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This paper considers a simultaneous wireless information and power transfer (SWIPT) mechanism in an interference alignment
(IA) relay system, in which source nodes send wireless information and energy simultaneously to relay nodes, and relay nodes
forward the received signal to destination nodes powered by harvested energy. To manage interference and utilize interference as
energy source, two-SWIPT receiver is designed, namely, power splitting (PS), and antennas switching (AS) has been considered for
relay system. The performance of AS- and PS-based IA relay systems is considered, as is a new energy cooperation (ECop) scheme
that is proposed to improve system performance. Numerical results are provided to evaluate the performance of all schemes and it
is shown from the simulations that the performance of proposed ECop outperformed both AS and PS.

1. Introduction

Recently, energy harvesting (EH) from radio-frequency (RF)
signals has drawn significant attention as it is a promising
solution to prolong the lifetime of energy constrained wireless
networks, for example, sensor based wireless networks. Since
it has practical valuable for enabling both wireless data and
wireless energy transmission, EH has a promising future for
green communications. Simultaneous wireless information
and power transfer (SWIPT) was first proposed in [1],
where SWIPT in a point-to-point single-antenna additive
white Gauss noise (AWGN) channel was studied from an
information-theoretic standpoint. In [2], Grover extended
[1] to frequency-selective single-antenna AWGN channels,
where nontrivial tradeoff between information rate and har-
vested energy was demonstrated by varying power allocation
over frequency. Optimal designs that take into account
cochannel interference of wireless information and power
transfer were studied in [3] to achieve different outage energy
tradeoff as well as rate-energy tradeoff.

Since the application of multiple-input multiple-output
(MIMO) technology could significantly enhance the transfer

efficiency of both energy and information, SWIPT for MIMO
channels has been investigated in [4-6]. In [4], Zhang and
Ho studied the performance limits of a three-node MIMO.
The work in [4] was extended to cases with imperfect channel
state information (CSI) at the transmitter in [5]. In [6],
when the CSI is not available at the transmitter, a transmitter
design based on random beamforming is proposed for a
multiple-input single-output (MISO) SWIPT system with
artificial channel fading generated over quasi-static channels.
SWIPT is studied in orthogonal frequency division multi-
plexing (OFDM) systems in [7-9], in broadcast channels
[10], and in interference channels [11, 12]. In addition, [13]
studied SWIPT in MIMO-OFDMA systems and proposed
a SWIPT-enabled architecture to study the power control
problem in broadband wireless systems. It is well known
that MIMO relay networks can markedly improve spectrum
utilization and simultaneously enhance link reliability [14,
15], as well as being an efficient way to provide high quality
service at low cost [14-16]. More importantly, the concept
of SWIPT is more applicable for short-distance applications
since wireless power transfer (WPT) will suffer from high
attenuation due to path-loss. MIMO relay systems involving
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FIGURE 1: System model of K-user interference relay channel.

an energy harvesting receiver were studied in [17], in which
the joint optimal source and relay precode were designed to
achieve different tradeoffs between the energy transfer and
the information rate. In [18] a relaying protocol based on time
switching (TS) and power splitting (PS) is proposed to enable
energy harvesting and information processing at the relay. In
[19], the throughput in a classic three-node Gaussian relay
channel with decode-and-forward (DF) relaying is analyzed.

Interference is well known as being one of the major chal-
lenges in the transceiver design of wireless communications.
A promising solution to interference management in wireless
networks is interference alignment (IA) that has proved its
optimality to approach the Shannon capacity of interference
networks at high signal-to-noise ratio (SNR) [20]. In IA, the
transmitted signals of all the users are jointly designed to
constrain all the interference into certain subspaces at the
unintended receivers, and the desired signal can be obtained
from the remaining interference-subspaces by the decoding
matrices at each receiver. To obtain the coding and decoding
matrices, numerical iteration is proposed in [20], and the
feasibility conditions of IA in multiuser MIMO networks
were studied in [21]. Due to its outstanding performance, IA
has been successfully applied in various networks [22].

The study of SWIPT in IA networks is still at an early
stage: although some fundamental work has been done [23,
24], there is not much reported in the literature. In this
paper, SWIPT in IA relay networks has been studied, with
the performance of antennas switching (AS) and PS-based
SWIPT being analyzed.

