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Abstract 
 

This paper investigates a protocol so-called Adaptive Harvest Then Transmit (AHTT) for 
wireless powered communication networks (WPCNs) in multiple-input single-output (MISO) 
downlink systems, which assists in transmitting signals from a multi-antenna transmitter to a 
single-antenna receiver. Particularly, the power constrained relay is supplied with power by 
utilizing radio frequency (RF) signals from the source. In order to take advantage of multiple 
antennas, two different linear processing schemes, including Maximum Ratio Combining 
(MRC) and Selection Combination (SC) are studied. The system outage capacity and ergodic 
capacity are  evaluated for performance analysis. Furthermore, the optimal power allocation is 
also considered. Our numerical and simulation results prove that the implementation of 
multiple antennas helps boost the energy harvesting capability. Therefore, this paper puts 
forward a new way to the energy efficiency (EE) enhancement, which contributes to better 
system performance. 
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1. Introduction 

During the last ten years, a lot of research interest has been taken in the field of transmitting 
energy without using wires, so radio-frequency (RF) radiation has become a possible source 
for energy harvesting (EH). These days, it is viable to transmit energy wirelessly efficiently 
over near distances. Additionally, wireless nodes in popular networks such as cellular 
networks can harvest RF signals to supply their transmissions, which have been presented in 
recent works ([1-2] and, references therein). Wireless networks could be provided with energy 
supplies by wireless power transfer (WPT), which is a new potential candidate for EH. In fact, 
it is also implementable by different technologies like magnetic resonate coupling, inductive 
coupling and electromagnetic (EM) radiation for short-/mid-/long-range applications, 
respectively. In reality, RF-enabled WPT and EM are tested in either cellular networks or 
wireless sensor networks (WSNs). Simultaneous wireless information and power transfer 
(SWIPT) is strived by a unified research, because radio signals are able to carry both energy 
and information simultaneously. In particular, a multiple-input multiple-output (MIMO) 
wireless broadcast system is studied, which helps one receiver the harvested energy and 
another receiver understand data separately. Besides that, multiple antennas are equipped for 
all receivers and transmitters. In practice, the exploitation of EH function can be conducted in 
either transmit or receive side [3-9]. For the EH receiver, the management of information 
decoding has been developed, in which EH scheduling and the transmit power allocation have 
been taken into consideration in cooperative networks in [3-6] and wireless sensor networks in 
[7], respectively. Additionally, multi-antenna based energy beamforming was proposed in [8, 
9]. 

In order to take advantage of MIMO, where before obtaining energy beamforming gains, 
the energy-bearing signals are processed at the multiple transmit antennas. As example, 
massive MIMO models (e.g [10 – 13]) were considered to be appropriate for RF EH, where 
there are an huge number of antennas equipped at the energy transmitter to achieve enormous 
beamforming gains. Consequently, they help enhance the end-to-end EE significantly. In 
terms of multiple-input single output (MISO) channels, the investigations into the optimal 
beamforming designs for SWIPT systems with/without secrecy constraint were conducted in 
[14, 15], and an optimal transmission strategy to maximize the system throughput of MISO 
interference channels was studied in [16]. Additionally, the application of RF energy transfer 
techniques in cognitive radio networks with multiple antennas at the secondary transmitter 
was considered in [17]. Very recently, the authors in [18] studied a WPCN equipped with one 
multi-antenna access point (AP) and one single-antenna user. Considering 
Harvest-Then-Transmit (HTT) protocol implemented in the network, the optimal EH time was 
derived for both delay-constrained and delay-tolerant transmission modes. It is necessary to 
notice that most of the previous works focus on the point-to-point communication systems. 

