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Abstract: Considering energy harvesting, the ergodic data rates for both in band full-duplex (FD) and
half-duplex (HD) wireless communications were studied. The analytic expressions of downlink and
uplink ergodic rates for the proposed system were first derived with independent and identically
distributed (i.i.d.) Rayleigh fading link. It was revealed that the uplink data rate can be improved by
decreasing the downlink data rate. Furthermore, the uplink/downlink data rates are also shown to
be influenced by some significance parameters, for example, the power split parameter and signal-
to-noise ratio (SNR) (i.e., Pg/0?) of each link. Additionally, unlike the HD, the proposed FD node
is capable of harvesting energy during the communication process; however, this is at the cost of
performance loss induced by the residual self-interference (RSI), which is caused by the essence of
simultaneous uplink and downlink transmissions in a single frequency band.

Keywords: energy harvesting; in band full-duplex (FD); half-duplex (HD) wireless networks; ergodic
rate; wireless communications

1. Introduction

With the increasing popularity of smart terminals, the shortage of wireless spectrum
resources is becoming more and more prominent. Meanwhile, extending the lifetime of
network devices has also become an important issue in this field.

Recently, in view of the limited spectral efficiency of the half-duplex (HD) node
obtained by exchanging the signal for two-way communications with difference time slots,
full-duplex (FD) technology has been widely regarded as an efficient way to improve
spectral efficiency [1], although the performance of the latter is limited by the strength of
the self-interference (SI) [2]. Furthermore, energy harvesting with simultaneous wireless
information and power transfer (SWIPT) has been known as a promising technique for
substantially increasing the lifetime of devices, which can be partially charged by the
serving base station (BS) during its downlink data transmission phase [3,4]. In this paper,
we assume that mobile devices can charge their power by exploiting the dissipated power
of the BS, and the FD technique with energy harvesting capability is investigated. The
ergodic data rate is shown to be substantially improved by employing in band FD mode
due to its inherent bidirectional communication by using only one frequency band. It is
shown that in the signal-to-noise ratio (SNR) range of [0, 24] dB, the FD mode always
outperforms the HD mode in terms of ergodic data rate.

The main contributions of this paper include:

(1) The analytic expressions of downlink /uplink ergodic data rates for the FD/HD nodes
with SWIPT are derived;

(2) The impact of power split parameter on energy harvesting is analyzed;

(3) The impact of self-interference cancellation capability with residual self-interference
(RSI) coefficient A on the FD node is studied.
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The main paper is organized as follows: Section 2 provides related research. The
system model of energy harvesting is proposed in Section 3. The analytic expressions of
downlink and uplink ergodic data rates for both FD and HD modes in the SWIPT network
are derived in Sections 4 and 5, respectively. Furthermore, the simulation results are shown
in Section 6. Finally, Section 7 gives out the conclusions of this paper.

2. Related Work

Until now, SWIPT technology in HD networks has received extensive attention in the
industry [5-14]. For instance, the cooperative SWIPT was proposed in [5], in which the near
non-orthogonal multiple access (NOMA) users close to the source node are assumed to act
as the energy harvesting HD relays for assisting remote users’ data transmissions. In [6],
Yuan Y. et al. study a novel cooperative NOMA access strategy, where central users act as
relay cooperative edge users for data transmission, with central users gathering energy
during the cooperative phase to optimize energy efficiency. In [7], Li G. et al. introduce
optimal designs for HD relay-assisted NOMA networks. In [8], Zaidi S. K. et al. delve into
SWIPT for single-user NOMA, deriving closed-form expressions for uplink and downlink
ergodic data rates. In [9], Ding Z. et al. propose power allocation strategies in SWIPT
networks to improve capacity by adjusting the power splitting factor. In [10], Hakimi A.
et al. introduce a nonlinear energy harvesting model for NOMA cognitive relay network
systems to rectify discrepancies between traditional linear models and real circuits in low-
power and high-power regions. In [11], Liu C. P. et al. devise a nonlinear energy harvesting
model for downlink transmission in cooperative NOMA systems with SWIPT, alongside an
optimal power time allocation algorithm. In [12], Wang W. et al. exploit a nonlinear energy
harvesting model to furnish SWIPT for NOMA users using unmanned aerial vehicles and
ensure secure transmission for received users through controlled artificial interference.
Moreover, the methods in [13,14] both make energy harvesting achievable. However, to the
best of the authors” knowledge, SWIPT in FD networks has not been substantially studied
in prior research.

