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Abstract—This letter studies bi-directional secure information
exchange in a simultaneous wireless information and power
transfer system enabled by a full-duplex multiple-input multiple-
output amplify-and-forward (AF) relay. The AF relay injects
artificial noise (AN) in order to confuse the eavesdropper.
Specifically, we assume a zeroforcing (ZF) solution constraint
to eliminate the residual self-interference. As a consequence, we
address the optimal joint design of the ZF matrix and the AN
covariance matrix at the relay node as well as the transmit
power at the sources. We propose an alternating algorithm uti-
lizing semi-definite programming technique and 1-D searching to
achieve the optimal solution. Simulation results are provided to
demonstrate the effectiveness of the proposed algorithm.

Index Terms—Full-duplex, energy harvesting, relay, secrecy,
physical layer security.

I. INTRODUCTION

IRELESS communication networks are inherently

susceptible to sophisticated eavesdropping attacks;
however, full-duplex wireless operation is even more prone
to overhearing due to continuous transmission and reception
by the full-duplex nodes. Guaranteeing security in full-duplex
communications is therefore a critical issue that needs to be
addressed.

Recently, simultaneous wireless information and power
transfer (SWIPT) [1], full-duplex (FD) enabled bi-directional
wireless communications [2] as well as physical-layer (PHY)
security [3] have each been a major research area and also led
to efforts investigating the combination of these technologies.
To name a few, for example, FD SWIPT has been consid-
ered in [4]. Also, PHY security in FD systems was addressed
in [5] and [6]. In contrast to existing works, our main con-
tribution is the study of the integration of all three and the
joint optimization of the transmit power, the artificial noise
(AN) covariance and the two-way relay beamforming matrix
to maximize the secrecy sum-rate for SWIPT with a FD
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multiple-input multiple-output (MIMO) amplify-and-forward
(AF) relay employing power splitter (PS). Specifically, the
total transmit power is minimized while guaranteeing the sig-
nal to interference and noise ratio (SINR) constraints at the
two legitimate users as well as the eavesdropper and the energy
harvesting constraint at the rel}z\lfy.

Notations: We use X € CM*N to represent a complex M x N
matrix. Also, (-) denotes the conjugate transpose, trace(-) is
the trace operation, and || - || denotes the Frobenius norm. In
addition, |- | returns the absolute value of a scalar, and X > 0
denotes that the Hermitian matrix X is positive semidefinite.
The expectation operator is denoted by E{-}.

II. SYSTEM MODEL

We consider SWIPT in a three-node MIMO relay network
with nodes Sp and Sp, equipped with one transmit and one
receive antennas for information transmission and reception,
respectively, exchanging confidential information with the aid
of a multi-antenna AF relay R, in the presence of a single
antenna eavesdropper E. We assume that: i) Sa, Sg and R all
operate in FD mode, ii) there is no direct link between Sa
and Sp, iii) the harvested energy at the relay is used to com-
plete the bi-directional information exchange [7], and iv) Sa
and Sp are not aware of any eavesdropper thus, no direct link
exist between S and Sp and the eavesdropper, as in [8]. The
inclusion of the source-eavesdropper links can be handled in
a similar manner. The relay, however, is aware of the eaves-
dropper. As a result, the relay injects AN signals to confuse
the eavesdropper.

In the first phase, the relay receives confidential information
from Sao and Sg, while in the next phase, R amplifies and
forwards the processed information to both nodes with the
AN signal being superimposed to jam the eavesdropper [8].
Using the transmit power P4 and Pp, respectively, Sao and Sp
transmit their confidential messages simultaneously to R. On
the other hand, R employs linear processing with amplification
matrix W to process the received signal and broadcasts the
processed signal to the nodes with harvested power U.

The antennas at R are separated for transmission and recep-
tion with My transmit antennas and My receive antennas. Also,
we denote hyg € CMr*! and hgy € CM7*! to, respectively,
represent the directional channel vectors between the node X
€ {A, B} and R. Similarly, we use hgg to denote the channel
between E and R.

