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Abstract—In this article, we investigate a two-hop decode-
and-forward (DF) multicasting multiple-input multiple-output
(MIMO) wireless relay communication system. Different to
conventional systems, the radio frequency (RF) energy from
the source node is harvested at the relay node and used for
forwarding signals to a group of receivers. Considering the
structure of the energy harvesting (EH) relay node, we present
a power splitting (PS) based protocol and a novel time switching
(TS) based protocol by introducing two additional TS factors. For
both protocols, we maximize the system mutual information (MI)
of the multicasting MIMO relay system by jointly optimizing the
source and relay covariance matrices under the constraints of
the source energy and the relay harvested energy. In addition,
a practical nonlinear EH model is adopted, where the energy
harvested by the relay node is bounded as the incident RF signal
power increases, and the harvested power is zero when the input
power is below the minimum power for harvesting. For the
TS based protocol, we also consider peak transmission power
constraints at both the source and relay nodes. The performance
of the proposed algorithms is verified via numerical simulations.
The results demonstrate that the novel TS based protocol achieves
a larger MI than the conventional TS protocol. The PS and TS
based protocols achieve tradeoffs at different source power levels.
In particular, compared with the PS based protocol, the proposed
novel TS based protocol can reach a higher system MI when the
EH bound is not reached, while the former protocol reaches
a higher MI when the EH circuit is saturated. We show that
the peak harvested energy constraint plays an important role in
selecting the optimal location of the relay node.

Index Terms—Decode-and-forward, MIMO-relay, multicas-
ting, power-splitting, simultaneous wireless information and
power transfer (SWIPT), time-switching.

I. INTRODUCTION

The fifth generation (5G) communication network is ex-
pected to support intelligent devices with a higher rate and
capacity but reduced energy consumption. To achieve this
requirement, it is necessary to provide these devices with a
consistent and stable energy supply. However, the power of
many devices is supplied by batteries with a limited lifetime,
and it is difficult and costly to replace depleted batteries in
many applications. Therefore, energy harvesting (EH) from
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the environment is considered as an attracting technology in
the 5G communication network.

A key factor of an EH communication system is how
to efficiently harvest energy. Most of the conventional EH
methods rely on natural resources [1], [2]. The radio frequency
(RF) based EH techniques are treated as an alternative to that
of conventional methods [3].

Meanwhile, facing with practical demands, one source node
is often required to transmit common information to a number
of receivers simultaneously, which is named as multicasting.
In recent years, wireless multicasting technology has attracted
numerous interests in 5G communication systems, which is
used for streaming media over the Internet, like live TV and
Internet radio.

A. Related Works

An ideal receiver which can perform EH and information
decoding simultaneously has been investigated in [4]. Two
main types of EH architecture have been proposed in practice
[3]. The first type is the power splitting (PS) protocol, where
one portion of the received signal is for EH and the remaining
one is for information processing or information transmission.
The other type is the time switching (TS) protocol, which per-
forms wireless power transfer (WPT) and wireless information
transfer (WIT) at different time intervals [5].

Cooperative relay communication is an important technique
to enhance the system reliability and coverage [6]. Thus,
wireless cooperative relay communication via simultaneous
wireless information and power transfer (SWIPT) is an inter-
esting concept [7]-[25]. In [7], a two-hop single-input single-
output (SISO) amplify-and-forward (AF) relay system with
PS and TS protocols has been considered. The authors of [7]
analyzed the channel capacity and the outage probability under
the system delay constraints. A dual-hop SISO orthogonal
frequency-division multiplexing (OFDM) decode-and-forward
(DF) relay system has been studied via a PS based protocol
in [8]. In [9], a DF relay system with randomly located
nodes has been studied. It has been proven in [9] that EH
relay nodes can obtain the same diversity gain compared with
conventional self-powered relays. In [10], the energy efficiency
optimization of a distributed antenna system with SWIPT has
been investigated.

Multiple-input multiple-output (MIMO) techniques have
shown the advantages in increasing the energy and spectral
efficiency of SWIPT systems. In [5], a one-hop MIMO broad-
casting system has been studied, where receivers implement



EH and information decoding separately. Energy-rate tradeoffs
in SWIPT MIMO systems have been revealed in [S]. A SWIPT
massive MIMO system with the combination of multiple users
and hybrid data-and-energy access point has been studied in
[11] and [12]. In [13], transmit precoding and receive power
splitting in MIMO SWIPT systems have been investigated with
the aim to maximize the harvested power under the quality-
of-service requirement of the MIMO link.

SWIPT MIMO relay systems have been studied in [1],
[14]-[22]. Challenges and trade-offs of the SWIPT technology
have been analyzed in [1]. In [14], a two-hop MIMO relay
system with a multi-antenna EH receiver has been investigated,
where the source and relay nodes use space-time block codes
for information transmission. Moreover, jointly optimal source
and relay precoders have been designed in [14] to obtain trade-
offs between energy and information transmission. In [15],
an antenna switching policy has been investigated in a DF
MIMO relay system where the strongest antennas are used
for information decoding while others are used for EH. In
[16] and [17], TS based full-duplex relay systems have been
studied. It has been shown that for both the TS and PS based
protocols, there is a higher system throughput than the half-
duplex architecture.

A practical two-phase MIMO-OFDM communication sys-
tem with a wireless-powered full-duplex relay has been con-
sidered in [18], where a dedicated energy source is placed
for the relay node to harvest sufficient energy. Furthermore,
jointly optimal source and relay precoding matrices design in
SWIPT AF MIMO relay systems to maximize the system data
rate has been studied in [19]-[21]. In [22], the optimal source
and relay matrices design has been discussed for a SWIPT
DF MIMO relay system. The channel estimation error in a
SWIPT DF MIMO relay system has been considered in [23],
where the impact of imperfect channel state information (CSI)
on the achievable transmission rate and the harvested energy
has been analyzed. In [24], a robust beamforming scheme for
SWIPT-aided relay systems in the presence of eavesdropper
and imperfect CSI has been studied. A relay-assisted downlink
massive MIMO system with SWIPT has been proposed in
[25], where the method of CSI acquisition in the base station
has been investigated. It is worth noting that the existing
works [14]-[25] do not consider a DF multicasting MIMO
relay system with a wireless powered relay node.

