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Abstract—In this paper, we investigate simultaneous wireless
information and power transfer (SWIPT) where a multi-antenna
transmitter sends data and energy to single antenna receivers
with a time switching (TS) circuit. In this system, a general
joint TS protocol is introduced which includes conventional TS
schemes as special cases. We aim to analyze the achievable rate
region of the joint TS under energy harvesting constraint at the
receivers by jointly optimizing the TS ratios and the transmit
covariance matrices. To tackle non-convex rate region characterization problems, we first decouple the original problems into
several subproblems with fixed auxiliary variables. Then, the
globally optimal TS ratios and the transmit covariance matrices
are computed via convex optimization techniques. Numerical
examples verify the efficacy of the proposed joint TS over
conventional methods.

I. I NTRODUCTION
In recent years, simultaneous wireless information and
power transfer (SWIPT) has been intensively studied in many
literature [1]–[7] owing to its capability of supplying power
and transmitting data to mobile devices at the same time. The
authors in [1] first applied multi-antenna techniques to the
SWIPT. To support concurrent information decoding (ID) and
energy harvesting (EH) operations at a receiver, [1] proposed
power splitting (PS) and time switching (TS) architectures for
point-to-point systems. In specific, the PS receiver splits the
received signal at each antenna into ID and EH parts, while the
TS circuit dynamically switches the role of a receiver between
the ID and the EH modes. These results for the PS and the TS
methods have been extended to multi-user networks [8]–[16].
Although a much simpler circuit structure is possible for the
TS receiver, most works on the downlink multi-user SWIPT
focused on the PS receiver structure [8]–[10]. When we design
the TS-based SWIPT protocols in the multi-user systems,
a main challenge is how to handle asynchronous modes of
multiple users caused by different TS ratio settings at users.
Also, in the TS methods, the users can dynamically change
their modes in order to improve the system performance.
Furthermore, since the optimal beamforming depends on the
modes of users [1] [4], a transmission strategy should be
carefully optimized according to the users’ ID and EH modes.
Several recent works studied the TS-based SWIPT systems
[13] [14]. Time division based TS techniques were introduced
for the SWIPT MISO interference channels in [12]. However,
the transmitters are assumed to apply the same beamforming
vectors regardless of the receivers’ modes. Moreover, the
asynchronous ID and EH modes among multiple users were
not considered in [12] due to time division concepts.
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The TS methods were extended to multi-cell multi-user
MISO networks [13] [14]. In [13], a transmit TS scheme was
proposed, and the minimum rate maximization and the transmit power minimization problems were solved based on the
path-following algorithms. Compared to [12], the performance
of the SWIPT system in [13] was fairly improved by separately
designing the beamforming vectors for the EH and the ID time
durations. However, [13] assumed that all the users employ the
same TS ratio for the EH mode.
Such an issue would be resolved by adopting a receive
TS method presented in [14], where the EH durations of
different users are not the same, i.e., the users can employ
different TS ratios based on their energy or information
rate constraint. For multi-cell MISO systems, multi-objective
optimization problems were addressed in [14] where both the
information rate and the harvested energy were simultaneously
maximized. Nevertheless, the performance of the TS-based
SWIPT cannot be fully evaluated in [14], since the same
transmit beamforming strategy is applied for the information
and the energy transmission.
In this paper, we present a new joint TS protocol for a
two-user MISO broadcast channel (BC) which include the
conventional TS-based SWIPT methods in [13] and [14] as
special cases. In the joint TS scheme, depending on the modes
of the receivers, there exist four individual cases which have
three different phases. Then, transmit covariance matrices are
dynamically optimized for all different phases, and the TS
ratio is jointly determined with the transmitter optimization.
We identify the achievable rate region of the proposed joint
TS under EH constraint at each user as well as average power
and peak power constraint at a transmitter. To optimally solve
non-convex problems, we first decouple the original problems
into three different subproblems and derive the optimal transmit covariance matrices with given TS ratios. Then, based
on the convexity proof of the average power minimization
problems, the optimal TS ratios can be efficiently obtained by
the subgradient methods. Numerical examples verify that the
proposed joint TS method generates much larger rate region
compared to the conventional TS-based SWIPT schemes.
II. S YSTEM M ODEL
As shown in Fig. 1, we consider a two-user MISO SWIPT
BC where each receiver with a single antenna decodes information and harvests energy by using the signals from a
transmitter equipped with M antennas. For the SWIPT, we
apply the TS circuit at the receivers so that they can change
their modes between an ID mode and an EH mode. Without
loss of generality, the total transmission time is assumed to be
one, and the time durations of receiver i (i = 1, 2) for the ID
and the EH modes are equal to τi and 1 − τi , respectively.
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Fig. 1. Schematic diagram for a two-user MISO BC with TS receivers
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where xij ∼ CN (0, Qij ) stands for the transmitted signal
for receiver i in phase j, and zij ∼ CN (0, 1) indicates the
complex Gaussian noise at receiver i in phase j.
In phase 1 of duration 1−τ2 , receiver 1 decodes information
while receiver 2 harvests energy of the received signal. Thus,
the transmit covariance matrix Q21 for receiver 2 becomes
Q21 = 0, since the dedicated energy beamforming is not
required for the SWIPT [1] [2]. Then, the achievable rate
at receiver 1 and the harvested energy at receiver 2 can be
respectively written by [1]
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Fig. 2. Four cases for the frame structure in the joint TS protocol