To achieve FD communication, self-interference (SI) must
be significantly suppressed, as total cancellation is not possible
as a result of imperfect channel estimation [4]. Therefore, we
adopt the use of existing SI cancellation mechanisms (e.g.,
antenna isolation, digital and analog cancellation, etc.), to
reduce the effect of SI. For convenience, we denote ha4, hpp,
and Hgp € CMrRXMT 45 the residual SI (RSI) channels at the
respective nodes [4]. Also, the RSI channel is represented as
a Gaussian distribution random variable with zero mean and
variance a,%, for X € {A, B, R} [4]. Furthermore, the relay,

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/


https://core.ac.uk/display/288365976?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://orcid.org/0000-0002-2809-0082
https://orcid.org/0000-0002-3688-5619

OKANDEII et al.: SECURE FD TWO-WAY RELAYING FOR SWIPT

assumed to be equipped with a PS device, coordinates infor-
mation decoding and energy harvesting. Specifically, the relay
splits the received signal power such that a p € (0, 1) portion
of the received signal power is fed to the information receiver
(IR) and the remaining (1 — p) portion of the power is fed to
the energy receiver (ER) at the relay.

A. Signal Model

The received signal y,[n] and the transmit signal xg[n] at
R at time instant n, can be written, respectively, as

¥ (1] = hagsaln] + hgrsp[n] + Hrrxg[n] + ng[n], (1)
xg[n] = Wyg'[n — 11+ 2[n], 2

where t is the processing delay to implement FD operation and

assumed short enough to be neglected as far as the achievable

rate computation is concerned, ng «~ CA (0, a,%l) is the addi-

tive white Gaussian noise (AWGN) at R, z[n] «~ CN(0, Q),

with Q > 0, is the AN used for interfering E, and y'X[n] is

the signal split to the IR at R given by

Vil = /o(hagsaln] + hprspln] + Hrrxglnl + nglnl).

3)

Thus, the signal transmitted by R can then be expressed as
Xg[n] = ﬁW(hARSA [n — 7]+ hpgrspln — 7]
+ Hrxgln — 7]+ ngln — 1) +2ln = 7. (4)

As shown in [9], the relay output can be further written as

xelnl = W ) (HeaWy [ /o arsaln - jr — 1
j=0
+ hggsgln — j = 7+ ngln — jr — ) |
+ z[n —jTr — 1], 5

where j denotes the index of the delayed symbols. We define
the covariance matrix of (5) as

o
E[XRX};] = p[PAW Z(HRRW)/hARhZR((HRRW)j)TWT
j=0

o
+ PsW Y (HggWyhgghj, (Her WY)W’
j=0

(0.¢]
+ WZ(HRRWWTH;RYWT] +Q. (6

j=0
Clearly, the relay’s transmit covariance is indeed a complicated
function of W. In this letter, we adopt the zeroforcing (ZF)
solution constraint to cancel the RSI from the relay output to
the relay input via the optimization of W [4]. In particular,

the ZF constraints may take the following forms [8]

WHir =0, if Mp > My, (7)
HRRW = 0, if MT > MR. (8)

For convenience, we only consider the case M7 > Mg as the
other case can be handled similarly. Thus, (5) becomes

xg[n] = ﬁW[hARSA[n — ]+ hgrspln — ]+ ng[n — f]]
+ z[n],

337

with the relay output power expressed as
Pr = trace(IE[xRxI(])
= p| PAIWhagI + Pl Whagl® + trace(WW") |
+ trace(Q). 9

In the second time slot after cancelling the SI signal ss[n— 1],
the received signal at Sp is given as

ysalnl = /5 (I Whisgsgln — 71 + b, Wngln]
+ hgazln] + haasaln] + nalnl. (10)

where n4[n] is the AWGN at node Sa. From this, we can work
out the rates at Sp and Sg as

Ry =log,(1 +T'x), for X € {A, B}, (11)

where

pPg|h}, Whig|?