B. Contributions

In this paper, we investigate a dual-hop DF multicasting
MIMO relay system with SWIPT, where the source node first
sends energy-carrying and information-bearing signals to the
relay node. Then by using the harvested energy, the received
information signal is decoded at the relay node, re-encoded
into new signal, and multicast to multiple receivers. Taking
into account the limited energy harvesting capacity of the EH
relay node, our system is mainly considered to be applied
in low-rate multicasting scenarios, where multiple receivers
(users) request low-rate data transmission from the source
node at the same time. Considering the structure of the EH
relay node, we present both the PS based protocol and a

novel TS based protocol by introducing two additional TS
factors. We investigate the optimal source covariance matrix
and relay covariance matrix design to maximize the system
mutual information (MI). To the best of our knowledge, this is
the first paper studying DF multicasting MIMO relay systems
with a wireless powered relay node. The main contributions
of this paper in comparison to existing works are summarized
below:

« Different to the conventional TS protocol [19]-[23], we
propose a novel TS based protocol for MIMO DF mul-
ticasting relay systems. In addition to the TS factor for
the energy transfer, we introduce two new TS factors for
the information transmission. This enables us to optimize
the time allocation between two hops of information
transmission, which can achieve up to 60% higher system
MI compared with the existing TS protocol, as indicated
by the simulation results.

o Based on the proposed new TS protocol, we jointly op-
timize the source covariance matrix, the relay covariance
matrix, and the three TS factors to maximize the system
MI between the source node and receivers under the
source energy constraints at the source node and the peak
harvested energy constraint at the relay node. To prevent
the transmission power of the source node and the relay
node from approaching a very large value when the TS
factors are small, the maximal transmission power limits
are included at both the source and relay nodes.

o Compared with [19]-[23], a more practical nonlinear EH
model is applied at the relay node. In this model, the har-
vested energy is bounded as the incident RF signal power
increases, and the harvested power is zero when the input
power is below the minimum power for harvesting (i.e.,
limited harvesting sensitivity). In addition, we consider
the circuit energy consumption at the relay node.

o For the PS based protocol, in order to maximize the sys-
tem MI, we investigate the joint design of the PS factor,
the source covariance matrix, and the relay covariance
matrix under constraints of the source power and the
harvested energy at the relay node.

o The performance of the proposed SWIPT DF multicasting
MIMO relay systems is assessed by numerical simula-
tions. It can be seen that the TS based protocol and the PS
based protocol achieve tradeoffs at different source power
levels. In particular, the proposed novel TS protocol has
a higher system MI than the PS based protocol when
the bound of the harvested energy is not reached. When
the EH circuit is saturated, the PS protocol can obtain a
higher system MI compared with the TS based protocol.
We show that the peak harvested energy constraint has
a great impact on selecting the optimal location of the
relay node.

C. Structure

The remainder of this article is outlined as follows. Sec-
tion II presents the model of a dual-hop DF multicasting
MIMO relay system with an EH relay node. Following that,
the optimization problems for maximizing the MI based on



A

G/ yd,l
Teal |, Tem?
B — .
Source Relay \ T I'I'Nd T
G
Yar
Receivers

Fig. 1: Block diagram of a dual-hop DF multicasting MIMO
relay system with an EH relay node.

both the PS and the proposed TS protocols are developed
in this section. Section III depicts the proposed algorithms
for solving the optimization problems. In Section IV, nu-
merical simulations are shown to verify the performance of
the proposed DF multicasting MIMO relay system. Finally,
conclusions are drawn in Section V.

II. SYSTEM MODEL

In this paper, a dual-hop DF multicasting MIMO relay sys-
tem with multiple receivers is investigated, where the source
node simultaneously multicasts information to L receivers via
the help of an EH relay node as illustrated in Fig. 1. There
are N, and N, antennas at the source node and the relay
node, respectively. For simplicity, the number of antennas at
each receiver is assumed to be N4 Moreover, the source
node is assumed to have a stable power supply, while the
relay node needs to harvest the RF energy transmitted by the
source node. Similar to [14], [19], [26], in this paper, we do
not consider the direct links between the source node and
receivers since the direct links suffer from much more severe
path attenuation than links through the relay node. We will
discuss three protocols for a DF multicasting MIMO relay
system: The proposed TS protocol with and without maximal
transmission power limits and the PS based protocol.

A. The TS Based Protocol

In this paper, we consider the relay system is half-duplex.
For the TS based protocol, it can be seen from Fig. 2a that the
time of one communication period 7' from the source node
to receivers is divided into three intervals. During the first
interval of a/T", the source node transmits an Ny x 1 RF energy-
carrying signal vector s; to the relay node, where 0 < o < 1
stands for the TS factor in the first interval. We assume that
E{ssi'} = Py, where E{-} is the statistical expectation and
() stands for the Hermitian transpose. The received signal
vector at the relay node can be shown as

yr1=Hs; +v,1 (D

T

Information Transmission
from Relay to Receivers

BT yT
(a) Time block diagram

Information Transmission
from Source to Relay

Energy Harvesting
at Relay

aT

Signal Transmitted at the time interval 1

Signal Transmitted at the time interval 3
P Yau
T
T 1---N, T T 1N T //Gl
S, al °
— B, .
B H F .
77777 > F—==—»
s : AT
2 : T J.o.N T
Source Relay L 4
G Yar
Receivers

(b) System block diagram
Fig. 2: The proposed TS based protocol.

where H denotes the IV,. X N source-relay channel matrix and
vector v, 1 denotes the additive Gaussian noise at the relay at
the first time slot.

For the linear EH model [5], the harvested RF energy from
(1) can be written as

E. = amtr(HP HY) 2)

where tr(-) stands for the matrix trace and 0 < 1 < 1
is the efficiency of energy conversion at the EH unit'. It
has been shown in [28]-[31] that the linear EH model (2)
is optimistic, as in practice the harvested energy is bounded
with the increase of the incident RF signal power. Moreover,
practical EH circuits have limited harvesting sensitivity [32],
i.e., the harvested power is zero when the input power is
below the minimum power for harvesting. Considering both
the upper-bound and limited sensitivity, we apply the constant-
linear-constant (CLC) nonlinear EH model [32] in this paper

0, tr(HP,HY) < P;;
@By, mir(HP HY) > B0 (3)
amtr(HP{HH), otherwise.

where P, is the minimum input power for harvesting operation
and E/, is the maximum output power of the energy harvester.
During the second interval of 37, the source node transmits
an N, x 1 information-carrying signal vector s, to the relay
node, where 0 < 8 < 1 denotes the TS factor in the second
interval and we assume that E{s;si} = Py. The received
information signal vector at the relay can be shown as

b, =

Yr2 =Hsy +v,0 4

lFollowing [5], [27], the contribution of the noise component in (1) to the
energy harvested at the relay node is negligible.



where v, o stands for the additive Gaussian noise during the
second interval at the relay node with E{v, v} = c2Iy, ,
where I,, denotes an n x n identity matrix. Then with the DF
protocol, the relay node decodes the information from y,. » and
re-encodes it into an N,. x 1 signal vector x,. with B{x,x%} =
Q.

