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Full-Duplex Multiuser Wireless Information and Power Transfer with a
Multistage Nonlinear Rectifier Energy Harvesting Model

Derek Kwaku Pobi Asiedu, Member, IEEE, and Ji-Hoon Yun, Senior Member, IEEE

Abstract—This work investigates radio resource allocation for
simultaneous wireless information and power transfer between a
full-duplex (FD) multiantenna access point (AP) and multiple
half-duplex (HD) single-antenna energy harvesting (EH) user
equipment devices (UEs). The EH model of an advanced multi-
stage rectifier circuit design is derived and used for radio resource
allocation. To account for both downlink (DL) and uplink
(UL) traffic for each of the HD UEs, alternating DL and UL
communication phases between two UE groups are considered.
We use the weighted minimum mean squared error approach to
develop an iterative algorithm to maximize the system sum rate,
utilizing optimal receive and transmit beamformers.

Index Terms—energy harvesting, simultaneous wireless infor-
mation and power transfer, full-duplex communication

I. INTRODUCTION

The advantage of a single-channel full-duplex (FD) system
over a half-duplex (HD) system is its potential to double the
achievable rate [1]. Recently, attempts have been made to
combine FD systems with energy harvesting (EH) technology.
EH is the process of scavenging energy from radio frequency
(RF) signals to power or recharge the batteries of commu-
nication devices. An EH FD system facilitates simultaneous
wireless information and power transfer (SWIPT) [2], using
the time switching method and/or the power splitting ratio
(PSR) method.

EH circuit design greatly affects EH performance and,
thus, system optimization. After the development of a new
EH circuit design, the formulation of its mathematical model
follows, enabling its integration into system optimization pro-
cesses. Several mathematical models of EH circuitry have been
proposed, which can be grouped into linear EH (L-EH) [3] and
nonlinear EH (NL-EH) models [2], [4], [5], [6]. L-EH models
are deficient in accurately capturing the influence of the EH
circuit (i.e., antenna and rectifier circuit) on the RF signal
behavior and the amount of energy harvested. Meanwhile,
threshold- and sigmoid-based NL-EH models [2], [4], [6]
also fail to represent actual EH circuit implementations since
necessary threshold and experimental values are specific to a
particular EH circuit design or device [4], [5]. Recently, an EH
rectifier model was proposed in [5] that could more closely
approximate actual EH circuit behavior. In the meantime, EH
rectifier circuit development has further evolved toward the use
of a multistage rectifier to enhance EH efficiency, as shown in
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[7] by overcoming the nonlinearity of Schottky barrier diodes,
which presents the circuit design that is currently the best
available in practice.

EH FD-SWIPT system optimization has been studied in
[3], [4], [6], [8], considering either energy minimization or
rate maximization. However, none of the existing works has
considered single-/multistage EH rectifier models. Moreover,
in general, users have both downlink (DL) and uplink (UL)
traffic requirements. If user equipment devices (UEs) are
capable only of HD operation (due to the costs and complexity
of self-interference (SI) cancellation), then the FD access
points (APs) still need to serve each UE with both DL and
UL communication in different time slots. Existing studies
on FD/HD-SWIPT systems, however, have either considered
users dedicated to either DL or UL communication only or
have separated EH users [3], [4], [6], [8].

This paper investigates a multiuser EH FD-SWIPT system
using a newly derived multistage rectifier EH model. To
account for both DL and UL traffic for each of the HD UEs,
alternating DL and UL communication phases with adjustable
durations between two UE groups is considered. First, we de-
rive the output voltage and harvested power for the multistage
rectifier EH circuit model. This model is parameterized with
a versatile set of design parameters, allowing it to adapt to
a wide range of operational environments. Then, the PSR,
time slot durations, transmit and receive beamformers, and UE
grouping are derived to maximize the DL and UL sum rate un-
der power budget constraints. We use the weighted minimum
mean squared error (WMMSE) approach [9] to develop an
iterative algorithm to achieve the suboptimal system objective
of maximizing the sum-rate. Simulation results demonstrate
that the proposed radio resource allocation scheme in conjunc-
tion with the advanced EH model significantly outperforms
benchmark schemes with conventional EH models.