In this system, according to the modes of the receivers,
there exist four different frame structures as illustrated in
Fig. 2. Note that cases 1 and 2, which are respectively shown
in Fig. 2 (a) and (b), indicate scenarios where the order
of the ID and the EH modes is reversed for each user. In
contrast, for cases 3 and 4 in Fig. 2 (c) and (d), respectively,
both receivers first decode information and then change their
operations to the EH mode. In all cases, the total system
block is divided into three phases each of which has different
duration depending on the relation between τ1 and τ2 . In phase
j (j = 1, 2, 3), the transmitter employs a transmit covariance
matrix Qij ∈ CM ×M for receiver i to transfer data or energy.
Then, in each case, six transmit covariance matrices {Qij }
and two TS ratios {τi } should be optimized.
In order to jointly design {Qij } and {τi }, the transmitter
and the receivers cooperatively switch their information and
energy transmission/reception modes. Thus, a protocol in
Fig. 2 is named as a joint TS scheme. Note that the proposed
joint TS includes both the transmit TS [13] and the receive TS
[14] as special cases, which will be clarified in Section II-C.
In this paper, we identify the achievable rate region of the
proposed joint TS scheme under EH constraint at the receivers.
In the following subsections, we first describe a system model,
and then it is followed by the problem formulation.
A. Case 1
In case 1 (Fig. 2 (a)), the ID operations of the receivers
are overlapped for τ1 + τ2 − 1 ≥ 0 duration. Let us denote
hi ∈ CM ×1 as the quasi-static flat-fading channel vector from
the transmitter to receiver i which is assumed to be constant
for one transmission block. Then, the received signal yij at
receiver i in phase j is expressed as yij = hH
i (x1j +x2j )+zij ,

(n)

(n)

where Rij and Eij represent the achievable rate and
the harvested energy at receiver i in phase j for case n
(n = 1, · · · , 4), respectively, and ηi ∈ (0, 1] reflects the
EH efficiency at receiver i. Unless stated otherwise, we set
η1 = η2 = 1 for notational simplicity.
Next, in phase 2 with duration τ1 + τ2 − 1, both receivers
(1)
operate in the ID mode, and the achievable rate Ri2 of
receiver i is given by
(
)
hH
(1)
i Qi2 hi
Ri2 = (τ1 + τ2 − 1) log 1 +
,
1 + hH
i Qī2 hi
where we define ī = 1 for i = 2 and ī = 2 for i = 1. Finally,
for the remaining duration 1 − τ1 , receiver 1 collects energy
from the received signal, whereas receiver 2 becomes an ID
(1)
receiver. Accordingly, in phase 3, the harvested energy E13
(1)
and the rate R23 are respectively derived as
(1)

=

(1 − τ1 )hH
1 Q23 h1 ,

(1)