In the third interval of 7T, the relay node multicasts x,. to
all L receivers, where 0 < v < 1 is the TS factor in the third
interval. The received signal vector at the [th receiver can be
written as

Yd,i = GlXT +Vd,la I = 1; e aL (5)

where G; denotes an N x N, MIMO channel matrix between
the relay node and the [th receiver, and vector v, ; denotes the
additive Gaussian noise at the [th receiver with £ {w,wﬁ{ =
o2 In,. Hereafter, we set 7 = 1 for the sake of notational
sirﬁplicity. We would like to note that in the conventional TS
protocol [19]-[23], the duration of both the second and the
third intervals is set to (1 — «)/2, while in this paper, we
introduce two new TS factors 8 and -~y for the second interval
and the third interval, respectively. It will be shown through
simulations that this novel TS based protocol can achieve up
to 60% higher system MI compared with the conventional TS
protocol through a better time allocation between two hops of
information transmission.

In this paper, we consider a typical EH based communica-
tion scenario where nodes in the system are either stationary
or have a low mobility. In such scenario, all channels G;,l =
1,---,L, and H are quasi-static and the required CSI can
be estimated with a high precision, for example, through the
methods in [39] and the references therein. The remaining very
small mismatch between the true and the estimated CSI can be
treated as noise as has been done in [23]. It is an interesting
and challenging future topic to perform the overall system
optimization taking into account the power/time required for
channel acquisition. From (4) and (5), the system MI between
the source node and all L receivers is given by

Ml(ﬁa s P27 Q) = min{ﬁlogZ ‘INr + 0-7‘_2HP2HH 5
Mogo [Ty, 40 7G1QG'|, -+, logs Iy, 0, ] GLQGLXO)
where | - | denotes the matrix determinant.

The energy used to transmit s; and s, at the source

node is atr(P1) and Str(Ps), respectively. Thus, the energy
consumption constraint at the source node is shown as

atr(Py) + Str(P2) < (a + B)Ps @)

where P; is the average source transmission power. Note
that in [19], a constant power of information and energy
transmission at the source node is assumed as

tr(P1) < P, tr(Ps) < P. ®)

In [21], the energy constraint at the source node is considered

as
1+«

2

It can be noticed that (7) yields a larger feasible region than
(8) and (9). In particular, (9) is a special case of (7) with
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Fig. 3: Block diagram of the system with the PS based
protocol.

B = (1 — «)/2. Moreover, when (8) is satisfied, (7) is also
valid, but not vice versa. Thus, transceiver design may yield
a better performance under the constraint of (7) than that of
(8) and (9).

At the relay node, the energy consumed to transmit x, to
the receivers during the third interval is given by

yer(E{xx"}) = 1tr(Q).

Following [33], we take into account the circuit energy con-
sumption at the relay node, which includes two parts: A static
part for the basic consumption of the circuit and a dynamic
part that varies with the amount of information transmission.
The static part is modeled as vV, P. , where P, denotes the
static power consumption of each antenna [34]. The dynamic
part is given by {E,., where 0 < & < 1 [21]. From (3) and
(10), the energy constraint at the relay node is shown as

Y(tr(Q) + NoPe) < (1= §)E; (11)
From (6), (7), and (11), the problem of optimizing the MI in
a DF multicasting MIMO relay system with a TS based EH
relay node is given by
ma; MI(8,~, Ps,
P17P2,Q:j(0¢7ﬁ77 (6,7, P2, Q)
s.t. atr(Py) + ptr(P2) < (a+ B)Ps (12b)

(10)

(12a)

Y(tr(Q) + N Pe) < (1 -§E.  (120)
0<a,B,vy<1l, a+B8+~v<1 (12d)
P, =0, P2>=0, Q=0. (12¢)

B. The PS Based Protocol

Fig. 3 shows that the total time 7" = 1 in the PS based
protocol is equally divided into two time intervals. During the
first interval, an N x 1 information and energy-bearing signal
vector s is transmitted to the relay node from the source node
with E{ss’} = B. The received signal y,. at the relay node
can be written as

yr =Hs+v, (13)

where v, is the additive Gaussian noise vector at the relay
node at the first interval with E{v, v} = 021y .

In the PS protocol, y, is split into two parts for information
transmission and EH at the relay node with a PS ratio of p, i.e.,



(1 — p)y. is applied for EH and py, is used for information
transmission. Similar to (3), the harvested energy at the relay
node with the PS based protocol can be shown as

0, tr(HBHY) < P;;
Er,p: %E;'m nl(l—p)tl‘(HBHH> > Ev/n;
3m (1—p)tr(HBH®), otherwise.

(14

In (3) and (14), a three-piecewise linear function is used
to model the nonlinearity of EH, where before the minimal
input power in reached, the output energy is zero, and after
reaching saturation, the harvested energy remains stable, while
in-between, the harvested energy increases linearly with the
input power?.

Meanwhile, the relay node decodes the information carried
by py, and re-encodes it into an N, x 1 signal vector s with
E{ss"} = R. During the second interval, § is multicast to
L receivers. The received signal vector at the I/th receiver is

given by
l=1,---,L. (15)

Based on (13) and (15), the MI between the source node
and all L receivers with the PS protocol is given by

Yda,p = Gi8 4+ vqy,

1
MI(p, B, R) = 5 min{log, [Ty, + po, “HBH" |,
logy|In, 40y GIRGT |, -+, log, [T, 0, GIRGT [}.(16)

At the source node, the energy consumption constraint can be
written as

tr(B) < Ps. 17)

The energy consumed to transmit S to the receivers during the
second interval is £tr(R). By considering the circuit energy
consumption, the energy constraint at the relay can be written
as

tr(R) + N, P. <2(1 —¢§)E, ;. (18)

Then, from (16), (17), and (18), the optimal source and
relay matrices design problem in DF multicasting MIMO relay
systems with a PS based EH relay node is given by

max Mi(p, B.R) (192)
s.t. tr(B) < Ps (19b)
(R) + N, P. <201 - B,  (1%)
B>0, R-0, 0<p<Ll (19d)

III. PROPOSED TRANSCEIVER DESIGN ALGORITHMS
A. TS Protocol with No Maximal Transmission Power Limits

The optimization problem (12) is challenging to solve
because it is nonconvex with matrix variables. Compared with
existing works such as [22] and [23], the challenges in solving
the problem (12) are

o Three TS factors need to be optimized in the problem

(12), while in [22] and [23], only a single TS factor is
considered.

21t is shown in [32] that in practice the EH efficiency 77 is a function of the
input power. In this paper, similar to [19], [30], [31], we assume a constant
n1. Note that the algorithms proposed in this paper can be applied to any
given 7.

e The problem (12) is for a multicasting MIMO relay
system with multiple receivers, while the systems in [22]
and [23] have only a single receiver.

o A practical nonlinear EH model is considered in the
problem (12), but not in [22] and [23].