In order to make sure that the information receivers in SWIPT can receive the message 
surreptitiously even when being eavesdropped by any individual energy receivers, 
multiple-input single-output (MISO) secrecy communication schemes were studied in [14], in 
which the transmitter side is able to experience perfect channel state information (CSI) of the 
information receivers  and energy receivers. In [19], an impactful SWIPT scheme for boosting 
secrecy rate has been taken into consideration under the impact of external eavesdroppers. It is 
clear  that robust designs for SWIPT have also been investigated in [20]. Radio transmission is 
so weak that it can be attacked from unexpected eavesdroppers, due to broadcast nature of 
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radio propagation and inherent randomness of wireless channel, which use higher 
signal-to-noise ratio supplied at eavesdroppers. Communication security with SWIPT in 
MISO channels was studied in [21, 22]. Specifically, the aforementioned tradeoff is 
researched in MIMO systems for two information and power transfer architectures, i.e., 
time-switching and power-splitting, for both perfect [9] and imperfect [22] channel state 
information (CSI), respectively. Another method was considered in [23], where the trade-off 
between the information and the energy transfer is investigated in a multi-user network under 
two different constraints, i.e., a constraint shown with respect to secrecy rate for the former 
and amount of which is harvested at the receiver for the latter. 

In addition, [18] considers EH time to obtain fixed duration and which is similar to [3-9], 
[18], this process, which leads to variation of the harvested energy at users based on channel 
gain, does not enable presetting energy at user nodes. Hence, it is still an open problem to 
designing a protocol which allows energy to be adaptationally harvested at user nodes. In this 
paper, we conduct investigations into wireless powered network used Adaptive Harvest Then 
Transmit (AHTT) protocol. There are several main contributions which are summarized 
below. 

• An up-to-date protocol for WPCNs, namely AHTT is proposed, in which EH time 
is adaptively switched depending on the calculated channel information between 
the AP and the user node. 

• The delay-constrained and delay-tolerant transmission schemes for both 
Maximum Ratio Combining (MRC) and Selection Combining SC receiving 
methods at AP node are taken into consideration, an then we obtain a closed-form 
expression for the average throughput of the proposed protocol over independent 
and identical distribution (i.i.d) Rayleigh fading channels.  

• An optimal power transmission at the user node in instantaneous transmission 
mode is derived analytically.  

• To show the advantages of our proposed protocol, we compare the system 
performance with results presented in [18]. Numerical and simulation results are 
presented to corroborate the theoretical comparison and the superiority of the 
AHTT scheme. 

The remainder of the paper is organized as follows. Section 2 presents the system model 
and illustrates the wireless powered protocol. The system performance is analyzed in Section 3 
while Section 4 assesses the throughput performance by simulations. Eventually, the 
conclusion of this paper is described in Section 5. 

2. System model and protocol description 

2.1 System description 
As illustrated in Fig. 1, a MISO system is considered, in which it consists of a hybrid access 
point (H-AP) with multiple antennas and a single-antenna user node (U node). The H-AP is 
equipped with N  antennas, and functions like a conventional AP, ( i.e, exchanging data 
to/from users). Nevertheless, wirelessly harvested power is supplied for the user. In terms of  
frame-based transmission, there are three phases, including the uplink channel estimation, the 
downlink wireless energy transmission and the uplink wireless information transmission. In 
the first stage, the user utilizes a part of the harvested energy to transfer pilots, while the uplink 
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and downlink channels are estimated and obtained by exploiting channel reciprocity, 
respectively. Afterwards, the H-AP uses the obtained channel calculation to transmit energy to 
the user in the downlink via energy beamforming. Eventually, a portion of the harvested 
energy is used to send data to the H-AP at the same time in the uplink. 
 

 
Fig. 1. Wireless powered communication with multi-antenna system. 

 

2.2 AHTT protocol 
A time switching scheme for SWIPT networks is implemented in this system model. In this 

protocol, the system communication in a time block, T , where in each block, it can be divided 
into two sub-blocks, i.e. (i) Downlink (DL) energy and (ii) Uplink (UL) information. In this 
proposed protocol, the transmit power at the user denoted by UP  is set to a fixed value. 
Therefore, it only harvests enough energy in each block for its preset power. Based on the 
available parameters, such as channel power gains, transmitted power at H-AP and the 
distance between the user and H-AP, which can help calculate exactly the amount of time for 
EH. 

