, we initially
derive an equivalent problem by introducing auxiliary variables and SDR technology.
Then, we propose a two-layer algorithm to solve the equivalent problem.

• The global optimality is theoretically analyzed, and simulation results validate the
effectiveness of the proposed algorithm. In addition, simulation results show that TSUs
are more likely to enter into the saturation region compared with PSUs. The minimal
required transmit power under the nonlinear EH model is much lower than that under
the linear EH model.

Notations: Vectors are denoted by boldface lowercase letters, while matrices are
denoted by boldface uppercase letters. The symbol ∥ · ∥ represents the Euclidean norm
operator, and trace(X) denotes the trace of a matrix X. Moreover, rank(X) represents the
rank of X, and X is positive semi-definite. exp(·) denotes the exponent.

2. System Model
We consider a SWIPT-assisted system that comprises a DF-BS with N antennas forming

a uniform linear array (ULA). There are K PSUs and M TSUs, respectively. All UEs are
assumed to have a single antenna, and the number of sensing targets is L. Each UE
obtains energy from signals sent by the BS. UEs with a PS receiver are denoted as PSUk,
k = 1, 2, · · · , K, and UEs with a TS receiver are denoted as TSUm, m = 1, 2, · · · , M. It is
assumed that the system deploys a block fading channel model, where channel coefficients
remain constant within each fading block. The channels from the BS to kth PSU and mth

TSU are defined as hk ∈ CN×1 and gm ∈ CN×1, respectively. Assume the time period of
a block is normalized to one in the sequel; the transmitted ISAC signal over the whole
block is

s =
K

∑
k=1

wksk +
M

∑
m=1

vmsm (1)

where wk ∈ CN×1, and vm ∈ CN×1 stand for the beamforming vector associated with PSUs
and TSUs, respectively. sc

k and sc
m are the information symbols for PSUs and TSUs with unit

power, i.e., E{∥sk∥2} = E{∥sm∥2} = 1 [15]. The transmit power at the BS is

ζ(wk, vm) =
K

∑
k=1
∥wk∥2 +

M

∑
m=1
∥vm∥2 (2)

2.1. Nonlinear EH Model

Due to the presence of nonlinear components such as diodes, resistors, and capacitors
in the rectifier [16], we adopt the logistic-function-based nonlinear EH model, i.e.,

ENLr(Pin) =

Pmax
1+exp(−a(Pin−b)) −

Pmax
1+exp(ab)

1− 1
1+exp(ab)

(3)

which is given by [17]. Pmax, a, and b are in the EH circuit. Pin represents the received
RF power at the energy receiver. Pmax represents the maximum harvested energy at
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receiver saturation. a is associated with the nonlinear EH rate, and b reflects the EH
circuit’s minimum turn-on voltage. We note that the proposed non-linear EH model is able
to capture the joint effect of the non-linear phenomena caused by hardware constraints
including circuit sensitivity limitations and current leakage [18,19].

2.2. Achievable Communication Rate and Harvested Energy
2.2.1. PSUs

The received signals at PSUk from the BS are divided into the ID part and the EH part
via a PS factor βk ∈ (0, 1). Therefore, the received signals at PSUk can be formulated as

yPSU
k =

√
βkhH

k wksk︸ ︷︷ ︸
Desired signal at PSUk

+
K

∑
j ̸=k

√
βkhH

k wjsj︸ ︷︷ ︸
Interference caused by the rest PSUs

+
M

∑
m=1

√
βkhH

k vmsm︸ ︷︷ ︸
Interference caused by TSUs

+
√

βknc,k + ne,k︸ ︷︷ ︸
Noise

(4)

where nc,k is the receiving antenna additive white Gaussian noise (AWGN) with zero mean
and variance σ2

c,k. ne,k ∼ CN (0, σ2
e,k) is the additional noise introduced by the ID at PSUk.