The system sum-rate maximum problem is formulated
as a three-step optimization problem. The problem is trans-
formed to a convex problem that can be solved easily.
Combining the transfer characteristic of AS and PS, an energy
cooperation scheme is proposed that can achieve better

performance than either the AS or PS scheme. Also, the
degree of freedom (DoF) condition is more flexible than in
the AS scheme.

SWIPT has proved to be more efficient in spectrum usage
than transmitting information and energy in orthogonal
time or frequency channels [1]. To settle the interference
issue in communication systems, existing interference man-
agement techniques, for example, interference cancellation,
attempt to avoid or mitigate interference through spectrum
scheduling. However, with RF energy harvesting, harmful
interference can be turned into useful energy through a
scheduling policy. This paper provides new vision to mitigate
interference and facilitate SWIPT. Furthermore, cooperative
relaying techniques can extend the coverage of source node
and help to overcome fading and attenuation by using
intermediate relay nodes, resulting in improved network
performance in terms of efficiency and reliability. Our paper
presents tentative exploration in interference management
and improves energy efficiency in relay network; our results
can be applied to next generation communication system
with ultra-densification network infrastructure.

This paper is organized as follows: Section 2 introduces
the system model and problem formulations; Section 3
presents the solutions for the formulated problems; Section 4
provides numerical examples to validate our results and
compare the performances; and Section 5 concludes the

paper.

2. System Model

As shown in Figure 1, K-user interference relay channel is
considered, that is, K transmission links of transmitter-relay-
receiver.
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Itisassumed that M, , N}, and T} antennas are fitted at kth
source node, relay node, and destination node, respectively;
d; and di data streams are transmitted by kth source node
and relay node. We assume there is no direct link between
the source and the destination node so that an intermediate
DF relay assists the transmission of the source messages to
the destination. The energy harvesting enabled relay nodes to
first harvest energy and receive information simultaneously
through RF signals from the source nodes. Next, the relay
nodes use the harvested energy as a source of transmission
power to forward the decoded source information to the
destination nodes. It is assumed that the processing power
required by the information decoding circuitry at the relay
is negligible as compared to the power used for signal
transmission from the relay to the destination.

Communication is performed in two orthogonal time
slots and it is assumed that perfect channel state information
(CSI) of the network is available at all the nodes. In this paper,
to avoid interference between users, linear IA in the spatial
dimension is considered, that is, JA in multiuser MIMO
systems. This paper mainly concentrates on the information
and power transfer in the IA networks instead of degrees of
freedom, so we assume that the streams for each node are
the same; that is, di =dd =d Vk = 1,2,..., K. Moreover,
symmetric networks are considered, and thus all the nodes
have the same parameters; that is, M;, = M, N, = N, and
T, =T,Vk=12,...,K.

Consider Slot 2 firstly that is the conventional IA network
with only information transmission being performed. The
received signal at destination node k can be represented as

K
D H H
Vi = UpkGrVaoiexon + z U, Gy Va,ixy;
i=Litk )

H
+ Uy ke

X, is dg x 1 data symbol transmitted by the relay node.
The average power constraint is denoted as Tr([E{xz,kxfk}) =
Tr(S,x) = Py, where S, denotes the covariance matrix of
Xy 1 Gy, € CN*T is the channel gain matrix from relay node i
to destination node k.

For the arbitrary kth relay node, its signal x, ; is precoded
by a precoding matrix V,, € CT%  The coded signal
V1%, is transmitted by the antennas from relay node k to
destination node k, which will also cause interference at other
unintended destination nodes. At kth destination node, the
interferences from other relay nodes, GV, jx, ;, Vj # k
are constrained into the same subspace that is orthogonal to
the unitary interference suppression matrix U, ¢ cV Xdﬁ,
through the cooperation of the precoding matrices of the
other users. Thus, the desired signal of kth destination node
can be recovered as Ukakaz,kxz,k at kth destination node.
Ny € CM*! represents the additive white Gaussian noise
vector at destination node k with distribution €.4(0, 52).
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FIGURE 2: Antennas switching model.