In comparison with Harvest Then Transmit (HTT) strategy, which is widely used in 
previous works [2-4], [6-8], [10-14], the proposed protocol allows the user node to preset its 
harvested energy and transmit power that is helpful when WPC system operates in the 
low-power regime, such as cognitive radio networks [13].  Nevertheless, the HTT protocol in 
[14] has a fixed DL time for each time block with the values of UP  fluctuating based on the 
random DL channel gains. Meanwhile, our proposed AHTT protocol permits the user node to 
change time of DL stage to satisfy a preset transmit power at the user node. Consequently, the 
user node transmits at a constant power level, meaning that the transmission scheme design 
has been significanly simplified and the required dynamic region of the power amplifier at 
user node  has been smaller compared to model illustrated in [24]. Although AHTT requires 
the knowledge of instantaneous CSI and some system parameters to optimaze the system 
performance (i.e, instantaneous transmission mode in Sec. 3.2), which help the user node use 
more plot sequences, the optimal transmission power can be calculated by using static CSI by 
exhaustive search method (see Sec. 3.3 and Sec. 3.4). 
Channel assumptions: in this EH strategy, the channels are assumed as follows  

• The channels have a Rayleigh-fading distributed, which keeps constant over the block 
time T and varies independently and identically from one block to the other.  

• Full CSI is assumed at both AP and U node.  
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• The receiver side CSI is assumed to be perfect, which is in line with the previous work 
in [14-18]. We assume a quasi-static channel model with perfect CSI at the AP. 

2.3 Signal Model 
With CSI available at AP, the maximum ratio transmission (MRT) is used with beamforming 
vector to achieve optimal transmission scheme as in [9, 18], with 1i =w   

 ,i
i

i

hw =
h

  (1) 

where .  denotes the Euclidean norm of a matrix. The harvested signal at U node in the DL 
stage is thus given by 

 , , .i i
U i AP i U im

P x
d

= +
h w

y n   (2) 

In (2), ix  is the transmitted symbol at ith time slot from the source, ih  is the 1N ×  
channel vector for the DL link at the block time i th, ,U in  is the additive white Gaussian noise 

(AWGN) with zero mean and variance matrix 2
U Nσ I , d presents the distance between nodes 

and m is the path loss exponent. 
Hence, the harvested energy at the user node in a part of time is determined after 

eliminating the noise as [18] 

 
2

, ,AP i
U i i m

P
T

d
ηα=

h
   (3) 

where 0 1η≤ ≤   is energy conversion efficiency at the energy receiver and it depends on the 
rectifier and the EH circuitry, iα  is the time duration allocated for wireless power transfer 
stage, and T (sec) is the block time. 

In AHTT protocol, the power transmission at user node is denoted as UP with a fixed value, 
i.e.. Hence, the energy used to communication can be expressed as 
 ( ), 1 .U i U iP Tα= −   (4) 

From (3) and(4), the allocated fraction of time, iα , for power transfer in i th block time 
can be written as  

 2 .
m

U
i m

AP i U

P d
P P d

α
η

=
+h

  (1) 

Remark 1: The user node is be able to harvest then transmit with normal power of UP , in 
each time block. In particular, in(5), m

UP d  existes in both in the numerator and in the 
denominator. This illustrates that iα  is always less than 1, meaning that the user is capable of 
harvesting the required amount of energy. Hence, the user node enables UL information with 

UP to AP node in each block. 
In UL information phase, the user node uses the harvested energy completely in the DL 

phase to transmit information to AP node. Thus, the received signal at AP node is given by 
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 , , ,i
AP i U i AP im

P x
d

= +
gy n   (6) 

where ig  is the 1 N×  channel vector for the UL link in the block time ith, ,AP in  is the 

AWGN at AP node with variance matrix 2
,AP i Nσ I . 