Thus, the received SINR at PSUk can be expressed as

SINRPS
k =

βk
∣∣hH

k wk
∣∣2

βk(∑
K
j ̸=k
∣∣hH

k wj
∣∣2 + ∑M

m=1

∣∣hH
k vm

∣∣2 + σ2
c,k) + σ2

e,k

(5)

where the signals from other PSUs, all TSUs, and targets are considered as interference.
The achievable communication rate at PSUk can be formulated as

RPS
k (βk, wk, vm) = log(1 + SINRPS

k ) (6)

Meanwhile, the (1− βk) part of the received signal can be written as

yEH
k =

√
1− βk

(
hH

k s + nc,k

)
(7)

Since the noise power of nc,k is small enough compared to the received signal
power [20,21], the received RF power for EH at PSUk is given by

EPS
k = (1− βk)

(
K

∑
j=1

∣∣∣hH
k wj

∣∣∣2 + M

∑
m=1

∣∣∣hH
k vm

∣∣∣2) (8)

By combining Equation (3), the EH at PSUk within a time block can be written as

EHPS
k = ENLr(EPS

k ) (9)

2.2.2. TSUs

For TSUm, each time block is divided into two orthogonal time slots via a TS factor
tm ∈ (0, 1). The first time slot, with an interval of tm, is dedicated to ID, while the second
time slot, with an interval of (1− tm), is used for EH.

The received signals for ID at TSUm can be formulated as

yTSU
m = gH

mvmsm︸ ︷︷ ︸
Desired signal at TSUm

+
M

∑
i ̸=m

gH
mvisi︸ ︷︷ ︸

The rest TSUs interference

+
K

∑
k=1

gH
mwksk︸ ︷︷ ︸

PSUs interference

+ nc,m + ne,m︸ ︷︷ ︸
Noise

(10)
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where nc,m ∼ CN (0, σ2
c,m). The term ne,m ∼ CN (0, σ2

e,m) represents RF-to-baseband conver-
sion noise. Therefore, the received SINR at TSUm can be written as

SINRTS
m =

∣∣gH
mvm

∣∣2
∑M

i ̸=m |gH
mvi|

2
+ ∑K

k=1 |gH
mwk|

2
+ σ2

c,m + σ2
e,m

(11)

The achievable communication rate at TSUm can be formulated as

RTS
m (tm, wk, vm) = tmlog

(
1 + SINRTS

m

)
(12)

In the second time slot, the received RF energy for EH at TSUm can be given by

ETS
m =

(
K

∑
k=1

∣∣∣gH
mwk

∣∣∣2 + M

∑
i=1

∣∣∣gH
mvi

∣∣∣2) (13)

By combining with Equation (3), the EH at TSUm within the second time slot can be
written as

EHTS
m = (1− tm)ENLr(ETS

m ) (14)

2.3. Sensing Model

We consider a point target model and assume that the radar channel consists of line-of-
sight (LoS) paths, with both transmit and receive ULAs at the BS having half-wavelength
antenna spacing. The angle of departure (AOD) and angle of arrival (AOA) of the target are
represented by 0 ≤ θt ≤ 2π and 0 ≤ θr ≤ 2π, respectively. a(θt) ∈ CN×1 and a(θr) ∈ CN×1

denote the transmit and receive array steering vectors, respectively. We assume equal
angles of arrival and departure for the target, i.e., θr = θt = θ, due to our consideration of a
monostatic radar setting [22,23]. Thus, we can express a(θt) = a(θr) using

a(θ) =
[
1, ejπ sin θ , · · · , ejπ(N−1) sin θ

]
(15)

Following [22], the target response matrix is expressed as

Ts = αa(θ)aH(θ)
∆
= αA(θ) (16)

where α ∈ C is the complex amplitude of the target mainly determined by the path loss
and the radar cross section [24].

Thus, the reflected echo signal by the target is denoted by YR ∈ CN×T , which can be
expressed as

YR = Tss + NR (17)

where NR is the AWGN matrix with the variance of each entry being σR. With the prior
information, the power of the probing signal in target directions can be formulated as

P(θl) = a(θl)
HRsa(θl), l = 1, 2, · · · , L (18)

where Rs = ∑K
k=1 wkwk

H + ∑M
m=1 vmvH

m represents the sample covariance matrix of the
transmitted signal.