Notations: A € CM*N is a matrix with dimensions of M
by N. a € CM*! is a vector with dimensions of M by 1.
a is a scalar variable. I, represents the identity matrix with
dimensions of M by M. z ~ CN(0,c?) denotes a circularly
symmetric Gaussian random variable with zero mean and a
variance of o->. A superscript H on a variable indicates the
Hermitian transpose of that variable. x* is the optimal value
of the variable x for a given problem.

II. SYSTEM MODEL, EH MODEL AND PROBLEM
FORMULATION

An FD AP with 2M antennas communicating with K single-
antenna HD UEs is considered in this paper. The FD AP uses
M antennas for DL communication and the other M antennas
for UL communication. The UEs are divided into two groups,
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Fig. 1. Proposed multiuser FD-SWIPT system model.

alternating between DL and UL communications in distinct
time slots. The first group, S;, performs DL operations during
time slot duration 71, while the second group, S,, performs DL
operations during time slot duration 7». This implies that S
performs UL operations in 72, and S, performs UL operations
in 71. During DL communication, the UEs harvest energy from
a specific proportion of the RF signals received using the PSR
method. This harvested power is stored and used to facilitate
UL communication. We assume that the channel is reciprocal
and remains stable from estimation until data transmission. A
simple channel estimation process like [2] is assumed. Both
the AP and UEs embed pilot signals in their transmissions.
The AP collects the channel estimation results for each UE
and use it in the next data transmission for that UE. The AP
also estimates its SI channel by analyzing its DL pilot signal.
We assume that the energy consumption of pilot signals is
negligible due to their minor fraction of frequency resources
compared to data signals.

The signal flow of the UEs and AP is described next. Let /
and [ denote the communication phases of the two UE groups
in a time slot (/,7 € {1,2}, [ =3 — ). During the time period
71, the signal received from the AP at UE of group &; at time
t € {0 <t < 1} is defined as [2], [5], [10]

DL H DL A [ UL , DL
Vil (1) £ hk’l Z W is] (1) + Z 8kji P;{ILSJ- +2p g (1),

jeSt JjES;

AP DL information signals S; UE UL CI signal

(1)
where hy; € CMx1 s the DL channel and 8kj,1 is the
cochannel interference (CI) channel between UE; and UE;
during 7;; the sj.)L(t) (Vj) are the DL signals transmitted
from the AP; wy; € CMx1 denotes a DL beamformer; Pﬁle
(0 < Pﬁle < Q) is the transmit power of UE; in group
S; performing UL operations (with QAk,l being the energy
harvested at UEy); and sz’lL is the noise at UE;. At UEg,
the DL signal is split into two using the PSR method, where
Pk denotes the proportion of the signal used for EH, while the
rest (1 — pg) is used for information decoding.

In the following, we derive the EH model of a G-stage
EH rectifier circuit (GSR), as illustrated in Fig. 2. Let
RLd,k (100 kQ), RAt,k (50 Q), Gk, Nk (105) and VT,k
(25.86 mV) denote the power management system load,
the antenna impedance load, the number of voltage rectifier
stages, the ideality factor, and the diode thermal voltage,
respectively, for UE; (the values in parentheses are those
used in the evaluation). Let V;, ; and Vout,k be the input
voltage and the voltage across a single diode, respectively,

ET ()
Yt (1)
alternating current
representation

L ,
ERrak | Vourk

M
~— Matched network resistance

III——@/

Fig. 2. Gy-stage EH circuit diagram.