0o, WI2 + Palhaal? + hl, Qhgy + 1
PPl Whyg|?

B= 21T 2 2 il - (13
poglhpe W= + Pglhpg|* + hppQhgp + 1

12)

The signal received at E can be expressed as
veln) = /5 (s Wharsaln — 71 + hie Whiggssln — ]
+ i Wig) + hjgzlnl + g, (14)

where ng is the AWGN at E. Also, the achievable sum-rate at
E is upper bounded as R = log,(1 + I'r) [8], where

_ pPalhgWhag|? + pPglhfWhpg|?

e 2nt 2 hi (13
poglhpp W= + hprQhge + 1
The achievable secrecy sum-rate is then defined as [8]
Rsec - [RA +RB - RE]+7 (16)

where [x]T represents max(x, 0). The eavesdropper is a legit-
imate user for another service, hence perfect CSI is available.
Meanwhile, the signal split to the ER at R is given by

el =/1—p (hARSA [n] + hggspln] + Hrrxgln] + nR[n]>-
The harvested energy at the relay is thus given as [4]
U= B(1 — p)(Iharl*Pa + [hpr*Pp + E + oxMp), (17)

in which E = IE[XRX};] and B denotes the energy conversion
efficiency of the ER at the relay which is assumed unity.

B. Problem Statement

Due to the inherent SI at each FD node, the nodes may
not use the maximum available transmit power in order not
to increase the level of SI. Thus, there is a need to trans-
mit at optimum values. Furthermore, it is known that optimal
values of system parameters guarantees that the secrecy rate
is as large as possible [8]. Thus, in this letter, our aim is
to maximize the secrecy sum-rate for SWIPT by ensuring that
system parameters are optimal. We achieve this by jointly opti-
mizing the transmit power (P4, Pp) at nodes Sp and Sg, the
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relaying matrix (W) and the AN covariance matrix (Q) at the
relay. Thus, we have
min
pe(0,1),W. Q>0
0<P4 <Pmax.,0<Pp<Pmax

Ps + Pp + Pr s.t.

Fa=vya, I'p=yp, TE=vE, )
(1 — p)(Ihagl>Pa+|hpr|?Pg+E +0iMg) > U,  (18)
HrrW =0,

where y4, ¥B, YE, and U are respective QoS threshold. Note
that the second constraint guarantees that the energy receiver
circuit can harvest sufficient energy such that the relay can
successfully forward the received signals.

ITI. PROPOSED SCHEME
A. Optimization of W and Q at the Relay

Here, we study the optimal beamforming matrix and the AN
covariance matrix assuming the transmit power (P4, Pp) and
the PS ratio (p) all being fixed. For convenience, we define
W = N,V, where N, € CY7*M1 represents the null space of
Hgg, and V € CM7XM71 jg the new optimization variable. As
a consequence, the optimization of W reduces to optimizing
V. Hence, we remove the ZF constraint in (18) and obtain the
equivalent optimization problem:

min Pgr s.t.

V.,Q>0
Fa>vya, I'B=vyp, TE=vVE _ (19
(1 — p)(Ihar|*Pa + |hpr|*Pp + E + 0jMg) > U.

Problem (19) is a nonconvex problem due to the cou-
pled optimization variables in the constraints. However,
by rearranging the terms in the constraints, (19) can be
re-expressed as

min Pg s.t. (20a)
2,Q>0
L ppCahi Shpg—o2Crhl, Sh
” BCrANpp 220pr —Op CNilp 4 2210RA
1
> ;(PA|hAA|2+h;AQhRA +1), (20b)
L p.Cophl Shig—o2Crshl.Th
Ve ACrBIlAp AR RY“Ntllpp RB
1
> ;(P3|h33|2+h;BQhRB+1), (20c)
1
~ [PAC B} Zhar+PBCshl S
E
1
—oRCnihh Sy < ;(h;EQhRE+1), (20d)
lhag|*Pa + |hgr|*Pg+ E> —0pMg, (20e)

“(1-p)

where £ = VVT, Coy = [Nhgal?, C; = trace(N,N)), C,5 =
INhggll> and C,z = [N/hgg|/?. Problem (20) can be effi-
ciently solved by existing solvers such as CVX. Once the
optimal X is obtained, optimal V can be constructed through
matrix decomposition.