In this section, an efficient algorithm for solving the problem

(12) is proposed. First, the optimal structure of P; and
Py is derived to simplify the problem (12). Let us intro-

duce G; = 0,/Gy, | = 1,---,L and the singular value
) 1

decomposition (SVD) of H = U,AZV/H, where A, =

diag(An,1, - s An,g,) With App > Apo > -+ > Apg,.

R}, = rank(H), diag(-) means a diagonal matrix, and rank(-)
denotes the matrix rank.

Theorem 1: The optimal covariance matrices Py and Py
have the following structure in terms of their eigenvalue
decomposition (EVD) as the solution to the problem (12)

Pi‘ = )\1Vh71VhH’1, P; = VhAQVhH (20)

where (-)* denotes the optimal value, As is a R}, x Rj, diagonal
matrix, A; > 0, and vy, ; is the first column of Vy,.

Proof: See Appendix A.

Interestingly, it can be observed from (20) that the optimal
P, matches vy, 1, which means the maximum harvested energy
can be achieved by beamforming at the source node to the
strongest eigenmode of matrix H. Consequently, there is
tr(P1) = A1 and the optimization of P; is converted to the
optimization of \;. We can also see from (20) that the optimal
P> matches H. We would like to note that the structure of P4
in (20) was first derived in [5] for a one-hop SWIPT system,
however, the optimization problem (12) is different to that in
[5].

We can significantly simplify the problem (12) by substi-
tuting (20) back into (12). Firstly, the objective function (12a)
can be written as

Rh
MI(8,7, A2, Q) = min {83 logy (1 + 07 An ide.i),
i=1

710g2|INd + GlQG{{L T 1710g2|INd + GLQGf‘}(zl)

Then by using (21) and introducing an auxiliary variable £,
which has the meaning of the system MI, the optimization
problem (12) is rewritten as

max t (22a)
A1,A2,Q, 0,8,y
Ry
st. B logy(1+ 0,2 Anide,) > t (22b)
=1
ylog,|In, + GIQGH|>t, 1=1,---,L (22¢)
Ry
aXi+ B8 i < (a+ B)Ps (22d)
=1
ytr(Q) + N,y FP.) < andp i (22e)
Y(tr(Q) + N, P.) < aEp, (22f)
AniA > Py (22g)
0<a,B,v<1l, a+p+v<1 (22h)
Q=>=0, Ao >0,i=1,--+ Ry (221)



where n = m(1 =€), E,, = (1 —

ith diagonal element of Ay with Ay =

()T denotes the matrix transpose.
By introducing Q = 7Q, A o=

&)E],, A2, stands for the
A21,--+ 5 Az,m,, | and

o), and Ag; = Bha,

i=1,---, Ry, (22) is recast as
__max t (23a)
A1,A2,Q,t, 0,8,y
R}L ~
st B logy(1+ 0,2 Anihei/B) > t (23b)
YNog,y[In, + GIQG{ /7| > t, 1=1,---,L(23c)
Ry
MAD A < (a+B)Ps (23d)
1=1
tr(Q) + YN, P, < ﬁ)\h,15\1 (23e)
tr(Q) + YN, P. < aE,, (23f)
Anidi > P, (239)
0<a,pB,y<l,a+pB+v<1 (23h)
Q=0, X;>0,i=1--,R, (23i)
where XQ = [5\23‘1,;'; ,5\27Rh]T. Since 10g2(1 + 0'7:2)\}171‘5\2)}‘)

and log, |In, +GZQGfI| are concave functions of A2 ; and Q,
respectively. Based on the concept of the perspective function
in Section 3.2.6 of [37], Blogy (140, ?Ap,iAg,i/[3) is concave
with respect to (3, A2) and Ylog,|In, + G/QGFH /4| is a
concave function of (v Q) Thus, we can see that (23b) and
(23c) are convex constraints. It can be easily seen that (23d)-
(231) are convex constraints. Therefore, the problem (23) is a
jointly convex problem in the design parameters. In particular,
the problem (23) is a nonlinear semidefinite programming
(SDP) problem, which can be solved efficiently through the
CVX toolbox [38] for disciplined convex programming.

The procedure of the TS based transceiver design with no
maximal transmission power limits is summarized in Algo-
rithm 1. Since the source node has a stable power supply,
Algorithm 1 is best to be run at the source node with the CSI
of H and G;,l = 1,---, L. Then the source node sends the
optimal Q to the relay node. Since the problem (23) is convex,
The proposed Algorithm 1 achieves the global optimum of the
problem (12).

Algorithm 1 Proposed Transceiver Optimization Algorithm
Based on the Novel TS Protocol without Maximal Transmis-
sion Power Limits

Input: P, Em, H, o2, Gy, O'dl l=1,---,L.

Output o, B,y ,Pl, P35, and Q

: Calculate G, = o4 G 1= 1,---, L.

: Calculate the SVD of H.

. Solve the problem (23) to obtain )\*, )\2, Q a”, B*,

: Calculate Q* Q*/v*, Al = X 1/a*, and )\21 = /\QZ/ﬂ*,
i=1,--- ,Rh.

5: Obtain P7 and P3 by (20).

A WN =

B. TS Protocol with Maximal Transmission Power Limits

It can be seen from the problem (12) that the transmission
power of the source and relay may approach a very large value

when the TS factors «, (3, or v approach 0. For example,
when ( is close to 0, a very large P> would still make the
constraint (12b) valid. Similarly, from (12c) we can see that
if « approaches 0, the transmission power of the relay node
tr(Q) may approach a very large value without violating (12c).
Thus, for practical relay systems, we need to consider maximal
transmission power limits at the source node and the relay
node as

tr(Pl) S P7n,37 tI‘(Pg) S P7n,37 tI‘(Q) S Pm,'r

where P, s and P, , are the peak transmission power at the
source and relay nodes, respectively. Based on (20), the peak
power constraints in (24) can be recast as

(24)

Rp,
)\1 S Pm,.97 Z)\Zi S Pm,sa tI‘(Q) S Pm7'r~

i=1

(25)

By incorporating (25) into the problem (23), the TS proto-
col based transceiver optimization problem with peak power
constraints is given by

max t (26a)
A2, Qt,a 5 ¥
s.t. B Z logy(1+ 072 Anidai/B) >t (26b)
=1
~Ylog, Iy, + GZQG{{/ﬂ >t 1=1 ,L (26¢)
Rp,
M+ Ao < (atB)P (26d)
=1
tr(Q) + YN, P < nAnaih (26€)
1(Q) + YN, P. < aEy, (26f)
Ry
Z S\Q,i S ﬂPm,sa tI‘(Q) S ’Y-Pm,r (26g)
1=1
0<a,B,7<1, a+B+~v<1, Q=0 (26h)
P, ~ ~
O A <P >0, i=1,-- Ry (260)

h,1

The peak power constraints in (26g) and (26i) are convex.
Thus, the optimization problem (26) is a convex nonlinear
SDP problem and can be easily solved at the source node
by the CVX toolbox [38], and the optimal Q is sent to
the relay node from the source node. The procedure of the
TS based transceiver optimization with maximal transmission
power limits is similar to Algorithm 1, except that the third
step of Algorithm 1 is replaced by solving the problem (26),
and the value of P, ; and FP,,, is required as additional
input. Since the problem (26) is convex, the proposed solution
achieves the global optimum.