To ensure similar levels of sensing power in different target directions, i.e., θp and θq,
the difference of P

(
θp
)

and P
(
θq
)

is assumed to be low [25] and is written as∣∣P(θp
)
− P

(
θq
)∣∣, ∀p ̸= q ∈ {1, 2, · · · , L} (19)
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By setting similar levels of sensing power in different directions, we can ensure that targets
in all directions are fairly tracked. In particular, the sensing power of the target is equal
when Equation (19) is equal to zero.

3. Problem Formulation
η We aim to minimize the BS transmit power while meeting the communication rate

and EH requirements of all users, as well as radar-specific requirements. The optimization
problem can be formulated as

(P1) : min
wk ,vm ,βk ,tm

ζ(wk, vm) (20)

s.t. RPS
k (βk, wk, vm) ≥ γPS

k , ∀k (21)

EHPS
k ≥ ηPS

k , ∀k (22)

RTS
m (tm, wk, vm) ≥ γTS

m , ∀m (23)

EHTS
m ≥ ηTS

m , ∀m (24)∣∣P(θp
)
− P

(
θq
)∣∣ ≤ Pdiff, ∀p ̸= q ∈ {1, 2, · · · , L} (25)

0 < βk, tm < 1, ∀k, m (26)

where γPS
k and γTS

m represent the minimum communication rate requirements for PSUk and
TSUm, respectively. Similarly, ηPS

k and ηTS
m denote the EH thresholds for PSUk and TSUm,

respectively. Here, (21) and (23) ensure the minimum rate for each UE, while (22) and
(24) ensure the minimum EH requirements. In addition, (25) guarantees similar levels of
sensing power in different target directions, where Pdiff is the requirement for the minimum
difference in sensing power among these directions.

However, the problem (P1) is non-convex due to the presence of coupled variables
in the constraints and quadratic terms involving wk and vm in the objective function
and constraints, which cannot be directly solved. To reformulate (P1) into a tractable
form, we first introduce a set of auxiliary matrix variables, including Wk = wkwk

H with
rank(Wk) = 1 and Vm = vmvm

H with rank(Vm) = 1. Thus, we have
∣∣gH

mvm
∣∣2 = gH

mVmgm,∣∣gH
mwk

∣∣2 = gH
mWkgm,

∣∣hH
k wk

∣∣2 = hH
k Wkhk, and

∣∣hH
k vm

∣∣2 = hH
k Vmhk

The constraints (21) and (23) can be reformulated as

∣∣∣hH
k wk

∣∣∣2 ≥ (2γPS
k − 1

)
×
((

K

∑
j ̸=k

∣∣∣hH
k wj

∣∣∣2 + M

∑
m=1

∣∣∣hH
k vm

∣∣∣2 + σ2
c,k

)
+

σ2
e,k

σk

)
(27)

∣∣∣gH
mvm

∣∣∣2 ≥ (2γTS
m − 1

)
×
(

M

∑
i ̸=m

∣∣∣gH
mvi

∣∣∣2 + K

∑
k=1

∣∣∣gH
mwk

∣∣∣2 + σ2
c,m + σ2

e,m

)
(28)

With the auxiliary matrix variables, (21) and (23) can be further rewritten as

hH
k Wkhk ≥

(
2γPS

k − 1
)
×
((

K

∑
j ̸=k

hH
k Wjhk +

M

∑
m=1

hH
k Vmhk + σ2

c,k

)
+

σ2
e,k

βk

)
(29)

gH
mVmgm ≥

(
2γTS

m /tm − 1
)
×
(

M

∑
i ̸=m

gH
mVigm +

K

∑
k=1

gH
mWkgm + σ2

c,m + σ2
e,m

)
(30)

Moreover, the inverse function of (3) can be written as

Pin(ENLr) = b− 1
a

ln
(
(Pmax − ENLr)exp(ab)
Pmax + ENLrexp(ab)

)
(31)
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Remark 1. According to (31), Pmax > ENLr. Consequently, the following constraints apply:

ηTS
m < (1− tm)Pmax (32)

ηPS
m < Pmax (33)

Thus, tm is within
(

0, 1− ηTS
m

Pmax

)
.