=

(1 − τ1 ) log(1 + hH
2 Q23 h2 ),

E13

R23

where the energy transmit covariance matrix Q13 is set to
Q13 = 0 as in phase 1. Hence, the total achievable rate for
(1)
(1)
(1)
(1)
each receiver can be attained as R1 = R11 +R12 and R2 =
(1)
(1)
(n)
R22 + R23 , where Ri reflects the total achievable rate at
receiver i for case n.
Let us denote PA and PP as the average power and the
peak power budget at the transmitter, respectively. Then, the
transmit covariance matrices {Qij } and the TS ratios {τi }
should satisfy the following power constraints:
(1 − τ2 )tr(Q11 ) + (τ1 + τ2 − 1)tr(Q12 + Q22 )
+(1 − τ1 )tr(Q23 ) ≤ PA ,
tr(Q11 ) ≤ PP , tr(Q12 + Q22 ) ≤ PP , tr(Q23 ) ≤ PP .

(1)
(2)

Also, in order to fulfill the minimum required EH constraint
ei for receiver i, we have
(1)

E1

(1)
E2

(1)

= E13 = (1 − τ1 )hH
1 Q23 h1 ≥ e1 ,
=

(1)
E21

= (1 −

τ2 )hH
2 Q11 h2

≥ e2 ,

(3)
(4)

(n)
Ei

where
equals the total harvested energy at receiver i for
case n. In addition, the feasible set for τ1 and τ2 in case 1
can be represented as
τ1 + τ2 ≥ 1

(5)

since the durations for the ID modes of two receivers are
overlapped in case 1 (see Fig. 2 (a)). With given {ei }, PA ,

and PP , the feasible set F (1) of {Qij } and {τi } for case 1
can be specified by (1)-(5).
The system models for the remaining cases are similar to
case 1. For the details, please refer to the journal version of
this paper [17].

Let us denote p⋆A as the optimal value of (7), which reflects the
minimum average transmit power required to achieve a given
sum rate rsum . Then, we can check that rsum is a feasible
solution for (P) when p⋆A ≤ PA . Otherwise, the sum rate rsum
is not achievable with a given average power budget PA , and
thus it is infeasible for (P). Hence, one can identify the optimal
⋆
B. Problem Formulation
sum rate rsum
by the bisection method in an outer layer, whose
optimality
and convergence have been proved in [18].
In this subsection, we formulate problems for determining
Thus, we focus on an inner layer procedure that solves the
the boundary points of the achievable rate region R of the
proposed ∪
joint TS scheme. The region R can be represented average power minimization problem (7), which is still non4
as R = n=1 R(n) , where the set R(n) indicates the rage convex in general. To tackle the non-convexity, we decouple
the original problem (7) into several subproblems, which will
region for case n which is denoted by
∪ {
}
be verified as convex optimization problems. Then, the bound(n)
R(n) =
(r1 , r2 ) : ri ≤ Ri , 0 ≤ τi ≤ 1, Qij ≽ 0, ∀i, j . ary of the achievable rate region can be optimally calculated
({τi },{Qij })∈F (n)
by solving those convex subproblems instead of examining the
(n)
with F
equal to the feasible set of {Qij } and {τi } for non-convex one in (7).
Let us introduce auxiliary variables {rij ≥ 0}, which
case n. In order to fully characterize the boundary points of
(n)
represent
the achievable rate of receiver i in phase j, as
R for n = 1, · · · , 4, we adopt the rate profile approach [18]
(n)
(n)
which maximizes the sum rate rsum = R1 + R2 such that
(1 − τ2 ) log(1 + hH
(8)
1 Q11 h1 ) ≥ r11 ,
(n)
(
)
R1
(n)
H
the ratio between rsum and Ri is given by rsum = α and
h1 Q12 h1
(τ1 + τ2 − 1) log 1 +
≥ r12 ,
(9)
(n)
R2
1
+
hH
1 Q22 h1
rsum = 1 − α with a predefined profile parameter α ∈ [0, 1].
(
)
For case n, the sum rate maximization problem with a fixed
hH
2 Q22 h2
(τ
+
τ
−
1)
log
1
+
≥ r22 ,
(10)
1
2
α is then formulated as
1 + hH
2 Q12 h2
(P) :
max
rsum
(1 − τ1 ) log(1 + hH
(11)
2 Q23 h2 ) ≥ r23 .
{0≤τi ≤1},{Qij ≽0},rsum ≥0