When 1A is feasible, the interferences among users can be
assumed to be perfectly eliminated if the following conditions
are satisfied [20, 21]:

U2,kajV2,j = 0, V] ?E k,

(2)
rank (U, Gy Vs ) = df-
The feasible condition for IA can be given as
M+N>(K+1)d. 3)
Then (1) can be simplified as
)’kD = Ukakkvz,kxz,k + Ufknz,k- 4)
The rate of kth destination node can be described as
Ry = log 'I + Ukakkvz,ksz,kangcUz,k' » ©)

where Tr(S, ;) = P, < Qand Q denotes the harvested energy
in Slot 1.

Next, consider the joint information and power transfer
in Slot 1. Assume that each relay node can decode information
and harvest energy at the same time. The source node
transfers energy and information to the relay node through
two mechanisms, AS and PS.

In the AS scheme, receiving antennas are divided into two
groups with one group switched to information decoding and
the other group to energy harvesting as shown in Figure 2.

We assume that each relay node switches L antennas
from all N antennas for information decoding (ID), and the
remaining N — L antennas are used for EH. The number of ID
antennas should satisfy the feasible condition; that is,

L+M>(K+1)d. (6)

The channel matrix between source node j and the ID
antennas of relay node k is denoted as Hip; € chM,
which is composed by L rows of Hy; and adopted to obtain
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the coding matrices. Assume that the interference can be
eliminated completely, and the rate of the kth relay noted can
be described as

H H H
Ry sk =log, |I, + Ul,kHID-kaI,kSkVI,kHID—kkUI,k|'

For power transfer, the channel matrix between source
node j and the relay node k is Hyyy,; € CN DM The
harvested energy at relay node k can be described as

K
Qs = ¢ Tr ( ZHEH-kiViSinHH?H—ki> ; 8)

i=1

where { (0 < { < 1) is the energy conversion efficiency at
the relay node and the background noise at the EH receiver
is negligible and thus can be ignored.

For the PS scheme, the received signal at each antenna
is split into two separate signal streams with different power
levels, one sent to the EH receiver and the other to the ID
receiver, as shown in Figure 3.

The received signal from the antenna is first corrupted by
a Gaussian noise denoted by n, ~ €.4(0, 0124) in the RF-band.
The RF-band signal is then fed into a power splitter, which
is assumed to be perfect without any noise induced. The
signal split to the ID receiver then goes through a sequence
of standard operations to be converted from the RF band
to baseband. During this process, the signal is additionally
corrupted by another noise n, ~ €.4(0, Gf,), which is inde-
pendent of r1,.

For jth antenna at kth relay node, the portion of power
for EH is denoted as p;j, 0 < p;; < 1 and that for ID is 1 - py;,
1 < j < N. Then the rate of kth relay node can be calculated
as

Ry psi = log|I

—1/2 . —l1/2 12 1 5 )
+ULAL YA, Ulk(Uk (Ak (031 +¥)0) A, +‘7p) )

.Uk)*

>

where
H H
Wi = Hy VSV Hygo
(10)
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where A, = diag(py;» Pras - - -» Peny) and Ay = I— A, represents
the partition of power for all N receiving antennas at kth
relay node. The harvested energy at kth relay node can be
calculated similar to (8) as

K
Qps = ¢ Tr (ZAkaiVI,iSI,inin> . (11)

i=1

For the relay system, we assume Slot 1 = Slot 2, so the
system rate of kth relay transmission link can be described
as

1
Rk = E min (Rl,k’ RZ,k) . (12)

3. Problem Formulation

3.1. Antenna Switching-Based Relaying. In AS, it supposed
that L antennas are selected from all N for ID; hence, there
are a = (C ) feasible combinations totally. The optimal AS
scheme can be found through searching the optimal one from
all feasible antennas combinations. Assume that the global
channel knowledge is available to all users. For a selected
AS scheme, the optimization problem can be described as
follows:

K

max Z min (Ry 4, R, )

k=1

st. Tr(Syx) <P, k=1,...,K
Tr (S1) < Qasso
S 20,

k=1,...,K (P1)

Syi =0,
k=1,...,K.

Theorem 1. The power allocation problem (P1) can be divided
into K independent subproblems for K links.