C. PS Based Protocol

In this subsection, an efficient algorithm for solving the
optimization problem (19) is proposed to obtain the maximal
system MI for the PS based protocol.

Theorem 2: The optimal covariance matrix B as the solution
to the problem (19) is given by

B* = V,A,VH 27



where A, is a Ry x Ry, diagonal matrix.

Proof: See Appendix B.

By substituting (27) into (19), the problem (19) can be recast
as a simpler optimization problem

t

- 2
PR 2 (285
Rp
st Y logy(1+ 0,2 A iduip) > t (28b)
=1
logy|In, + GG RGH|>¢t, 1=1,---,L  (28¢)
Rh
> i < P (28d)
i=1
Ry
> Anidvi = P (28¢)
=1
Rp,
tr(R) <> 01 = p)Anidi — N Pe (280)
i=1
tI‘(R) S Em. - N’I“PC (28g)

0<p<l, R=0, ;>0 i=1---,R;(28h)

where )\, ; denotes the ith diagonal element of A; with
X = [Mo.1s s Ab.g, )T Considering the path loss, we have
Ani < 1. Thus, we have 327" (1 — p)Anidp: — N, P. <
Zf:’ll Abi < Ps. Thus, for the PS based protocol, there is no
need to introduce peak transmission power constraints. For a
given p, the problem (28) becomes

t

)gl’%)’(t 5 (29a)
Rh

s.t. Z log, (1 + 0;2)\h7i)\b7ip) >t (29b)
i=1

log,|[In, + GIRGH| >t, 1=1,---,L (29c)

Ry,
> Ni <P (29d)
i=1
Ry
> Anidei > P (29)
=1
Rp
tr(R) < > n(1 = p)Anidei — NoPe  (296)
=1
tr(R) < E,, — N, Ps (29g)
R=0, \;>0,i=1,---,Ry. (29h)

The optimization problem (29) is a jointly convex nonlinear
SDP problem. Therefore, the problem (28) can be solved
through a golden section search in (0,1) for the optimal p,
where in each search step, the CVX toolbox [38] is used to
solve the problem (29) for the optimal Ay, R, ¢. The procedure
of the PS based transceiver design is listed in Algorithm 2,
where ¢ is a positive constant close to 0 and § = 1.618 is the
golden ratio. Similar to Algorithm 1, Algorithm 2 is solved
at the source node and the optimal p and Q are sent to the
relay node by the source node. However, since the transceiver
optimization problem (28) is not jointly convex in all design

parameters, we cannot prove that Algorithm 2 achieves the
global optimum of the problem (28).

Algorithm 2 Proposed Transceiver Optimization Algorithm
Based on the PS Protocol

Input: P, En, H, 07, G, 05, 1=1,--- L.
Output: p*, B*, and R™.
1: Calculate G; = 0;11(}1, l=1,---,L.
2: Calculate the SVD of H.
Initialization: p; = 0 and p, = 1.
3: while p, — p; > € do
4: D)eﬁne p1=(0—-1)p+(2—08)py and p2 = (2—0)p1 + (6 —
1)pu.
5.  Solve the problem (29) with p;, whose solution is denoted as
>\b,1, Rl, and tl.
6:  Solve the problem (29) with p2 to obtain the solution as Ay 2,

RQ, and tz.
7: if t1 < t2 then
8: Assign p; = p1.
9: else
10: Assign p, = pa.
11:  end if

12: end while
13: Calculate R* = (R1 + R2)/2 and A} = (A1 + Ap,2)/2.
14: Obtain B* according to (27).

Remark: For both the TS and PS based protocols, the
proposed approaches are the first algorithms which provide the
transceiver design for DF multicasting MIMO relay systems
with an EH relay node following the practical nonlinear
EH model by considering both the upper-bound and limited
sensitivity of the EH circuit.

D. Computational Complexity of the Proposed Algorithms

In this subsection, we present the computational complexity
analysis of the proposed algorithms. For the TS protocol with
no maximal transmission power limits, the problem (23) is a
nonlinear convex SDP problem. How to efficiently solve this
type of problems is an active research area [40]. In general, the
computational complexity of solving nonlinear convex SDP
problem is higher than that of the linear convex SDP problem.
It is shown in [40, Theorem 8.3] that the complexity order of
solving a nonlinear convex SDP problem by the augmented
Lagrangian method is O(m®n + m?n? + n®), where n is
the dimension of the optimization variables and m is the
dimension of the m X m semidefinite constraint. Based on
this, the problem (23) can be solved at a complexity order of
O(m3ny +m3n? +n3), where m; = N, + Ry, + L + 12 and
n1 = N2+ Ry, + 5.

For the TS protocol with maximal transmission power
limits, using a similar analysis, the computational complexity
order of solving the problem (26) is given by O(m3n; +
m3n? +n3), where my = N, + Ry, + L+ 15. Apparently, due
to the additional peak power constraints in (26g) and (26i),
the complexity of solving the problem (26) is higher than that
of the problem (23).

Regarding the PS based protocol, the complexity order of
solving the problem (28) is given by O(c(m3na+m3n3+n3)),
where m3 = N,.+ Ry, +L+5, na = N2+ Ry, +1, and ¢ denotes
the number of golden section trials in finding the optimal p.
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Fig. 4: The placement of the source, relay, and receivers.

We can see that for small N,, Ry, L, and c, the complexity
order of solving the problem (28) is lower than that of the
problem (26) and the problem (23). For systems with large
N,, Ry, and L, the computational complexity order of the
PS based protocol can be higher than that of the TS based
protocol.

IV. SIMULATION RESULTS

In this section, numerical simulation results for the proposed
algorithms are presented. We consider a case where the source
node, the relay node, and L receivers are placed as shown
in Fig. 4. For the simplicity of notations, the receivers are
assumed to be placed with equal distance to the relay node.
Without specifically mentioned, Dy, = 10d meters and D,.q =
10(2 —d) meters stand for the distances of source to relay, and
relay to receivers, respectively. Note that as reported in [41],
this is a typical distance of RF-based wireless power transfer.
We normalize the value of 0 < d < 2 over 10 meters, which
makes it easier to determine if the relay node is closer to the
receivers (1 < d < 2) or nearer to the source node (0 <
d < 1). Except for the last numerical example, the channel
matrices are modeled as H = D5,*/*H and G, = D_;/*G,
l=1,---,L, where H and G; are the small-scale Rayleigh
fading, D_* and D, ; stand for the large-scale path loss, and
¢ represents the path loss exponent. Here ¢ = 3 is chosen in
the simulations. For the small-scale Rayleigh fading, H and
G, have i.i.d. complex Gaussian elements with zero mean and
variances of 1/Ny and 1/N,., respectively.