The constraints (22) and (24) can be reformulated as

K

∑
j=1

hH
k Wjhk +

M

∑
m=1

hH
k Vmhk ≥

Pin
(
ηPS

k
)

1− βk
(34)

K

∑
k=1

gH
mWkgm +

M

∑
i=1

gH
mVigm ≥ Pin

(
ηTS

m
1− tm

)
(35)

By unifying (29), (30), (34), and (35), the problem (P1) can be equivalently rewritten as

(P2) : min
Wk ,Vm ,βk ,tm

ζ(Wk, Vm) =
K

∑
k=1

Tr(Wk) +
M

∑
m=1

Tr(Vm) (36)

s.t. (29), (30), (34), (35), (25)(26) (37)

Wk ⪰ 0, Vm ⪰ 0 (38)

rank(Wk) = 1, rank(Vm) = 1 (39)

The rank-one constraints in (39) can be ignored by using the SDR method [26,27].
Therefore, problem (P2) can be rewritten as

(P3) : min
Wk ,Vm ,βk ,tm

ζ(Wk, Vm) (40)

s.t. (37), (38), ∀m, k (41)

Since Vm and tm are coupled, problem (P3) remains non-convex. However, when tm

is fixed, problem (P3) becomes solvable. As such, we propose an algorithm based on the
interior-point method [26] to address problem (P3), as outlined in Algorithm 1. In the inner
layer, SDR is applied. The optimal set {W∗k , V∗m, β∗k} is obtained by solving the relaxed
convex problem (P3) for a given set of {tm}.

Problems (P2) and (P3) are equivalent whenever rank(Wk) = 1, rank(Vm) = 1.
The optimal sets {w∗k} and {v∗m} of the original problem (P1) can be obtained by the
eigenvalue decomposition (EVD) of the optimal sets {W∗k} and {V∗m}, respectively. In
the outer layer, a 1-D search is utilized to determine the optimal set {t∗m}. By exhaustive
searching, the optimal solution can be attained. Once {W∗k , V∗m, β∗k , t∗m} is obtained, the op-
timal set {w∗k , v∗m, β∗k , t∗m} of problem (P1) can be derived. The computational complexity of
Algorithm 1 is high, due to the 1-D search. Thus, we propose a BiS algorithm based on the
bisection method, i.e., Algorithm 2.

Next, we theoretically analyze the impact of the communication rate and EH require-
ments on the system performance for TSUs and PSUs, respectively.

For the communication rate requirements of TSUs and PSUs, considering that 0 < tm <(
1− ηTS

m /Pmax
)
< 1, we can deduce that

(
2γPS

k − 1
)

<
(

2γTS
m /tm − 1

)
when γPS

k = γTS
m .

Therefore, for the constraints (29) and (30), we can conclude that the communication rate
requirement threshold, γPS

k , has an impact on the transmit power compared to γTS
m . In
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terms of the EH requirements at TSUs and PSUs, if ηPS
k = ηTS

m and (23) and (24) are both
satisfied with equality, then we can conclude that EHPS

k = EHTS
m , i.e.,

ENLr(EPS
k ) = (1− tm)ENLr(ETS

m ) (42)

Algorithm 1 Two-layer algorithm

1: Input: γPS
k , γTS

m , ηPS
k , ηTS

m , the search step size δ.
2: for each tm ∈ (0, 1) with δ do
3: Calculate {W∗k , V∗m, β∗k} by solving problem (P3) using CVX.
4: end for
5: Find the optimal set {t∗m}
6: According to {W∗k , V∗m, β∗k}, calculate {w∗k , v∗m, β∗k} by EVD.
7: Output: The optimal set {w∗k , v∗m, β∗k , t∗m} and the minimal transmit power ζ

(
w∗k , v∗m

)
.

Algorithm 2 BiS algorithm

1: Input: γPS
k , γTS

m , ηPS
k , ηTS

m , the solution accuracy δbs.
2: Set the initial lower and upper bounds for problem (P3), i.e., tlow

m and tupp
m .