(6) Also, defining new optimization variables {Wij } as
W11 = (1 − τ2 )Q11 , Wi2 = (τ1 + τ2 − 1)Qi2 , i = 1, 2,
({τi }, {Qij }) ∈ F .
and W23 = (1 − τ1 )Q23 ,
(12)
It is well known that by solving (P) for all possible α, we can
efficiently obtain the boundary points of R(n) [18]. However, we have the following theorem which addresses an equivalent
(P) is non-convex in general due to the coupled variables and problem of (7).
the non-convex constraint functions.
Theorem 1: The minimum required average power p⋆ in (7)
(n)

s.t. R1

(n)

≥ αrsum , R2

≥ (1 − α)rsum ,

(n)

A

C. Conventional TS-bsed SWIPT Schemes
Before solving (P), we briefly review two conventional
TS schemes [13] [14], and verify that both the conventional
methods are special cases of the proposed joint TS.
1) Transmit TS [13]: The transmit TS scheme adopts the
frame structure of case 3 or 4 with τ1 = τ2 , and different
covariance matrices are utilized for information and energy
transmission. Then, the achievable rate region
∩ of the transmit
TS RTx can be interpreted as RTx ⊆ R(3) R(4) .
2) Receive TS [14]: In the receive TS, the receivers opportunistically choose their ID mode durations {τi }, but the
the transmitter employs the same covariance matrix during all
three phases Qi1 = Qi2 = Qi3 , ∀i. Thus, the receive
∪ TS is
given by a subset of case 3 and 4, i.e., RRx ⊆ R(3) R(4) ,
where RRx indicates the rate region of the receive TS.
III. O PTIMAL S OLUTION
In this section, we investigate the optimal solution for the
sum rate maximization problem (P) for case 1. To this end,
with a given rsum , we first consider the following average
power minimization problem at the transmitter under the EH
and peak power constraint.
min

{0≤τi ≤1},{Qij ≽0}

(1 − τ2 )tr(Q11 )

+(τ1 + τ2 − 1)tr(Q12 + Q22 ) + (1 − τ1 )tr(Q23 ) (7)
(1)

(1)

s.t. R1 ≥ αrsum , R2 ≥ (1 − α)rsum .

can be equivalently computed as (P1) on the top of the next
page, where γ11 (τ2 , r11 ) , f (1 − τ2 , r11 ), γk2 ({τi }, rk2 ) ,
f (τ1 + τ2 − 1, r12 ), k = 1, 2, and γ23 (τ1 , r23 ) , f (1 − τ1 , r23 )
with f (t, x) , t(exp( xt ) − 1). Here, the functions {p⋆j (·)} can
be obtained as
(P1.1) : p⋆1 (τ2 , r11 ) , min

W11 ≽0

tr(W11 )

s.t. hH
1 W11 h1 ≥ γ11 (τ2 , r11 ), (17)
hH
(18)
2 W11 h2 ≥ e2 ,
tr(W11 ) ≤ PP (1 − τ2 ),
(19)
(P1.2) : p⋆2 ({τi }, {ri2 })
, min tr(W12 +W22 )
{Wi2 ≽0}

γ12 ({τi },r12 ) H
h W22 h1 ≥ γ12 ({τi },r12 ), (20)
τ1 +τ2 −1 1
γ22 ({τi },r22 ) H
hH
h W12 h2 ≥ γ22 ({τi },r22 ), (21)
2 W22 h2 −
τ1 +τ2 −1 2
tr(W12 + W22 ) ≤ PP (τ1 + τ2 − 1),
(22)

s.t. hH
1 W12 h1 −

(P1.3) : p⋆3 (τ1 , r23 ) , min

W23 ≽0

tr(W23 )

s.t. hH
2 W23 h2 ≥ γ23 (τ1 , r23 ), (23)
hH
(24)
1 W23 h1 ≥ e1 ,
tr(W23 ) ≤ PP (1 − τ1 ).
(25)