For all numerical examples, we set the number of antennas

Ny = N, = Ny = N, the minimum input power for
harvesting P; = —35 dBm, and the static power consumption
at each antenna of the relay node as P, = 1uW. Unless

mentioned otherwise, we choose the efficiency as n = 0.7,
and the noise variance at the relay node and each receiver as
02 = 0271 = —50dBm, [ = 1,--- , L. For the TS based pro-
tocol with source and relay nodes peak power constraints, we
choose P, s = P, , = KP, (X > 1). All simulation results
are obtained by averaging over 500 independent realizations
of H and G.

A. Example 1: Energy Constraint versus Source Node Power

We first study the power constraint at the relay node by
checking the right-hand side of (11) and (18). We choose N =
3,d =1, and L = 2. Fig. 5 demonstrates the right-hand side of
(11) in the TS protocol without maximal transmission power
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Fig. 5: Example 1: Energy constraint of the relay node in the
TS protocol versus the average source node power; N = 3,
d=1,and L = 2.
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Fig. 6: Example 1: Energy constraint at the relay node in the
TS and PS protocols versus the average source node power;
N=3,d=1,and L = 2.

limits versus the average source node power P; at various E,,.
From Fig. 5, we can observe that the ideal linear EH model
(without any FE,,, limit) provides an upper-bound of the energy
harvested at the relay node. For the practical nonlinear EH
model (3), the harvested energy is not affected by E,,, at low
P4, as the EH circuit is in its linear range when the input power
is low. The effect of E,,, can be clearly seen at medium and
high P; as the curves bend downwards and eventually remain
flat. We can also observe from Fig. 5 that as F,, decreases,
the available energy at the relay node reduces and the “turning
point” where a curve starts bending downwards appears at
a lower P;. We choose E,, = 0.25 mW in the following
simulation examples.

Fig. 6 shows the right-hand side of (11) in the TS protocol
with no maximal transmission power limits and the right-hand
side of (18) in the PS protocol versus P; at E,;, = 0.25 mW.
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Interestingly, we can see from Fig. 6 that for the TS protocol,
the available energy at the relay node is higher at low and
medium P, where the bound FE,, is not reached. At high P
where the bound E,, is active, the PS based protocol has a
higher harvested energy. This is because when the EH bound
E,, is approached at high P;, from (22f) the energy harvested
by the TS based protocol is aF,, and the energy harvested
by the PS based protocol according to (28g) is 0.5E,,. From
the optimal solution of « shown in Fig. 13, we find that o =
0.37 < 0.5 for large P.

B. Example 2: MI versus the Average Source Node Power

In the second example, we set d =1, L = 2, and K = 1.
Fig. 7 and Fig. 8 show the achievable MI of multicasting
systems using the three protocols versus the average source
node transmission power Ps with N = 3 and N = 5,
respectively. As benchmarks, the MI of the following three
baseline schemes is also shown in Fig. 7:

o Conventional TS based protocol [22], [23] with a single
TS factor, using (9) as the energy constraint, and adopting
the nonlinear EH model (3).

e The proposed TS protocol but with the conventional
linear EH model.

o The PS protocol with the linear EH model.

It can be seen from Fig. 7 that compared with the existing TS
protocol, the proposed TS based protocol can achieve a higher
system MI. In particular, when the harvested energy bound
is reached when P; > 22.5 dBm, the performance of the
proposed TS protocol greatly exceeds the existing TS protocol
(with 60% higher MI at Ps = 25 dBm). The reason is two fold.
Firstly, we note that in the conventional TS based protocol, the
system MI is given by

]_ —
MI(a, Py, Q) = To‘ min{log, [Ty, + o, *HP,HY |,
logo|In, 40, 1G1QGH |, logy[In, 40, 7 GL QG [}(30)

It can be seen that compared with a single TS factor 1_70‘ in

(30), the two TS factors S and v in (6) enable the balance
between the MI of the source-relay link and the MI of the
relay-receivers links, and thus, the optimal value of (6) is larger
than that of (30). Secondly, the introduction of S and -~y makes
the saturation of the EH circuit at P, = 22.5 dBm, while
with only a single TS factor the EH circuit gets saturated
at P, = 17.5 dBm. Furthermore, for the linear EH model,
Fig. 7 illustrates the system MI of both the TS based and
PS based protocols increases with the increase of the source
energy’®, and the TS based protocol outperforms that of the
PS based protocol, since the energy harvested by the TS
protocol is larger under the linear EH model (see Fig. 6 and
the explanations before).

In Fig. 8, the achievable system MI is shown with n = 0.7
and n = 0.5. It can be seen that for all three protocols, the
system MI decreases when 7 is reduced from 0.7 to 0.5. Since
n = m(l — &) and the dynamic part of the circuit energy
consumption at the relay node is modeled as ¢FE,., Fig. 8
shows that for both the TS and PS protocols, the achievable
MI decreases with the relay node circuit energy consumption.

Considering the practical nonlinear EH model, from Figs. 7
and 8, it can be observed that the system MI saturates for
Ps; > 25 dBm. At low P, the TS protocol has a larger system
MI compared with the PS protocol as the former one harvests
more energy (see Fig. 6). The TS protocol with strict maximal
transmission power limits (K = 1) has a lower system MI
compared with the PS based protocol at medium and high P;.
Moreover, it also can be observed that the TS protocol with
no maximal transmission power limits yields a higher system
MI than that with maximal transmission power limits. This is
due to the latter protocol has a smaller feasible region than
the former one.

Interestingly, it also can be seen that the proposed novel TS
protocol with no maximal transmission power limits outper-
forms the PS based protocol when the harvested power does

30ne way to extend the linear region of the EH receiver, and thus increase
the system MI, is to to have a separate EH circuit for each antenna at the
relay node, instead of having only a single EH circuit for the entire relay
node.
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Fig. 9: Example 3: MI of the TS protocol versus P, with
various number of receivers; N =3, d =1, and K = 1.
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Fig. 10: Example 3: MI of the PS protocol versus Ps; with
various number of receivers; N = 3 and d = 1.

not approach the bound E,,, (at low and medium Ps). However,
when FE,, is approached (at high P;), the PS protocol has a
larger MI. The reason can be explained below. When the bound
FE,, is reached, the energy constraints (22f) and (28g) become
tight, which can be written as tr(Q) + N, P. = % ' and
tr(R)+ N, P. = E,, for the TS and PS protocols, respectively.
From the optimal solution of o and ~ shown in Figs. 13
and 14 later on, we find that a/y = 0.37/0.53 = 0.7 for
large P,. Thus, the transmission power available for the TS
based protocol is lower than that for the PS based protocol
when the bound F,, is approached.