of the EH circuit for UE;. The instantaneous diode cur-

rent is defined as idi(,,k(t)éis,k(exp (W) - 1)

from the Shockley equation, where is; is the saturation

current. Then, the DC current can be deduced as ile.g =

. _Vout.k fLPF‘(Vin,k (I)) .
is i €Xp ( TV P TV —ig.x, Where frpr(.) rep-

resents an ideal low-pass filter describing the function of a
capacitor [5], [10]. We assume that igig,k ~ 0 due to the
low received power and the high impedance of Rp4 i [5].
By applying the Taylor series expansion of an exponential
function, truncating at the 4th order and omitting odd-order
terms of V;, r (due to no contribution to the DC voltage), we
7V i In [1 + feer (Ve (1) frer(Vi, (1)
> 2’71%V%,k 247]2V74.’k
Since a single-stage EH rectifier consists of two diodes, the
output voltage of the G-stage voltage multiplier is given by
Vourk = 2GiVourx. Using In[1 + x] ~ x and Vi, () =
Ve ()yRari where yiT(r) = oyl (1), one obtains
GiRar ik fLpr(YET (1)) 1 Gka\,,kaPF(yfT(l)“)
VT, k t1 77?(‘/%1( - F
nally, the stored output power Qk,l is determined as

have Vyur 1k =

Vout,k =~

—

A 2
Okt = Vour 171/ TR Lk
242 p2 H . |2
PG Rk Djes M Wil PiRark
~ . 2172 21,2
4G RLa kM VT 8 Vi i 2
2 p2 H .y, . |6
H 4 3peRax Zjes, Iy Wil
X Z I w1t + ——
jESI n

k'T,k
As the output voltage equation of the GSR is more intricate
compared to other circuitry, this complexity extends to the
following objectives and constraints.

The signal-to-interference-plus-noise ratio (SINR) for UEx

arising from /1 — pkyff‘ is defined as
(1 - po) [ w2

DL »
k,l —
(1 - pk)(ZjeSl,jik |h£{le,l|2 +CI+ 0-13’1) + 6?1

Y )
where CI = Zjesi |§kj,l|2Pl.{lL and 6?1 is the noise power of
the information decoding circuit. The UL SINR is derived in
the same manner. The signal received at the AP from the UL
UEs of S; during 7; is given as

WED = > gy PUESYE() + BusPE () +2f (1), @)
N————

keS;
RSI at AP

S; UE UL information signals

where gx; € CMx*1 js the UL channel, ﬁl e CMxM |4
the AP SI loop-back channel, meaning that I:IlleL is the
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Algorithm 1 UL and DL sum-rate optimization for a fixed 7;

1: Initialize: PZ%, Wi, pr and fixed 7, Vk, VI

2: repeat

3 Update each py, ug, and v, ; with (10), (9) and (11)
4:  Update each ﬁkD ZL and ﬁglL with (8)

5 Update each PII(JIL and wk’,l with (12) and (13)

6:  Update each ay.; by solving (14) using the BBP

7: until system sum-rate convergence

residual SI (RSI) of the AP after imperfect SI cancellation,
with leL = [leL,...,stL]jesl, representing the AP DL
information signals, and zyL is the noise at the AP. The UL
SINR for UEy in phase / is expressed as

PULIVIT g 2

UL\yH 211vH ’
ZjeSi’j#:k Pj,l |Vk’1gj,l|2 +RSI+ gy ||Vk,,||2

UL _
Vg =

&)

where RSI = 02 |Iviill” Zjes, IWjll*, 7 is the RSI noise
power and vy ; is the receive filter at the AP. The total sum rate
for the system is calculated as the sum of its UL and DL rates
for 71 and 7. Hence, the FD-SWIPT sum-rate optimization
problem is expressed as