(P1) : p⋆A =

min

{0≤τi ≤1},{rij ≥0}

p⋆1 (τ2 , r11 ) + p⋆2 ({τi }, {ri2 }) + p⋆3 (τ1 , r23 )

s.t. r11 + r12 ≥ αrsum , r22 + r23 ≥ (1 − α)rsum , τ1 + τ2 ≥ 1,
e2
max
γ11 (τ2 , r11 ) ≤ γ11
(τ2 ), τ2 ≤ 1 −
,
PP ∥h2 ∥2
max
γ12 ({τi }, r12 ) ≤ γ12
({τi }, {ri2 }), γ22 ({τi }, r22 ) ≤ PP (τ1 + τ2 − 1)∥h2 ∥2 ,
e1
max
γ23 (τ1 , r23 ) ≤ γ23
(τ1 ), τ1 ≤ 1 −
,
PP ∥h1 ∥2

(13)
(14)
(15)
(16)

max
Also, {γij
(·)} in (14)-(16) are respectively given by

transmit power minimization problem (P1). We first provide
the following lemmas which reveal the convexity of (P1).
max
(P1.4) : γ11
(τ2 ) , max hH
1 W11 h1 , s.t. (18), (19),
Lemma 1: The functions p⋆1 (τ2 , r11 ), p⋆2 ({τi }, {ri2 }), and
W11 ≽0
⋆
p3 (τ1 , r23 ) are jointly convex.
max
(P1.5) : γ12
({τi },{ri2 })
Proof: See Appendix B.
γ12({τi },r12 ) H
max
max
Lemma
2: The functions γ11
(τ2 ), γ12
({τi }, {ri2 }), and
, max hH
W
h
−
h
W
h
,
s.t.
(21),
(22),
12
1
22
1
1
max
τ1 +τ2 −1 1
{Wi2 ≽0}
γ23
(τ1 ) are jointly concave.
max
(P1.6) : γ23
(τ1 ) , max hH
Proof: The proof is similar to that of Lemma 1 and thus
2 W23 h2 , s.t. (24), (25).
W23 ≽0
omitted for brevity.
Proof: See Appendix A
It can be easily checked that the functions γ11 (τ2 , r11 ),
Theorem 1 shows that the original non-convex problem (7) γ12 ({τi }, r12 ), and γ23 (τ1 , r23 ) in constraints (14)-(16) are
can be optimally solved via (P1) and its subproblems (P1.1)- convex since the perspective operation preserves the convexity
(P1.6). Note that (P1.1), (P1.2), and (P1.3) design the optimal [20]. Combining this and Lemmas 1 and 2, we conclude
⋆
transmit covariance matrices {Wij
} for phase j = 1, 2, and that problem (P1) is jointly convex, whose globally optimal
⋆
3 with fixed {rij } and {τi }, and the corresponding optimal solution {τi⋆ } and {rij
} can be computed by the subgradient
⋆
values {pj (·)} stand for the transmit energy consumed in methods, e.g., the ellipsoid method [20]. To this end, we
⋆
phase j. With the optimal {Wij
} at hand, (P1) finds the require the subgradients of the objective and the constraint
max
minimum average transmit power by optimizing the auxiliary functions {p⋆j (·)} and {γij
(·)}. By utilizing the closed-form
max
max
variables {rij } and the TS ratios {τi }. However, it is not easy expressions of γ11 (τ2 ) and γ23
(τ1 ) in Section III-A, we
to solve (P1) immediately due to the complicated objective can easily determine their subgradients with respect to each
max
and constraint functions {p⋆j (·)} and {γij
(·)}. To tackle this variable {τi } and {rij }.
issue, in Section III-A, we first address the subproblems for
To calculate the subgradients of the remaining functions
max
max
identifying {p⋆j (·)} and {γij
(·)}. Then, the optimal {τi⋆ } {p⋆j (·)} and γ12
({τi }, {ri2 }), whose exact derivations are
⋆
and {rij } for (P1) will be presented in Section III-B.
not given in general, we need to investigate the dual functions
of (P1.1)-(P1.3) and (P1.5), respectively. First, let us focus
on the function p⋆2 ({τi }, {ri2 }). Notice that the subgradient
A. Optimal Solution for Subproblems
of the pointwise maximum of convex functions equals that
In this subsection, we present the optimal solutions for of the functions which achieves the maximum. Thus, it is
(P1.1)-(P1.6). First, it can be shown that (P1.1)-(P1.3) are not difficult to show from (36) in Appendix B that the
convex semi-definite programming (SDP), and their optimal subgradients ∂ p⋆ ({τ }, {r }) of p⋆ ({τ }, {r }) with respect
x 2
i
i2
i
i2
2
⋆
∪
solutions {Wij
} are given by rank-one matrices [19]. There- to each variable
x
∈
{τ
}
{r
}
are
expressed
by
i
i2
fore, the functions {p⋆j (·)} can be readily obtained by existing
convex softwares, e.g., CVX.
∂x p⋆2 ({τi }, {ri2 })
 ⋆
Next, the optimal solutions of (P1.4) and (P1.6) can be
µ2 v(r12 , τ1 +τ2 −1)+λ⋆2 v(r22 , τ1 +τ2 −1), for x = τ1 or τ2 ,
determined in a closed-form expression [1], and the corre- = µ⋆ exp( r12 ),
for x = r12 ,
2
max
max
2 −1
λ⋆ exp( τ1 +τ
sponding optimal values γ11
(τ2 ) and γ23
(τ1 ) are respecr22
),
for x = r22 ,
2
max
τ1 +τ2 −1
tively derived as γ11
(τ2 ) = g(h1 , h2 , PP (1 − τ2 ), e2 ) and
max
γ23
(τ1 ) = g(h2 , h1 , PP (1 − τ1 ), e1 ), where
where µ⋆2 and λ⋆2 equal the optimal dual variable of (P1.2)
associated with the constraints in (20) and (21), and v(x, t) ,
g(u, v, w, z)
(1 − xt ) exp( xt ) − 1. In a similar way, we can obtain the