By comparing Fig. 7 with Fig. 8, it can be seen that for
all the three protocols studied, the system MI increases with
the number of antennas, which indicates the benefits of the
MIMO technology. The simulation results in Figs. 7 and 8
provide useful guidance in selecting Ps to achieve a given
data rate under certain system configurations.
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Fig. 11: Example 3: MI versus the number of receivers; N =
3,d=1, and P, =15 dBm.

C. Example 3: System MI with Various Number of Receivers

In the next simulation example, we set N = 3, d = 1, and
K = 1. The system MI of the TS and PS protocols versus the
average source node transmission power P with the number
of receivers at L = 2, L = 4, and L = 6 is shown in Fig. 9 and
Fig. 10. In addition, Fig. 11 shows the system MI versus the
number of receivers at P; = 15 dBm. From these three figures,
it can be seen that the system MI decreases as the number of
receivers increases. This phenomenon has also been observed
in [36], where it has been proven that with the number of
receivers L approaches infinity, the multicasting rate converges
to zero. The reason for the decrease of the MI with increasing
number of users in a multicasting system is due to the nature of
channel, since the multicasting rate is governed by the weakest
channel among all users. Statistically, the weakest channel
among a larger number of users is worse than that among
a smaller number of users. Note that in realistic multicasting
scenarios, the number of users is usually limited, and thus, a
nonzero multicasting rate is achievable.

D. Example 4: TS Protocol with Various Maximal Transmis-
sion Power Limits

In the fourth example, we set N =3, d =1, and L = 2.
Fig. 12 shows the MI of the TS protocol versus the average
source node power Ps with maximal transmission power limits
at K = 1and K = 10. We can see from Fig. 12 that the system
MI of the TS protocol with maximal transmission power limits
increases with the increment of the power constraints P, ,
and P, ,. Moreover, the system MI is almost the same as
that of the TS protocol with no maximal transmission power
limits when P, ; and P, , are large enough (K = 10). The
reason is that when the power limits are high, the peak power
constraints in (26g) and (26i) are easily satisfied.

E. Example 5: Optimal TS Factors of the TS Based Protocol

In this numerical example, we set N =3, d =1, L = 2,
and show the optimal value of the TS factors o and y in the TS
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Fig. 12: Example 4: MI of the TS protocol versus Ps; with
various peak power constraints; N =3, d =1, and L = 2.
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Fig. 13: Example 5: TS factor o versus Ps; N = 3, d = 1,
and L = 2.

based protocol (with and without maximal transmission power
limits) versus the average source node power Ps in Figs. 13
and 14. It can be seen that the optimal value of « increases as
the source node power P; increases for the TS based protocol
with no maximal transmission power limits. Note that it has
been shown in [22] that for an ideal linear EH relay node
without any FE,, limit, the optimal « decreases with P and
approaches zero at high Ps. This is because in the absence
of the E,, limit, even a small « enables the relay node to
harvest enough energy at the first interval, due to the energy
constraint (7), which is also the reason of a small « at low P;
in Fig. 13. However, based on the nonlinear EH model (3), as
the harvested power is limited by E,, (see (23f)), a needs to
increase as Ps increases to optimize the system MI.

For the TS protocol with maximal transmission power
limits, the trend of the optimal « is nearly the same as that
without peak power constraints when K = 10. For K = 1,
the optimal « is larger than that with no maximal transmission
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Fig. 14: Example 5: TS factor v versus P;; N = 3,d = 1,
and L = 2.
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Fig. 15: Example 6: Ml versus d; N =3, L =2, K = 1, and
P, =15 dBm.

power limits. This is because under the strict peak power
constraint (26i), o must be large enough so that the relay
node can harvest enough energy for information transmission
in the last time interval. Moreover, in this case, the optimal
« decreases as P, increases, as a shorter time is needed to
harvest enough energy as Py increases.

Interestingly, it can be observed from Fig. 14 that the
optimal ~ increases with the increment of P and the value
of the maximal transmission power limits K. The TS based
protocol without maximal transmission power limits has the
largest v among the three systems.

FE. Example 6: Achievable MI at Various Locations of the
Relay Node

In this numerical example, we set N =3, L =2, K =1,
and plot the achievable MI versus d for the three protocols
with P; = 15 dBm and P; = 25 dBm in Fig. 15 and Fig. 16,
respectively. Fig. 15 presents that for P; = 15 dBm and all
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Fig. 16: Example 6: Ml versus d; N =3, L =2, K =1, and
P, = 25 dBm.

d < 0.6, the harvested power approaches the bound F,, even
at a medium P;, due to the short source-relay distance. This
indicates that for d < 0.6, placing the relay node closer to the
source node (i.e., reducing d) does not help the relay node to
harvest more energy, while the second-hop channel is stronger
at d = 0.6 than d = 0.25. Thus, for all three protocols, the
system MI is lower at d = 0.25 than that at d = 0.6. When
d > 0.6, the EH circuit works in the linear range and the bound
E,, is not reached. In this case, we can observe from Fig. 15
that for all three protocols, the achievable MI decreases first
and then increases with the increase of d. And the minimum
value is obtained when d = 1, where the relay node is located
at the midpoint between the source node and the receivers.
The reason can be explained below. When the relay node is
located closer to the source node (0.6 < d < 1), the relay
node can harvest more energy from the source node which
leads to a higher MI with the decrease of d. When the relay
node is closer to the receivers (1 < d < 2), although the relay
node harvests less energy from the source node, the achievable
system MI can also increase due to a stronger relay-receiver
channel.

When Ps; = 25 dBm, the harvested power at the relay node
approaches the bound FE,, at all distances (0 < d < 2). We
can observe from Fig. 16 that the system MI increases with d.
This is because with the same harvested power, a larger system
MI can be obtained with a better relay-receiver channel as d
increases. From Figs. 15 and 16, it also can be seen that the
TS protocol with no maximal transmission power limits yields
a higher MI than the PS based protocol when the harvested
power does not reach the bound FE),, and the latter protocol
has a higher MI when the bound is approached.

To further verify the observations in Figs. 15 and 16, we
plot the achievable system MI versus the average source node
power P at various d for the three protocols in Figs. 17-19.
Similar to Fig. 15, we can observe from Figs. 17-19 that the
system MI first decreases and then increases with the growth
of d, when the harvested energy does not reach the bound.
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Fig. 17: Example 6: MI of the TS based protocol without peak
power constraints versus P at various d; N =3 and L = 2.
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Fig. 18: Example 6: MI of the TS based protocol with peak
power constraints versus P at various d; N = 3, L = 2, and
K=1.