K
maximize RYP
@1 T W VR P kZ::‘ ,
K 2
subject to Z Z ||wk,l||2 < Pg,’;mx; (6a)
k=1 I=1
P < Q. VI by ©
O<m<l, y+7=1 (6¢)
0<pr <1, Vk; (6d)
Q| + Q= 1, Qg € {0, l} Vk; (66)
1<|S] <K, |§+S;] =K, (61)
where R]l{]Dé lezl(ak,ln log2(1+y,’(]JL)+oziji 10g2(1+y£iL)),
Pé’ r];mx is the maximum AP transmit power. Constraints (6a)

and (6b) are the DL and UL power budgets, respectively. Con-
straint (6¢) is the time resource constraint. Constraint (6d) is
the PSR limit. The binary decision variables a1, @; ; € {0,1}
for the assignment of UEy to either one UE group or the other
are constrained by (6e), while (6f) ensures there is at least one
UE in each group to activate FD communication.

ITIT. PROBLEM SOLUTION
A. FD Mode AP Operation

Problem (6) is a nonconvex optimization problem, and thus,
we develop an iterative algorithm based on the WMMSE
approach proposed in [9].

1) Step 1 (Algorithm 1): The process of converting
Problem (6) into an equivalent WMMSE problem involves
multiple stages. First, the mean squared errors (MSEs)
for decoding the UL and DL signals of UE; are deter-
mined as ei)[L = |1 - \/(1 _Pk)uk,lhf’lwk,llz + |uk,1|25i,l +
kP (1=pi) (Zjesy ek MY WP+ 2 res; 8PP+ )

and eg’]l“ =|1- ,/P]ZILVZlngP + ZjeSi,j#k Pﬁf|Vglg,i,l|2 +
(Zjes, Iwiall?67 + oP)lIvell?, respectively. Then, the DL
and UL rates are obtained using the minimum MSE solution.
Subsequently, DL and UL MSE weights (9] = 1/e?} and
9.1 = 1/e/, respectively) are introduced. Finally, based on
these weights, the receive filters (ux; for DL and vy ; for UL),
and the transmit power derivatives, the WMMSE problem is
formulated for a fixed 7; as

minimize ~ T'YP subject to (6a), (6b), (6¢) and (6d),
OUL 9PL
Vi LW ok PE S
K 2 (9DL,DL DL @

= D= Zim (O ey — logd ) +
St Zim (O Felll — log®¥t). Problem (7) is nonconvex
and coupled. Thus we decompose it into single-variable
subproblems and conduct alternating optimization, keeping
the other variables constant (each subproblem meets the
second-order convexity condition [11] with respect to
its single problem variable). Thus, #7/* and &)/[* are
derived by setting (9F](€]’ID/619£[L = 0 and 6FZID/819]ZIL =0,
respectively, and solving for the desired quantity. This results
in the following expressions for 19,? [* and ﬁ,l({lL*:

ﬁz?,lL= 1/€kD,lL ~1/(1—+/(1 _Pk)”k,lth’ka,l)»
=1/t ~1/(1 - \/PZZLVkHJgk,z).
2

: _ H 2 5. . 12pUL
By defining g = ZjeSl Ihk,le,l| + ZjeS[ 18kt Pj,l T 0
and solving 6ei)lL/6uk‘l =0, u}, is deduced as

where TUP

®)

i = = pOhf Wit /(B(1 = pi) +67).  (9)
pr is determined from ﬁekDJL/ﬁpk =0to be
pi = 1= (I wi i/ |uie 1> B7). (10)
Solving 6e%‘/6vk,l =0 for vi; yields
ver= (D PVr gl v eln) P (D)

JES;

Based on the constraint (6b), ng‘* is determined from the
Lagrangian and Karush-Kuhn-Tucker (KKT) conditions [11]
as

Pi]lL = min{ [(ﬁglkaH,lgk,l)/(Bk,l +AY5))2, Qk,l}, (12)

where AVL = Piivise Yies; OPE( = p)lujil*|gr;al?
= — jes; U =Pl 18kl —
kL 2L @ e o ' 12 Jz
Yjes; 057 IV gial® and By = Fjes, 07 lujil*18rsal* (1 -
pi)+ Ljes; ﬁ;{ﬁvzlgkﬂz. Combining the WMMSE problem
with constraint (6a) and solving for wy ; from the Lagrangian
and KKT conditions yields

wi ~A T (Y1 - pkhk,luk,lﬁkD,lL)’

where A = 3, ﬂff|u,-,l|2hj,lh§{l(1 - pj) + APy +
Sjes VPV P07 T and APE~ T, S (1/Pomax) X
[0 F o7 IVial? + 90 lusca P (67, + o, (1 = pi)]-