H 2
w∥u∥2 ,
for z≤ |v∥u∥u|2 w
subgradients of p⋆1 (τ2 , r11 ) and p⋆3 (τ1 , r23 ).
(
)
√
√
2
=
(26)
H 2
Also, thanks to the convexity and the Slater’s condition, the
z |v u|
z
⊥

max
∥v∥2 ∥u∥2 + w−∥v∥2 ∥Πv u∥ , elsewhere
primal optimal γ12
({τi }, {ri2 }) of (P1.5) is identical to its
dual
optimal
value.
By
employing a similar process given in
H
xx
m×1
with Π⊥
and Im being an Appendix B, the primal optimal value γ max ({τi }, {ri2 }) for
x , Im − ∥x∥2 for a vector x ∈ C
12
identity matrix of size m-by-m. In addition, we can calculate (P1.5) can be represented by its dual optimal as
max
γ12
({τi }, {ri2 }) by solving the convex SDP in (P1.5).
max
γ12
({τi }, {ri2 })= min ϕPP (τ1 +τ2 −1)−θγ22 ({τi }, r22 ) (27)
θ≥0,ϕ≥0

B. Proof for Convexity of (P1)
max
So far, the functions {p⋆i (·)} and {γij
(·)} are identified
by solving (P1.1)-(P1.6). In this subsection, we propose an
⋆
approach for finding the optimal {τi⋆ } and {rij
} of the average

γ22 ({τi }, r22 )
h2 hH
2 − ϕIM ≼ 0,
τ1 + τ2 − 1
γ12 ({τi }, r12 )
θh2 hH
h1 hH
2 −
1 − ϕIM ≼ 0,
τ1 + τ2 − 1

s.t. h1 hH
1 −θ

different EH constraints e. Here,
√ the channel vectors hi for
i = 1 and 2 are set to hi = 10−4 h̃i , where h̃i for i = 1, 2
are defined
in (28) and (29) on the top of the next page with
√
j , −1. Here, the curves for the transmit TS scheme in
[13] can be generated from the proposed algorithm for cases
3 and 4 with simple modifications, while for the receive TS, we
utilize the method in [14]. From the figures, we can check that
the achievable rate region of the proposed joint TS contains
that of the conventional TS schemes regardless of e.