3. System Model of Energy Harvesting
3.1. Channel Model

In this section, the investigation of a wireless communication network with SWIPT
is described, where we assume that a user U keeping a fixed distance d to a source node
S is capable of communicating bi-directionally/directionally, as shown in Figure 1. In
this system, the nodes are assumed to be equipped with no more than two antennas,
enabling them to work in either HD or FD modes. In particular, all FD nodes are affected
by RSI. Furthermore, we assume that the reciprocal Rayleigh fading channels between S
and U (i.e., hg ) are independent and identically distributed (i.i.d.), i.e., hgy ~ CN(O, 1),
where CN(0, 1) denotes a circularly symmetric complex Gaussian distribution with zero
mean and unit variance. Hence, the power gain of channel between S and U, as denoted
by |hs, 12, experiences exponential distribution with unit mean (i.e., 1hs ;1% ~ exp(1)).
Moreover, the additive white Gaussian noise (AWGN) found in all communication network
nodes. In addition, the transmit power of S (i.e., Pg) is assumed to be split by a power
split coefficient a (0 < « < 1). Therefore, a portion of split power aPg can be employed for
energy harvesting. Meanwhile, the remainder power, i.e., Ppp, = (1—a)Pg, can be used for
performing downlink communication.

Hence, the power of each user for uplink transmission is thus given by

2
_ Psar||hs,ull
e+ dd

PT , M
where & denotes a fixed parameter for ensuring a finite harvested energy and path loss, and
0 stands for the path loss exponent, ;7 represents the energy harvesting efficiency (when
n = 1, all the received power from the downlink is used for uplink transmission).
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Figure 1. The proposed FD/HD networks with energy harvesting.

3.2. FD Transmission

(1) Downlink Signal Receiver for FD Transmission: When the nodes are working as
FD mode, the downlink signal received at the U can be given by

vV PprLhs i
Ve+d°

where x (/x') denotes the downlink (/uplink) signal transmitted by S (/U), Ay; represents
the RSI power coefficient for full-duplex node U, and nj; denotes the AWGN at U with
ny ~ CN(O, Ua).

The downlink signal-to-interference-plus-noise ratio (SINR) at U can thus be
expressed as

YR — U = x4/ PEAux + ny, 2)

by 1|l ul?

DL 1,111s,u

= - e ’ 3

YD = e Aulhs ul, + 1 )
where by = %, and ¢; = % denote the power-to-noise ratio (PNR) for down-

link data transmission and energy transmission at the user of interest, respectively.
(2) Uplink Signal Receiver for FD Transmission: The uplink signal received by S is
given by

Q/Pigxlhslu
Yy — S = BV + /PprLAgx + ng, (4)

where A denotes the RSI power coefficient for FD node S, and ng denotes the AWGN at S
with ng ~ CN(0, 03).
The received SINR of x” at S is thus given by

4, (5)

up _
YED = ﬂl‘hs,u

lXPS

wherea; = ——~=5——.
(e4d°)" (Ao PpL+0%)
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3.3. HD Transmission

(1) Downlink Signal Receiver for HD Transmission: When the nodes are working at
the HD mode, the downlink signal received by the U can be given by

vV PpLhs .
Ve+dd

Furthermore, the SINR at U for downlink transmission is

YRS — U = + ny. (6)

2 7)

DL
Yap = b1 ‘hs,u

(2) Uplink Signal Receiver for HD Transmission: The uplink signal received by S is

T ../
YUP 5 \/Pux hS,U
Hp Ve+do

Thus, the received uplink SINR at S can be expressed as

+ ng. 8)

4, (9)

UP _
YHD = ﬂz‘hs,u

EKPS

where a, = )2

4. Downlink Ergodic Rate
4.1. Downlink Ergodic Rate for FD Transmission

By applying Equation (4.337.2) [15], the downlink ergodic data rate for FD-SWIPT
based transmission can be derived as

2
DL _ b |hsu
Rgp =E {logZ (1 + cidulhsul2+1

o 10
= 15 /o TN+ (c1Ay + big)x) — In(1 + cAyx)]e *dx (10)
= [exp(§)E1(¢) —exp({)E1(0)]/ In2,
where E[-] stands for the statistical expectation operation, ¢ = m, = ﬁ, and

—+o0
Ei(x) = [ e~!/tdt = —Ei(—x) in which Ei(-) denotes the exponential integral function:

X
Equation (8.211.1) [15].

4.2. Downlink Ergodic Rate for HD Transmission

Similarly, the downlink average ergodic rate for the HD-SWIPT-based transmission
can be given by

1 —+o00 —
RPE = 312 Jo In(1+ by x)e ¥dx

1 L\ (2 a1
2P )% ()
5. Uplink Ergodic Rate

5.1. Uplink Ergodic Rate for FD Transmission

By utilizing Equation (4.338.1) [15], the uplink ergodic data rate for FD-SWIPT based
transmission can be given by

1 e
RYE = ™ 0+ In(1+ayx?)e *dx

2
=2 an( () e (2 Ja( )] @2
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where si(x) = — [ %dt; Equation (8.230.1) [15], and ci(x) = — [ cost( )dt;
x

X
Equation (8.230.2) [15].