3. Performance Analysis of Proposed AHTT Protocol 
The system throughput performance in instantaneous, delay-constrained and delay-tolerant 
transmission modes are studied in this section. We will evaluate them with regard to outage 
probability and ergodic capacity. The preset optimal transmit power at user is also evaluated, 
which contributes to the achievement of optimal system throughput in these considered 
transmission modes.  

3.1 SNR analysis 

3.1.1 MRC model 
The maximum ratio combing (MRC) technique is assumed to perform at the AP to mix the 

received signal at the AP node by the received weight vector ,
T

R i i i=w g g . Here, Tx  is the 
transpose transformation of matrix x . Thus, the resulting signal at the receiver can be written 

as , , , , ,
m

MRC i R i AP i U i i R i AP iy P d x−= = +w y g w n . To this end, the achieved SNR using 
MRC scheme is given as 

 
2

, 2
,

.U i
MRC i m

AP i

P
d

γ
σ

=
g

  (7) 

 

3.1.2 SC model 
In SC scheme, at the receiver, the best instantaneous UL gain is chosen to decode the 

transmitted signal. Therefore, according to both the received signal at AP like  and SC method, 

the received signal can be written as { } { }2
, ,max maxm

SC i AP i U i iy P d x−= =y g   ,AP in+  . 

Thus, since the SC method is utilized at AP node, the instantaneous SNR at AP node is given 
by 

 
{ }2

, 2
,

max
.

U i
SC i m

AP i

P

d
γ

σ
=

g
  (8) 

3.2 Instantaneous transmission mode 
In this transmission mode, the system performance is optimized in each block with available 
instantaneous CSI. The instantaneous throughput of WPC systems at ith time block can thus 
be determined as  
 ( ) ( ), 2 ,1 log 1 ,i i iC α γℜ ℜ= − +   (9) 
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where { },  MRC SCℜ∈ . 

The optimal transmit power at the user node can be formulated as  

 
( ){ }, ,,

,

arg max ,

s.t 0 .

opt
i U iU i

U i

P C P

P
ℜ=

≤
  (10) 

3.2.1 MRC model 
Substituting (5) and (7) into (9), the instantaneous throughput of MRC technique is the 

function of user’s transmit power as  

 
2 2

, ,
, 22 2

, ,

log 1 .AP i i U i i
MRC i mm

APAP i i U i

P P
C

dP P d

η
ση

 
 = +
 +  

h g

h
  (11) 

Proposition 1: The maximum instantaneous throughput can be computed related to the 
optimal power allocation for with MRC technique at the receiver is given by 

 
2 22

,,
, 2 2 2

,

1exp 1 1 ,
m

AP i i iAP iopt
U i m

AP ii

PNd
P W

eed
ησ

σ

      = − + −       

h g

g
  (12) 

where 2.718e ≈  is exponent constancy and ( )W x  is the Lambert W  function with a solution 
of ( )W ωΩ =  is ( )exp =ω ω Ω . 

Proof : see appendix A. 
 

3.2.2 SC model 
Substituting (5) and (8) into (9), the instantaneous throughput of SC technique is computed as 

 
{ }22 ,,

, 22 2
, ,

max
log 1 .

U i iAP i i
SC i mm

APAP i i U i

PP
C

dP P d

η
ση

 
 = × + +  
 

gh

h
  (13) 

Proposition 2: The optimal power allocation for maximum instantaneous throughput with SC 
scheme is derived as 

 
{ }

( )2 2
2 ,

, 2 22

max 1exp W 1 1 ,
max

m AP i i iopt AP
U i m

APi

PdP
eed

ησ
σ

   
   = − + −   
       

h g

g
  (14) 

where e  is constant and W function is defined in Proposition 1 below. 
Proof : the proof is similar to Proposition 1. 