Proof. Since the transmission in Slot 2 is powered by the
harvested energy in Slot 1, we have P,; = Qg Moreover,
consider perfect IA and optimal power allocation on Slot 2;
the rate of kth link in Slot 2 is independent of any other link.
The two-hop optimization problem can be regarded as a rate-
energy tradeoff problem in Slot 1:

K
; max z (@eRy g + (1 = 04) Qasre)
LeoSLK T

(P1-a)
st. Tr(Sy) <P

Sl,kZO, k=1,...,K,

where 0 < oy < 1 denotes the weight allocated to the rate at
kth relay, to make a tradeoff between EH and IT. For the AS
combination determined, to achieve a maximum sum rate of
K relay links, the value of o should be proper setting.
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For a given oy, the power allocation problem (P1-a) can
be divided into K independent subproblems for K links:

K

Z max (g Ryg1x + (1 - 0) Qask)
p

K
= Z max | o Rysk
k=1

K
+(1-o04)¢Tr <ZHEH—kin’SinHH?H—ki>>

i=1

(P1-b)

M=

max <0‘kRA51,k

>~
I

1

+Tr<

max (“kRAS—l,k +Epsk)-

M=

HyqyH
(1-a) (Hg i VieSi Vi He g >>

I
—

Ngle

k=1

The decision variables are S, ;, k = 1,..., K. Thus, the opti-
mization problem can be rewritten as the following K parallel
subproblems as

max  max o Ry + (1 - o) Qusk
1k

st. Tr(Syx) <P, (13)

wherek =1,..., K. O

According to Theorem 1, it is observed that, for a given
antenna combination and weight value combination, each
source node can determine its own power allocation simulta-
neously to achieve global optimization. Consider kth source
node; the power allocation is denoted as (13) which is convex
and can be solved effectively by the interior point method
[25].

3.2. Power Splitting-Based Relaying. Consider the PS-based
IA relay systems; to eliminate interference completely, uni-
form power splitting (UPS) should be used [24]; that is, p; =

Pr2 =" = Pkt
It is assumed first that each source node has only one data

stream; that is, d = 1. The optimal power splitting ratio at kth
relay node is

Pe
K
B ¢Tr (Zm HkiVI,iViIz‘Hz) (14)
= K :
{Tr (X5, HVy VEHE) + U3 G Vor V3G Unk

Proof. d = 1: the rate of kth user in Slot 1 is

H —1/2 H H—l/2 H
Ry = |I +U A H VS Vi Hg Ay Uy )
15
H H H y+H
= [T+ Py (1 - p) U H Y VEHG U

5
Corresponding harvested energy in Slot 1 is
< H oy H
Qpsp =CTr <ZAkaiV1,isl,iV1,ini>
i=1
(16)
S HyoH
= P ipl Tr (ZHkiVI,iVI,ini
i=1
The rate of kth user in Slot 2 is
H H ~H y H
Ry =log 'I + Uz,kakvz,kSz,kvz,kakUz,k' 1)
17
H H ~Hy H
= log 'I + stkaz,kGkaz,sz,kakUz,k' :
Let R, ;. = R,;; we have
H H pyH y1H
Py (1= pi) Uy Hg ViV Hig U (8)
18

H H ~H yH
= Qps kU5 kG Vo i Vo i G Uni-

Substituting (16) into (18), the optimal power splitting
ratio can be calculated and denoted as (14). O

When d > 1, the power allocation at each source node, PS
ratio, and weight value at each relay node should be jointly
optimized. For a give rate weight value, the optimization
problem can be formulated as

K
max o R+ (1—0g) Qpg.
o B YR (1) Qs
st. 0<p. <1, k=1,...,K
(P2)
Tr(Sl,k)SP,
Six =0,
k=1,...,K.

In (P2), if p, are given, (P2) can be divided into K
independent subproblems for K links as for (P1). The optimal
solution for PA Si* can be obtained through applying the
interpoint method for the UPS scheme.

3.3. Energy Cooperation. Since the AS scheme has better rate
performance and PS scheme has advantages on the harvested
energy [24], we consider an energy cooperation (ECop)
scheme where the PS relays share harvested energy with AS
relays.

It is assumed that only Kth relay node adopts AS scheme
and the reminder relay nodes are PS schemes. The IA relay
systems are still symmetric networks where all the nodes have
the same parameters; that is, M, = M, T = T, N, = N, and
d.=d,Vk=1,2,...,K.