3: while (tlow
m − tupp

m ) > δ do

4: tmid
m ← (tlow

m +tupp
m )

2
5: Solve problem (P3) for fixed tm = tmid

m .
6: if problem (P3) is feasible then
7: tlow

m ← tmid
m

8: {W∗k , V∗m, β∗k} ← {Wk, Vm, βk}, which is the solution of problem (P3).
9: else

10: tupp
m ← tmid

m
11: end if
12: end while
13: According to {W∗k , V∗m, β∗k}, calculate {w∗k , v∗m, β∗k} by EVD.
14: Output: The optimal set {w∗k , v∗m, β∗k , t∗m} and the minimal transmit power ζ(w∗k , v∗m).

Given that 0 < tm <
(
1− ηTS

m /Pmax
)
< 1 and the maximum energy collected by

each TSU and PSU cannot exceed the saturation value of the EH circuit (Pmax), we can
conclude that

ENLr(EPS
k ) < ENLr(ETS

m ) ≤ Pmax (43)

Therefore, as the input RF power increases, TSUs reach the Pmax threshold for EH
before PSUs. Upon reaching this threshold, the EH circuit enters a saturation phase,
as outlined in [17]. Therefore, we know TSUs are more likely to enter the saturation region
of the practical EH circuit compared to PSUs with equivalent EH requirements.

Next, we analyze the complexity of Algorithm 1. Since the constraints of problem
(P3) are all linear matrix inequalities when given tm, we take the standard interior-point
method to analyze the computational complexity [26]. In the outer layer, a 1-D search is
utilized, with a complexity of O

(
(1/δ)M

)
. In the inner layer, there are

(
2N2K

)
variables

and (3K + 3M + L) linear and convex constraints in the problem. Therefore, the worst-
case computational complexity of Algorithm 1 is O

(
(1/δ)M(2N2K

)3
(3K + 3M + L)

)
. For

Algorithm 2, the computational complexity is O
(

log
(

tupp
m −tlow

m
δbs

))
.

4. Numerical Results
4.1. Parameter Setup

We assumed that the BS had N = 4 antennas serving both K = 2 PSUs and M = 1
TSUs, with L = 2 sensing targets positioned at 40◦ and−40◦, respectively. In all simulations,
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we assumed that all devices had the same noise power, with σ2
c,m = σ2

c,k = −120 dBm
and σ2

e,m = σ2
e,k = −80 dBm. The channels between BS and users were assumed to

experience Rayleigh fading with a path loss of 32.6 + 36.7log10(d) [28], where d represents
the distance between BS and users. We set Pdiff = 10 dBm and γPS

k = γTS
m = 2 bits/s/Hz.

The minimum EH requirements of PSUs and TSUs were set to ηPS
k = ηTS

m = 5 J. Parameters
at the EH parameters were set to a = 150 and b = 0.014, with the maximum harvested
energy limited to Pmax = 30 dB. These parameters remained unchanged unless explicitly
specified otherwise.

4.2. Simulation Results

Figure 2 shows that the proposed two-layer algorithm converged within a few it-
erations. Moreover, Algorithm 1 maintained convergence for various combinations of
γPS

k , γTS
m , ηTS

m , and ηTS
m . To discuss the effects of γPS

k and γTS
m on the minimal required

transmit power, we set various combinations of γPS
k and γTS

m . According to [29], when
γTS

m > 2 bits/s/Hz, it had a greater impact on the required transmit power, leading to
constraint (25) being infeasible. Thus, we set γPS

k and γTS
m within the range [0.2, 3] and

[0.2, 2] bits/s/Hz, respectively.
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Figure 2. Convergence of the proposed algorithm with various information rate and harvested energy
of TSUs and PSUs.

Figure 3 illustrates the required transmit power versus Pdiff for Algorithms 1 and 2.
Notably, Algorithm 1 consistently outperformed Algorithm 2 across the evaluated Pdiff

range, achieving a lower transmit power requirement at the same Pdiff This performance
gap widened significantly at a lower Pdiff. When Pdiff = 1, the value of Algorithm 1 was
5.38% lower than the value of Algorithm 2. Meanwhile, when Pdiff = 5, the value of
Algorithm 1 was almost identical to the value of Algorithm 2, with a difference close to
0%. These results validate the superiority of Algorithm 2 in high Pdiff scenarios. Figure 4
illustrates that higher communication rate requirements for both PSUs and TSUs led to
an increase in the minimum transmit power. Specifically, when γPS

k = 1 bits/s/Hz and
γTS

m changed from 1 to 2 bits/s/Hz, the corresponding change in required transmit power
was smaller than when γTS

m = 1 bits/s/Hz and γPS
k changed from 1 to 2 bits/s/Hz. This

aligned with the earlier discussion regarding the thresholds γPS
k for PSUs and γTS

m for the
communication rate thresholds for TSUs. Numerical simulations validated that the former
had a greater impact on the transmit power.
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5
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Nonlinear EH; Alg.2