B. Optimization of the PS Coefficient (p)

For fixed values of the relay beamforming matrix (W), AN
covariance (Q) and for given values of the transmit power

IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 7, NO. 3, JUNE 2018

(P4, Pp), (18) can be reformulated as

min Py + Pp + P S.t. (21a)
pe(0,1)
T 2
pPglh;,, Whpg|
T —— IR > ya.  (21b)
pollhl, W2 + Palhaal?® +hl, Qhry + 1
T 2
PPAhpWhyp|
TR RB —— > yp,  (2lc)
pap s W2 + Pglhps|? + hj,Qhgp + 1
pPAlgWharl + pPolhgs Wheel® _ ol
— E?
pop W2 + hl,Qhgg + 1
(1 — p)(Ihag|*Pa + |hgr|*Pg + E+0fMg) > U,  (2le)

which can be expressed in a form solvable by existing solvers
by rearranging the terms in the constraints as

pIeI{l(iJr,ll} P4 + Pg + Pp s.t. (22a)
VLAIOPBCrAhEREhBR - pafchthngEhRA

> Palhaal® + bl Qhra +1,  (22b)
épPAc,th‘thAR — poZCrihiy Shep

> Pplhgsl* + hjpsQhgs + 1, (22¢)

1 .
)/_ [PACrEh;REhAR + PBCrEhngEhBR:I
E

1
~oRCoutiesBhae < (i Qhye + 1), (224)

(1 = p)(|hag|*Pa + |hpg|*Pp + E + 0iMg) > U.  (22e¢)

C. Optimization of the Source Power (Py, Pp)

For given values of the relay beamforming matrix (W), AN
covariance matrix (Q) and the relay PS ratio, problem (18)
can be written as

min P4 + Pp + PR S.t.

Py.Pp
pPylhj, Whig|>

— - >ya (23a)
poi g, W12 + Pylhaal? + hy,Qhgy + 1
Palhl,Whyg|?

— PPl RB AR | : > Vs, (23b)
pogllhpsWII> + Pglhpp|® 4+ hppQhgp + 1
PPl Wharl” + pPslhis Whisgl” 230)

poglbg W2 + b Qhge +1
(1 = p)(hag[*Ps + [hgr|*Ps + E + 0xMg) = U, (23d)
0 <Py < Pmax. 0 < Pp < Prax. (23e)

It is worth noting that full-duplexity in communication systems
is preceded by successful SI cancellation. In our model, both
Sa and Sp are equipped with a single transmitter-receiver pair
for signal transmission and reception, respectively. As a result,
it is impossible to cancel the SI in the spatial domain [4].
The relay, in contrast, equipped with at least two transmitter-
receiver pairs, can cancel the generated SI in the spatial
domain. We proceed to investigate the optimal power solution
(P4, Pp) assuming W, Q and p all being fixed. Evidently, it
is easy to check that at the optimum, either Sy or Sp will
be transmitting with maximum power [4], i.e., P4 = Pmax O
Pp = Pnax. As a consequence, we can relax (23) into two sub-
problems with: (i) P4 = Ppax, (i1) Pp = Pmax. Considering the
symmetric nature of case (i) and case (ii), we study case (i) as
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— * —Relay Opt only, U = 0.01
—e—Joint Opt, U = 0.05
— & ~Relay Opt only, U = 0.05
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Fig. 1. Secrecy sum-rate versus Pmax.