Prior to describing the optimization problem, we first
check the feasibility condition of DoE Assume that the
L antennas are selected for ID at Kth relay node, the
symmetric networks become asymmetric systems, and the
feasibility condition should be reconsidered. From [26], the



TaBLE 1: Comparison of highest DoF for different schemes.

ECop: proper d

(M,N,L,K) .PS: proper d A.S: proper d given by (20a)
given by (2) (3)  given by (6) and (20b)
(6,6,5,3) 3 2 2
(5,5,2,3) 2 1 2
(6,4,3,3) 2 2 2
(4,4,3,3) 2 1 1
(6,6,2,4) 2 1 2
(6,3,2,4) 1 1 1

total number of equations and the total number of variables
are given by

K-1
N, = Y d; (M; + N; - 2d;) + dyc (Mg + L - 2d,)

i=1

=[KM+N-2d)+(L-N)]d, 19)

N,=) Y dd,

i . .

K K
=1 j=1,j#i
The IA condition is proper if N, > N,; that is,

(M+N)_ (N-1L)
K+1

>d. 20
K(K+1) (202)

Moreover, the ID receiver can simultaneously decode up
to L streams, which is

L>d. (20b)

Note that, in the energy cooperation IA, the feasibility
condition is stricter than condition (6). Table 1 compares the
highest achievable DoF for given (M, N, L, K).

It is observed that energy cooperation has a better DoF
than AS IA and the energy cooperation network will always
have a lower DoF than PS, since Kth AS relay node prevents
the network being symmetric anymore.

Now consider the design problem for the ECoP IA; our
aim is to maximize the sum-rate of all relay links subject
to individual rate constraints at PS links, given by C;, k =
L...,K-1

Remark 2. For kth (k = 1,...,K — 1) PS relay link, if

'UkakaI,k'z > |UfKHKKVKK'2 >

'Ukakaz,k'z > |U§,IKGKKV2,K|2) (1)
k=1,...,K-1.

Specifically, if kth (k = 1,..., K — 1) relay link has a better
rate performance than Kth link in both slots, kth relay node
would not share its harvested energy with an AS relay node.
The design objective of kth (k = 1,...,K — 1) relay links is
still energy-rate tradeoff.
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Now the energy cooperation scheme is described as
follows.

First, calculate the energy requirement to maximize the
system rate of the AS link. More precisely, find an antenna
combination that achieves the maximum rate in Slot 1 and
then calculate the energy requirement gap at relay nodes for
forwarding the received information.

Next, consider how much energy should be shared for
the ECop available relay node. We define a parameter called
energy-rate ratio (ERR) to compare the instantaneous EH
capacity to ID capability of a relay node. The ERR of relay
nodek, k € {1,...,K — 1} in the network can be denoted as

£k mv, |’
e = 2\ (22)
log (1+ U Hu V| )

For kth relay node, the energy that should be shared with

AS relay node is
1 +
QReq,k = <V_ _) . (23)
Nk

And v makes ZkK:_ll Qregk = Qreq-

However, energy sharing is not always available for the
PS relay node since there is a rate requirement at the PS link.
For kth link, assume that, when the link rate requirement
is satisfied, the saved energy at relay is denoted as Qe x-

Practically, the energy that can be saved in kth rely node is
Qshare,k = min(Qgﬁe,k’QReq,k)'

Remark 3. 1f the relay node cannot save any energy when the
rate requirement is satisfied, that is, Q. ;. = 0, the AS relay
node would not receive any energy from the corresponding
relay node.

Finally, Kth relay node received energy is Q
fz_ll Qqhare - If the received energy is smaller than the energy
requirement Qg., (the energy cannot afford to forward the
information) the AS relay links should be redesigned to
maximize their information rate. The algorithm of energy

cooperation scheme is concluded as Algorithm 1.

received

Algorithm 1 (energy cooperation scheme). (1) Calculate AS
user’s maximum rate Ry and corresponding harvested energy
Qj in Slot 1.

(2) Calculate the energy requirement Q that makes Slot 2
achieve the information rate Ry.

(3) For the PS relay nodes satisfy (21a) and (21b), they
should totally share energy Qgeq = Q — Qi to AS relay node.