Interestingly, when the relay node is located as d = 1.5, the
achievable MI increases faster with P, than that at the other
three locations, as the harvested energy does not reach the
bound for the E,, chosen. We can also see from Figs. 17-19
that the smaller d is, the harvested energy bound is approached
at a smaller P;. In particular, at d = 1, the “turning point” is
around P; = 22 dBm, while at d = 0.6, the “turning point”
reduces to P, = 15 dBm. At d = 0.25, it can be seen that the
system MI almost remains constant, since the harvested energy
bound is already approached for P; = 5 dBm. Figs. 15-19
indicate that it is important to consider E,, when choosing
the optimal location of the relay node. Theoretical analysis
on the choice of the location of the relay node is shown in
Appendix C.
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Fig. 19: Example 6: MI of the PS based protocol versus P
at various d; N =3 and L = 2.

G. Example 7: Achievable MI with Rician Fading Channel

In the last numerical example, we study the per-
formance of the proposed algorithms under the Rician
fading channel. The channel matrices are modelled as

H - Ds_f/2< [ v, + LI‘{) and G, =

k+1

1,,xn 1s an m X n matrix with all elements equal to 1 and
is the Rician factor.
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Fig. 20: Example 7: MI versus P;; N =3,d =1, L = 2,
K =1, and k = 5.

Fig. 20 shows the system MI versus P, for N =3, d =1,
L =2, K=1,and kK = 5. It can be seen that compared with
Fig. 7 (v = 0, i.e.,, Rayleigh fading channel), the harvested
energy bound is reached at a lower P, (17.5 dBm) for both
the TS and PS based protocols. Moreover, similar to Fig. 7,
we can observe from Fig. 20 that before the bound is reached,
the TS based protocol without peak power constraints has a
higher MI than the PS based protocol, while the latter one

yields a higher MI after the bound is achieved (Ps; = 17.5
dBm).

H. Example 8: Achievable MI at Various Noise Levels
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Fig. 21: Example 8: MI versus P at various noise levels;
N=3,d=1,L=2and K = 1.

To study the impact of the noise power on the achievable
system MI, we have carried out simulations with the noise
power of J% = 03,1 = —60 dBm, —70 dBm, and —80 dBm,
l=1,---,L.Itcan be seen from Fig. 21 that with the decrease
of the noise power, the system MI increases. Moreover, we can
see that for all the three noise levels, the harvested energy
bound is reached around P, = 22.5 dBm. The TS based
protocol without peak power constraints has a higher system
MI at the low and medium P; region, while at high P, the
PS based protocol has a higher MI. These observations imply
that in practice, the noise power does not have big impact on
the relative performance of the proposed algorithms.

V. CONCLUSIONS

We have considered the optimal design of the source and re-
lay covariance matrices in a dual-hop SWIPT DF multicasting
relay system and investigated the achievable system MI be-
tween the source node and multiple receivers. By introducing
two additional TS factors, we have proposed a novel TS based
protocol. For both the PS based protocol and the proposed
novel TS based protocol, we have considered a practical
nonlinear EH model at the relay node, where the harvested
energy is bounded as the incident RF signal power increases.
The performance of the proposed algorithms is verified by
numerical simulations. Compared with the PS based protocol,
the TS based protocol obtains a higher system MI when the
harvested energy does not reach the bound, while the PS
protocol has a higher MI when the EH circuit is saturated.
For the multicasting system, the system MI decreases as the
number of receivers increases. We have shown that the peak
harvested energy constraint plays an important role in choosing
the optimal location of the relay node.



APPENDIX A
PROOF OF THEOREM 1

It can be seen from (12) that P is not in (12a), and the value
of (12a) is influenced by the feasible region of the constraint
functions (12b)-(12e). Therefore, to maximize the feasible
region of the problem (12), we should maximize tr(HP;H)
for any tr(P;), which is given by the following optimization
problem

(31a)
(31b)

max tr(HP;HY)
Py

s.t. tl“(P1> = A1, P, >0

where Ay > 0. Similar to Appendix A of [5], the optimal
solution of the problem (31) in terms of the EVD of P; can
be obtained as

Pi = \vi1viy. (32)

By substituting (32) into the problem (12) and considering the
limited sensitivity of the EH circuit, the optimization problem
is shown as

P 5 MI(3,7,P2,Q) (332)
s.t. ftr(Ps2) < (a+ B)Ps — a\y (33b)

vt1r(Q) < anipi1A — YN P, (33¢)

1t1(Q) < aBE,, — YN, Pe (33d)

Anid > Py (33e)
0<a,B,vy<1l, a+pB+~v<1 (33f)

A1>0, Pa=0, Q=0 (332)

where n = 1m1(1 — €) and E,,, = (1 — £)E/,. Obviously, the
optimal structure of P, for the problem (33) should maximize
Blog, |I N, + o ?HP,HY | under the constraints of (33b) and
(33g). For any feasible 3, this subproblem is the same as (P2)
of [5]. Therefore, the optimal structure of the above problem
is

P} = V,A, V. (34)

Note that the coupling between P; and P5 through (12b) is
not affected by the structure of their EVDs in (32) and (34),
since with the EVD of P; = V,;A;V,, there is tr(P;) = A,
i = 1,2. Thus, (12b) is invariant to the value of V;, i =
1,2. In fact, the coupling in (12b) is equivalently mapped to
aX + ptr(As) < (a+ B)Ps.

APPENDIX B
PROOF OF THEOREM 2

Firstly, the optimal form of B should maximize tr(HBH?)
in the right-hand side of (19¢), which can be written as the
following optimization problem

max tr(HBH™)
s.t. tr(B) < P,

(35a)

B > 0. (35b)

Interestingly, the optimization problem (35) is the same as
the problem (31). Thus, the optimal structure of B* satisfies
B* = Pyvy,1vH,, which is a special case of B* = V;,A, V.

Secondly, the optimal B maximizing log, Iy, +
po, ?HBH#| is also given by B* = V,A,VI for

any feasible p [35]. Therefore, (27) is the optimal structure of
B. Note that the optimal rank of B* depends on both (19a)
and (19c¢).

APPENDIX C
CHOICE OF THE LOCATION OF THE RELAY NODE

When the peak harvested energy constraint (22f) is active,
the right-hand side of (22e) is not smaller than the right-hand
side of (22f), i.e.,

anipid > aby, (36)
which is equivalent to
En,
Ani 2 ——- (37)
: nA1

Let us introduce the SVD of H :7I_Jh1_\,% VH and denote the
first diagonal element of Aj as A, ;. From (37) and H =
Ds_f/ZI:I, we have

- E
D SA\pa1 > ., Al (38)
which leads to - L
Mg
Day < (’ﬁ;’“) . (39)

It can be seen from (39) that D,, decreases with F,,, which
means that when the maximal output power increases, the relay
node should be placed closer to the source node to enable
harvesting a larger amount of energy.
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