TABLE I
O PTIMAL ALGORITHM FOR (P) FOR CASE 1
⋆
Initialize rmin and rmax for rsum
∈ [rmin , rmax ].
Repeat
max
Update rsum ← rmin +r
.
2
Repeat
⋆
max
Compute {pi (·)} and {γij (·)}.
Update {τi } and {rij } using the ellipsoid method.
Until {τi } and {rij } converge
If p⋆A ≤ PA
Set rmin ← rsum .
Else
Set rmax ← rsum .
Until rsum converges

V. C ONCLUSION
This paper has presented a new joint TS protocol for a
two-user SWIPT MISO BC which includes the conventional
transmit and receive TS schemes as special cases. We have
investigated the achievable rate region of the joint TS system
under the EH constraint at each receiver. The globally optimal
algorithm has been provided which computes the optimal
transmit covariance matrices and the optimal TS ratios. Numerical examples have demonstrated that the proposed joint
TS outperforms the conventional TS schemes.
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can equivalently formulate (7) as
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Fig. 3. Achievable rate regions of TS-based SWIPT schemes with M = 4

min

{τi ≥0},{rij ≥0}{Wij ≽0}

2 ∑
3
∑

tr(Wij ),

i=1 j=1

s.t. (13), (17) − (25).
where ϕ and θ are the dual variables corresponding to (21)
and (22), respectively.
max
Since γ12
({τi }, {ri2 }) in (27) is the pointwise minimum
of concave functions, its subgradient can be calculated as

(30)

One can check that with fixed {rij } and {τi }, the problem in
(30) can be decoupled into three subproblems in (P1.1)-(P1.3).
We first consider the feasibility of (P1.1). It is emphasized
max
that γ11
(τ2 ) in (P1.4) indicates the maximum value of
H
max
h
W
h
under the EH and the peak power constraints (18)
11
1
1
∂x γ12 ({τi }, {ri2 })
 ⋆
and (19). For this reason, it can be shown from (17) that
⋆
 ϕ PP − θ v(r22 , τ1 + τ2 − 1), for x = τ1 or τ2 , feasible r and τ must satisfy γ (τ , r ) ≤ γ max (τ ). Also,
11
2
11 2 11
2
11
0,
for x = r12 ,
=
from (18), a feasible condition for τ2 with a given PP becomes
 −θ⋆ exp( r12 ),
for x = r22 ,
τ1 +τ2 −1
2
e2 ≤
max
hH
2 W11 h2 = PP (1 − τ2 )∥h2 ∥ .
where ϕ⋆ and θ⋆ indicate the optimal dual variables. The
tr(W11 )≤PP (1−τ2 )
overall procedure for (P) for case 1 is summarized in Table I.
The optimal solutions for the remaining cases can also be Combining these results, we attain constraint (14). In a similar
computed by modifying the proposed algorithm in Table I. Due way, we can verify that (P1.2) and (P1.3) are feasible only
to the space limitation, the detailed approaches for solving (P) when the constraints in (15) and (16) are satisfied, respectively.
Now, we prove the equivalence between (7) (or, equivalently
for other cases are omitted here and referred to [17].
(30)) and (P1). First, the optimal value of (P1) must be greater
than that of (30) due to the additional constraints (14)-(16).
IV. N UMERICAL E XAMPLES
Next, we will show that the optimal value of (P1) is smaller
In this section, we illustrate numerical results for various
than that of (7). Let us denote {τ̂i } and {Q̂ij } as the optimal
TS-based SWIPT systems and demonstrate the efficacy of the
solution for (7). Also, we define {r̃ij } as
proposed joint TS protocol. For the simulations, we assume
a carrier frequency of 900 MHz and 1 m distance from the
r̃11 =(1 − τ̂2 ) log(1 + hH
(31)
1 Q̂11 h1 ),
(
)
transmitter to both the receivers, which results in 40 dB
H
hi Q̂i2 hi
average signal attenuation [1]. The EH efficiency ζ and the
r̃i2 =(τ̂1 + τ̂2 −1)log 1+
, for i = 1, 2, (32)
H Q̂ h
1+h
EH constraints {ei } are fixed to ζ = 0.5 and e1 = e2 = e,
ī2 i
i
respectively. Also, we employ PA = PP = 1 W and the noise
r̃23 =(1 − τ̂1 ) log(1 + hH
(33)
2 Q̂23 h2 ).
power of 1 µW, respectively [4].
In Fig. 3, we compare the performance of the proposed
It is obvious that due to the constraints in (14)-(16), {r̃ij }
joint TS protocol with conventional methods for M = 4 with and {τ̂i } which satisfy (31)-(33) must be feasible solutions

h̃1 = [−0.766 + 0.163j, −0.453 + 0.271j, 0.010 + 1.262j, −2.149 + 0.021j]T ,
h̃2 = [0.915 − 0.579j, 0.687 + 1.268j, −0.769 − 0.417j, −0.058 − 0.373j]T ,