an example and solve problem (23) analytically. Problem (23)
is thus reformulated as

min Pg + Py s.t. (24a)
Pp
Pglh,, Whg|?
_ pPplhg, Whgg| : S . (24b)
p0R||hRAW||2 + Pmax|hAA|2 + hRAQhRA +1
Prnax | Whyg 2
— 1Y max| RB ARl . > v, (240)
poglhpsWI2 + Pglhpp|? + hppQhgp + 1
T 2 T 2
meaxlhRE{VVhAR| pPBlhREWhBR| < v, (24d)
POR ”hREW||2 + h] EQhRE +1
(1 = p) (IR Pmax + [hpr|*Ps + E + 0zMg) > U, (24e)
0 < Pp < Pax, (24f)

where Pr = p[Pmax || Whar|I” + Pp| Whig||* +trace(WW') ]+
trace(Q). Since 0 < Pp < Pmax, We can obtain the feasible
range [Pg", Pg™] for Pg. Also, the constraints in (24) can be
analysed with respect to Pp:

1) A continuous increase in Pp should guarantee that (24b)
remains satisfied. As a consequence we can set the minimum
of Py as P?‘“ _ va(pog|hl, Wi +PA|hAA\ +hRAQhRA+1)

p\h Whgpg|?

2) Constraint (24c) is a 3ecreas1ng function of Ppg.
Therefore, the maximum Pp satisfying (24c) to equality is
defined as P = pPA|hRBWhAR|2—yB<paRnh‘,zwwu e Qb 1)

3) An upper bound of the eavesdroplpmg constraint in (24d)
is satisfied when Pp < Pg**.

4) A lower bound of the energy harvesting constraint
in (24e) is guaranteed to be satisfied when Pg > Pmln

The optimal P} is chosen between PHi" and Pmax which
satisfies (24b)—(24e). Accordingly, to obtam the _optlmal Pg,
we perform a 1-D search over Pg starting from Pg'" until Pg®*
is reached to find a feasible solution to problem (24) Clearly,
if Pmln PR3 then (24) becomes infeasible.

Thus problem (18) is solved in an alternating manner.

IV. SIMULATION RESULTS

In this section, we consider Rayleigh flat fading channels
for computer simulations. The results are averaged over 1000
channel realizations with y4 = —5(dB), yp = —5(dB), yg =
—15( dB). We also assume that 60% of the SI at node A and
node B has been eliminated through digital cancellation [4].

In Fig. 1, we investigate the secrecy sum-rate for SWIPT in
FD systems versus the transmit power budget P« (dB) for
different values of the harvested power constraint. We study
the performance of the proposed scheme (denoted ‘Joint Opt.’
in the figure) in comparison with the relay-only optimization
scheme (denoted ‘Relay Only Opt.”). We see that the proposed
scheme yields a higher secrecy sum-rate than the relay-only
optimization scheme. Also, it can be observed that the secrecy
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—*—Joint Opt, U = 0.01
- % —Relay Opt only, U = 0.01
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Fig. 2. Secrecy sum-rate versus RSIL.

sum-rate increases with Ppax to a certain level after which it
begins to experience a decrease with a continuous increase in
Prax, due to the increase of RSI [10].

In Fig. 2, we investigate further the secrecy sum-rate
performance against the RSI for different values of the
harvested power constraints. Evidently, as RSI increases, a
corresponding decrease in the secrecy sum-rate is observed.
However, the proposed scheme yields higher secrecy sum-
rate compared to the secrecy sum-rate of the relay-only
optimization scheme for different values of the harvested
energy constraint. Hence, the need for joint optimization is
justified.

Note from Fig. 1 and 2, as the harvested energy threshold
increases, more power is directed to the ER of the relay. The
result is a corresponding decline in the achievable secrecy rate.

V. CONCLUSION

This letter investigated the joint optimization of the trans-
mit power, AN covariance matrix, and the relay beamforming
matrix for SWIPT in FD AF relaying system in the presence of
an eavesdropper. Specifically, using SDP and 1-D searching,
we proposed an algorithm that minimizes the total transmit
power for secure SWIPT in a FD MIMO AF relay system.
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