(4) Calculate the energy that should be saved in kth relay
node Qg by (23).

(5) For kth relay node, calculate the energy that can
be saved Q. , when kth relay node satisfied the rate
requirement, and the energy that can be shared with AS relay
node is Qqyare e = Min(QGy. x> Qreq,) actually.

(6) Calculate the total received energy Qcceived

f:_ll Qshare,k in AS relaY-

(7) If Queceived = Qreq» rate of AS link is Ry Else redesign

the AS link to maximize their information rate.
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4. Simulation Result and Discussions

In this section, we provide numerical results to compare the
performance of investigated schemes.

Firstly consider the achievable rate performances for
different transmission strategies at different transfer power
level.

For the situation with d = 1, a three-user IA relay network
with M = N = T = 3 is considered. Assume that, in AS,
to meet the IA feasibility condition, L = 2. For ECop, ID
antennas are L = 2 at the AS node, and receiving antennas
at PS relay nodes are N = 3.

For the situation with d = 2, assume that M = 6, N = 3,
and T = 6. In the AS scheme, L = 2. In ECop, ID antennas are
L = 2 atthe ASnode, and receiving antennas at PS relay nodes
are N = 3. The conventional iterative algorithm is utilized to
obtain the solutions for IA transceivers [20].

Figure 4 shows that the PS scheme always has a better
performance than AS since the PS scheme makes a more flex-
ible tradeoff between energy and information. Moreover, PS
always has a higher DoF condition in any antenna situation.
Since the system rate of a relay link depends on the smaller
Slot, but both slots happen in the same transmission duration,
the performance of PS and AS improves linearly with the
increase of transfer power rather than logarithmically.

For ECop, the rate performance outperforms AS and PS.
Since the AS node can achieve and maximize information due
to no self-energy constraint, hence the ECop scheme achieves
a better sum system rate.

In the next experiment, users are distributed randomly in
a one-dimensional region. The distance between source node
and destination is 200 meters, which can be normalized to L.
The distance between source node and relay node is denoted
as s and for the relay node to destination node denoted as

50

45 |

40

35+

30 +

25'F.

20P.

"V:""-'g

15

Sum system rate (bits/s/Hz)

10

0 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
The distance between transmitter and relay node (s)

—&— ECop (d =2) o ECop(d=1)
—— PS(d=2) *%- PS(d=1)
- AS(d=2) O ASd=1)

FIGURE 5: Achievable sum system rate of the IA relay network for
different schemes at different relay position.

1 — s. Suppose the large scale path-loss factor ¢ = 3, and
the channel coeflicients between relay and users would have
additional large scale path-loss Q;, = s, Q, = (1 - )72,
respectively.

Ford = 1 and d = 2, the network condition is the
same as the previous experiment. It is observed from Figure 5
that, when relay nodes are closer to destination nodes, the AS
scheme has a better performance, which indicates that the
AS scheme has an advantage on information transmission.
This conclusion is somewhat surprising when the UPS was
superior to the AS in the conventional MIMO systems by
maintaining spatial multiplexing gain at the cost of power
loss. It is worth pointing out that AS has a better rate
performance at the cost of lower DoF. In summary, AS has
a better rate performance with hard DoF condition; on the
other hand, UPS has an advantage on the harvested energy
with a better DoF condition. For a real communication
system, we should choose the receiving scheme according to
the actual situations.

Furthermore, it is noted that ECop always has the highest
rate which indicates that the proposed scheme can improve
the system performance efficiently. ECop can also achieve
higher DoF than that of AS.

5. Conclusions

In this paper, SWIPT in IA relay networks has been studied.
Firstly AS- and PS-based SWIPT is analyzed to maximize
the sum-rate of the networks, and a three-step optimization
method is proposed. The simulation results show that PS will
not always outperform the AS scheme. This conclusion is
somewhat surprising when we remember that the UPS always
have a bigger R-E region than AS in traditional scenario.



These results show that these two schemes lead to a new
transmission characteristic when interference is taken as the
energy source in IA networks.

To combine the advantages of AS and PS, a new ECop
scheme is proposed to achieve better performance. Simula-
tion results are presented to show the advantage of the ECop
scheme in IA relay networks.
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