(28)
(29)

for (P1). Then, the optimal value of (7) can be written by
Υ , p⋆1 (τ̂2 , r̃11 ) + p⋆2 ({τˆi }, {r̃i2 }) + p⋆3 (τ̂1 , r̃23 ), and it follows

One can easily check that the objective function of problem
(36) is jointly convex with respect to {τi } and {ri2 }. Thus, the
above dual problem can be interpreted as the pointwise maxΥ≥
min
p⋆1 (τ2 , r11 ) + p⋆2 ({τi }, {ri2 }) + p⋆3 (τ1 , r23 ). imization of a jointly convex function over µ and λ , which
2
2
{τi ≥0},{rij ≥0}
preserves the convexity [20]. Consequently, p⋆2 ({τi }, {ri2 }) is
This implies that the minimum of (P1) is smaller than that of also a convex function. This completes the proof.
(7). As a result, the optimal value of two problems (7) and
(P1) are the same. This completes the proof.
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We focus on showing the convexity of p⋆2 ({τi }, {ri2 }) in
this proof, and the convexity of other functions p⋆1 (τ2 , r11 ) and
p⋆3 (τ1 , r23 ) can be directly verified in a similar way. Thanks
to the constraint in (15), (P1.2) is always feasible for any
finite PP , i.e., with fixed {τi } and {ri2 } satisfying (15), we
⋆
⋆
have tr(W12
+ W22
) ≤ PP (τ1 + τ2 − 1). Thus, without loss
of the optimality, the peak power constraint (22) in (P1.2)
can be ignored. This relaxed problem is a convex SDP and
satisfies the Slater’s condition, which results in the strong
duality [20]. Thus, the globally optimal solution for (P1.2)
can be determined by the Lagrange duality method.
The Lagrangian is expressed as
L2 ({Wi2 }, µ2 , λ2 ) =

2
∑

tr(Ai (µ2 , λ2 )Wi2 )

i=1

+µ2 γ12 ({τi }, r12 ) + λ2 γ22 ({τi }, r22 ),
where µ2 ≥ 0 and λ2 ≥ 0 stand for the dual variables
associated with constraints (20) and (21), respectively, and
Ai (µ2 , λ2 ) for i = 1 and 2 is defined as
γ12 ({τi }, r12 )
h2 hH
2 ,
τ1 + τ2 − 1
γ22 ({τi }, r22 )
− λ2 h2 hH
h1 hH
2 + µ2
1 .
τ1 + τ2 − 1

A1 (µ2 , λ2 ) , IM − µ2 h1 hH
1 + λ2
A2 (µ2 , λ2 ) , IM

The KKT optimality conditions are given by
A⋆i (µ⋆2 , λ⋆2 ) ≽ 0, for i = 1, 2,
(34)
⋆
A⋆i (µ⋆2 , λ⋆2 )Wi2
= 0, for i = 1, 2,
(35)
(
)
γ12 ({τi }, r12 ) H ⋆
⋆
µ⋆2 γ12 ({τi }, r12 )−hH
h1 W22 h1 = 0,
1 W12 h1 +
τ1 +τ2 −1
(
γ22 ({τi }, r22 ) H ⋆ )
⋆
λ⋆2 γ22 ({τi }, r22 )−hH
W
h
+
h2 W12 h2 = 0,
2
2
22
τ1 +τ2 −1
where (34) ensures that the dual function G2 (µ2 , λ2 ) ,
min L({Wi2 }, µ2 , λ2 ) has a bounded value.
{Wi2 ≽0}

Since the strong duality holds for (P1.2), its primal optimal
value p⋆2 ({τi }, {ri2 }) is identical to the dual optimal value,
which is the maximum of the dual function G2 (µ2 , λ2 ). From
(35), it follows
p⋆2 ({τi }, {ri2 })
= max µ2 γ12 ({τi }, r12 )+λ2 γ22 ({τi }, r22 ),
µ2 ≥0,λ2 ≥0

s.t. (34).

(36)
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