(13)



This article has been accepted for publication in IEEE Wireless Communications Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LWC.2023.3324984

The UE grouping problem is defined as

maximize (14)

Ak, 1

K

Z RIICJD subject to (6e) and (6f),
k=1

which is a mixed-integer linear programming (MILP) problem
and can be solved using a generic MILP solver such as the
branch-and-bound procedure (BBP) [2].

2) Step 2 (Algorithm 2): The time allocation problem is
defined as

max1mlze ZRUD subject to (6b), (6¢) and (6d).
=1

5)

Therefore, the optimal 7; is determined using an iterative line
search method after the values of all other problem variables
have been found in Step 1.

B. Implementation, Overhead, and Complexity Reduction

Algorithms 1 and 2 are implemented centrally at the
AP since the AP collects the channel statistics associated
with the UEs. The AP determines the optimal variables and
transmits {pk}K1 and {PUL kKl to the UEs. The Big O
computational complexmes for executing Algorithms 1 and
2 are O(I;[K? +2'°K'°]) and O(Io[I;[K? +2'°K'0] + K +
log(1/€)]), respectively, where Iy, Ip, and € represent the
computations for the iteration of Algorithm 1, the iteration
of Algorithm 2 and the convergence criterion, respectively.
The total number of arithmetic calculatlons for the Vari-
ables {”k l}kKj I=1° {Vkvl}kkj,lzl’ {ﬂUL}k 1,i=1’ {ﬂDL}k 1i=1’
{(PYIYe 11 1’ {Wk’l}llc(j,l:w {ak’l}k:lz,l:l and {47 }k:l,l:l
and the sum-rate (UL and DL) convergence calculation is
21010 The number of arithmetic calculations for {py}X
K. The number of bits for transmitting {pk} , and {P vt ]f |
to the UEs is K(iy + 2B) + F, where iy, B and F are the
numbers of UE index bits, real-number bits (for py or PZIL)
and information bits, respectively.

In order to mitigate the complexity inherent in Algorithm
1, we introduce three variants. The first two employ equal
DL power allocation and fixed PSR, utilizing (a) zero-forcing
(ZF) and (b) maximum ratio combining (MRC) for the AP
beamformers. Both variants offer reduced computational com-
plexity as O(Io[I;[K* +2'K"] + 3K +log(1/€)]). The third
variant adopts a staggered (Stg) update strategy, where a
problem variable is updated every ny o iterations if the gap
between its previous and current values is smaller than e,.
This approach reduces computational demands, operating at
O(Ip[I;[K*+2°K*] + K +log(1/€)]), with x(< 10) denoting
the number of variables updated per iteration.

IV. NUMERICAL EVALUATION AND DISCUSSION

Simulation results for FD-SWIPT with different EH models
and optimization schemes are presented in this section, where
we denote the proposed resource allocation scheme by Opt.
As a benchmark, we also evaluate the corresponding HD-
SWIPT model (i.e., for HD AP) in which the RSI and CI
components are not present. Hence, & ||vk 1“2 jes; ||Wj l||

and 3 s, 8j.14/PY | are removed from the SINR equations,
and only (9), (10), (11), (12) and (13) are used.