5.2. Uplink Ergodic Rate for HD Transmission
Likewise, the uplink ergodic data rate for HD-SWIPT-based transmission can be

given by
1 1 1 1
RYP — [— sin()si() —cos()ci()}/lnz 13
HD ﬁaz = = i (13)
6. Simulation Results

Here, we study the uplink/downlink ergodic data rates for both FD and HD communi-
cation networks by considering energy harvesting. The derived exact analytic expressions
are validated by using a numerical evaluation via a Monte Carlo simulation, as shown in
Figures 2 and 3. Furthermore, the amount of SI is assumed to be suppressed in all terminals,
ie., Ag = Ay = A. In addition, the power of AWGN at both the user and S is identical, i.e.,
0% =0} =0

In the following, in each figure, all curves are depicted as a function of SNR (i.e.,
Ps/0?). Furthermore, we also assumed that § = 2.8 and ¢ = 1. Note that the proposed
analysis is also applicable for the other parameters. For variant d values, the far distance
implies larger path loss. Therefore, both the downlink rate and uplink rate are lower with
far distance under the FD mode, as shown in Figures 4 and 5. Furthermore, the HD mode
is similar. In the following simulation, we assumed a fixed path loss with d = 1.5.

7 T T
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\/  FD-Analysis, 0.=0.3 [
sl FD-Simulation, 0:=0.5 S0k
¥ FD-Analysis, 0=0.5 7w
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%t FD-Analysis, 0=0.7 o A
Sk — HD-Simulation, a=0.3 . Y % A
g HD-Analysis, 0=0.3 ~ + - %
HD-Simulation, a=0.5 ﬁ/ﬁ b e P *x
4l { HD-Analysis, a=0.5 Y % & A i
—#—— HD-Simulation, a=0.7 o Y & 2‘3/
1 HD-Analysis, a=0.7 7 % e ’

Downlink Ergodic Rate (bps/Hz)

Figure 2. Downlink ergodic rate with different values of «.

When keeping A = 0.001 unchanged, for different «, a smaller « implies a higher
downlink transmission power, corresponding to a higher downlink data rate, as shown
in Figure 2. Furthermore, increasing SNR implies that the quality of channel for users is
improved, thus allowing users with higher SNR to obtain a higher data rate. In addition, in
low SNR, the FD mode is superior to the HD mode.
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Figure 3. Uplink ergodic rate with different values of «.
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Figure 4. Downlink ergodic rate with different values of d.

In Figure 6, it is shown that providing a higher power to the energy harvesting user
will improve the uplink data rate. Furthermore, the uplink data rate can be improved
by the cost of the decreasing downlink data rate. Thus, the data rates in both downlink
and uplink transmissions can be adjusted by changing «, demonstrating the benefits of
employing SWIPT. In addition, by increasing o from 0 to 1, the uplink rate can be improved
at the cost of eroding the downlink date rate.
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Figure 5. Uplink ergodic rate with different values of d.
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Figure 6. Ergodic rate with different values of « and SNR.

By keeping « = 0.5 unchanged, for variant A values under the FD mode, a smaller A
implies a lower SI power, showing that the downlink date rate becomes higher, as shown
in Figure 7. Generally speaking, the FD mode with a stronger SI suppressing ability is
superior to the HD mode. Moreover, by increasing A, the attainable performance gain being
obtained by FD mode will be lost due to the strong RSI power.

By keeping A = 0.001 unchanged, for variant & values, employing a high « value
implies obtaining a higher energy harvesting transmission power, corresponding to a
higher uplink date rate, as shown in Figure 3.
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Figure 7. Downlink ergodic rate with different values of A.

Similar to the downlink ergodic date rate, the uplink ergodic date rate for variant
A values under the FD mode is shown in Figure 8. It shows that the SIC capability will
always dominate the performance of the SWIPT networks, or in other words, the RSI power
determines whether the FD is superior to HD or not in terms of the attainable data rate.
Moreover, in the SNR range of [0, 24] dB, the FD mode always outperforms the HD mode
in the proposed systems in terms of both downlink and uplink ergodic rates.
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Figure 8. Uplink ergodic rate with different values of A.
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7. Conclusions

The ergodic data rates in the proposed SWIPT-aided wireless networks systems were
studied by taking the FD (/HD) mode over Rayleigh fading links into account. The analytic
expressions of downlink and uplink data rate were derived, followed by validating the pro-
posed theoretical analytic expressions using simulations. Furthermore, it was also displayed
that some critical parameters (such as the average SNR of the links, the power of residual
self-interference A, the power split parameter o, etc.) may substantially impact both the uplink
and downlink date rates of the proposed energy harvesting networks system.
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