Figure 3. Required transmit power vs. Pdiff, under Algorithms 1 and 2.

Figure 4. Required transmit power vs. communication rate requirements of TSUs and PSUs.

Figure 5 illustrates the minimal required transmit power vs. different combinations of
PSUs and TSUs. Concretely, the linear EH model was ELr(Pin) = ηinPin, where ηin = 0.8
is the energy conversion efficiency [29]. Notably, the gap of the required transmit power
between the linear and nonlinear EH models increased with the increment of K and M,
when the total number of PSUs and TSUs was same. It can be seen that with the same
number of antennas, the minimum transmit power of the system was lower when there
was only one user, i.e., K = 1 and M = 0, or K = 0 and M = 1. Similarly, for two users,
the minimum transmit power was lower when K = 1 and M = 1 compared to the case
when K = 2 and M = 0. This suggests that the minimum transmit power tends to be higher
when the number of TSUs is larger. Specifically, we observed the required transmit power
increased when the TSUs increased with the same number of users. This was due to all
PSUs and TSUs operating at the same time in this system. This is because we set the same
time for transmit information and energy harvesting for all users. As a result, TSUs were
more likely to enter the saturation region of the practical EH circuit compared to PSUs,
thus requiring more power within the same period, as discussed previously.
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Figure 5. Required transmit power vs. different numbers of TSUs and PSUs with N = 4 and N = 8
antennas, respectively.

In order to further explore the relationship between the user’s communication rate
and the sensing power of the probing signal, Figure 6 shows the directional gain at different
communication rates with varying Pdiff. The communication rate is set to 1–10 bit/s/Hz.
Specifically, Pdiff was set to 2 dBm, 4 dBm, 6 dBm, 8 dBm, and 10 dBm, respectively.
The analysis of the relationship between the communication rate, Pdiff, and the sensing
power of the probing signal revealed several key trends. As the communication rate
increased from 1 bit/s/Hz to 10 bit/s/Hz, the sensing power consistently rose, indicating
that higher communication rates enhance the signal quality. Furthermore, varying Pdiff

levels significantly impacted the sensing power; higher Pdiff values led to greater sensing
power at the same communication rate. This suggests that both the communication rate and
Pdiff play crucial roles in optimizing the sensing power of the probing signal, particularly
in applications demanding high signal quality.
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Figure 6. The sensing power of the probing signal versus the communication rate, with Pdiff set at
2 dBm, 4 dBm, 6 dBm, 8 dBm, and 10 dBm.
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5. Conclusions
The paper investigated SWIPT-assisted IoT networks with ISAC with a focus on min-

imizing the transmit power of the DF-BS. An optimization problem was formulated to
minimize the transmit power at the DF-BS, which considered power-splitting and time-
switching factors, as well as the beamforming vector associated with PSUs and TSUs.
The non-convex optimization model was solved by introducing a two-layer algorithm
utilizing SDR and one-dimensional search. The global optimality was theoretically an-
alyzed, and the impact of each parameter on system performance was also discussed.
Numerical results indicated that TSUs were more prone to saturation compared to PSUs
under identical EH requirements. Moreover, the minimal required transmit power under
the nonlinear EH model was much lower than that under the linear EH model. Moreover,
it was observed that the number of TSUs served as the primary limiting factor for mini-
mum transmission power, which could be effectively mitigated by the proposed algorithm.
Future extensions of this work will consider the scalability of the proposed algorithm in
large-scale IoT systems, involving a higher number of users. Moreover, robustness against
channel uncertainty will be investigated to enhance the practicality of the approach in
real-world deployments.
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