The simulated topology consists of UEs randomly dis-
tributed around an AP within a radius of 10 meters. A
Rician fading channel model is considered, which is defined
as \JAo(c/4n fd; j)* GG (Nk/(k + Dy + 1/ (k + Dy ),
where Ay, ¢, f, @ and « are the signal attenuation (10 dB),
the speed of light (3 x 108 m/s), the carrier frequency (2.4
GHz), the path-loss exponent (2.5), and Rician factor (3),
respectively. The time domain correlation is considered with
a Doppler shift of 5 Hz and a spatial correlation of 0.95. G,
and G, are the antenna gains of the AP and UEs, respectively,
both set to 6 dBi. dy; ; is the internode distance. hy; and hy
are the line-of-sight (LOS) and non -LOS small-scale fading
components. We consider a'l = a'k ; = —80 dBm, 52 = -80
dBm, 62 = —120 dBm, and M = K = 4. For Stg, we set
nsig = 2 and ege = 0.01. Unless specified otherwise, the
GSR EH model is used and the number of rectifier stages G
of the GSR model is set to four. The circuit model parameters
are given in Section II. We used Matlab’s MILP solver for UE

grouping.

A. Performance of the Proposed Scheme

The convergence behavior of the algorithm under two
different variable initialization scenarios is presented in Fig.
3, including the brute-force search (BFS) method, where
each variable undergoes BFS updates within the framework
of Algorithm 1. Notably, BFS exhibits a higher computa-
tional complexity, scaling as O(Ip[I;[K*> + (2K) + 2K +
Klog(1/€))]’+K?+log(1/€))]. Opt, Stg and BFS converge to
similar sum-rate values. However, BFS achieves convergence
in fewer iterations by employing optimal variable values in
each iteration. Stg, though distributing computational load
across iterations, requires almost twice as many iterations as
Opt for convergence.

Fig. 4 presents an analysis of Opt and random (Rand)
schemes for UE grouping using different EH models: the pro-
posed GSR, simple rectifier (SR) [5], nonlinear threshold (NL)
[2], and linear (L) [3] models. Opt consistently outperforms
Rand across all EH models, underscoring the crucial role of
UE grouping. In particular, at P’k = 30 dB, GSR Opt
outperforms GSR Rand by 6 bps/Hz, while SR Opt shows
a 5 bps/Hz advantage over SR Rand, and NL/L Opt surpasses
NL/L Rand by 3 bps/Hz.

The UL and DL sum rates of the proposed resource al-
location scheme are plotted against the signal-to-noise ratio
(SNR, P0 ax = P()Drl;lax /o) in Fig. 5. Opt yields higher data
rates than the ZF and MRC benchmarks for both FD and HD
modes. Opt exhibits a reliable gain of 15 and 18 bps/Hz for ZF
and MRC in the FD- and HD-SWIPT systems, respectively,
highlighting the tradeoff between system performance and
complexity. HD-SWIPT becomes superior to FD-SWIPT at
higher PPL  due to the excessive RSI in the FD mode.

0,max

B. Performance of the EH Models

Fig. 6 illustrates that, in most cases, Opt and Stg yield
higher harvested power compared to ZF and MRC. As the
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transmit SNR increases, however, the gain of Opt decreases
since adaptive power allocation becomes less effective in opti-
mizing performance when the receive power strength reaches
sufficiently high levels. The HD-SWIPT system harvests more
power than the FD-SWIPT system due to the necessity of
effective SI suppression in determining the DL beamformer
wy,; for the FD-SWIPT system, which adversely affects the
power harvesting performance. The cumulative distribution
functions (CDFs) of the power harvested by the UEs are given
in Fig. 7, showing that the GSR model results in the highest
harvested power at all points along the curves. It is shown in
Fig. 8 (ﬁg }fmx = 30 dB) that the harvested power under the
GSR model increases with increasing G and plateau at G > 8
for both the FD and HD modes.

V. CONCLUSION

We addressed radio resource allocation in an FD-SWIPT
system, deriving an advanced multistage rectifier circuit
EH model. We developed an iterative algorithm using the
WMMSE approach to optimize transmit and receive beam-
formers, UE grouping, and slot durations for DL and UL sum-
rate maximization.
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