3.3 Delay-Constrained transmission Mode 
In the delay-constrained transmission mode, the length of the code will be divided into 

small packages, in which their size is worse compared to the transmission block. Therefore, 
the received signal is processed block by block at the AP node. In this mode, the system 
performance is evaluated in terms of outage throughput. The system outage throughput at the 
time slot, ith, is the function of outage probability and the EH duration, which is expressed by 
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 ( )( )1 1 .i i iR OPτ α= − −   (15) 

Next, the average outage throughput of system is determined by operative expectation as 
 { } ( )( ){ }1 1 ,i i iR OPτ τ α= = − −E E   (16) 

in which {}.E  is the expectation function and R factor in (15) is the fixed transmission rate of 
the user node. 

It is noted that the outage probability at ith time slot, iOP ,  is defined as 

 { }Pr ,i i oOP γ γ= <   (17) 

with iγ  is the SNR at AP node, which is determined in (7) for MRC technique and in (8) for 
using SC technique at terminal node, and 2 1R

oγ = −  is called as the threshold SNR for 
decoding the exact signal and R  is the transmission rate. 

The optimal value of the transmit power for maximizing throughput through the function 
below 

 ( ){ }arg max ,

s.t 0 .

opt
UU

U

P P

P

τ=

≤
  (18) 

Thus, the rest of the main work is to evaluate the exact outage throughput of the system. 
Now, we are studying that. 

3.3.1 MRC model 
Substituting (5) and (7) into (15), the outage throughput of MRC scheme in block time ith 

is given as 

 
2

, 2 2
,

Pr 1 .
m

U i U
MRC i om m

AP i AP i U

P P dR
d P P d

τ γ
σ η

    = × > −  +   

g

h
  (19) 

Proposition 3: The outage throughput of wireless powered communication networks with 
AHTT EH protocol in case of  i.i.d channel and MRC receiver is given by  

 

( )

12 2
, ,

1

exp ,

1exp ,
1 !

Nm m m
U U U

MRC
AP h AP h AP h

im mN
AP i o AP i o

U g U gi

P d P d P dR N N
P P P

d d
P i P

τ
η λ η λ η λ

σ γ σ γ
λ λ

−

=

     
= × Γ −          

     

   
× −   

   −   
∑

  (20) 

where ( ),a bΓ  is is upper incomplete Gamma function given by (Eq. (8.350)) in [25]. 

Proof: please refer appendix B.3.3.2 SC model 
Substituting (5) and (8) into (15), the outage throughput of SC scheme in block time ith is 

given as 

 
( )2

, 2 2
,

max
Pr 1 .

mU i U
SC i om m

AP i AP i U

P P dR
d P P d

τ γ
σ η

    = × > −  +   

g

h
  (21) 
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Proposition 4:  The outage throughput of SC scheme over i.i.d channels for wireless 
powered communication system is given by  

 

( ) ( )
2

0
1 1 1 exp

exp , .

mN
pSC AP o

U gp

Nm m m
U U U

AP h AP h AP h

N pdN N R
p P

P d P d P dN
P P P

σ γτ
λ

η λ η λ η λ

=

   
= + × − − −         

     
× Γ −          
     

∑
  (22) 

Proof: please refer appendix C. 
Substituting (20) (or (22)) into (18), the optimal transmit power, which optimizes the 

system throughput for MRC receiver (or SC receiver) is derived. However, due to the 
complexity of the involved expression, a closed-from solution is not possible. Instead of 
addressing analyitcal expressions in this work, the optimal value is numerically evaluated 
using the simulated method in Matlab software. 

3.4 Delay tolerant transmission mode 
The AP is believed that it can store the received information blocks in buffer unit and 

experience the inhibition for decoding the received signal.  Hence, the code length can be kept 
large in comparison with transmission block time. After that, the average throughput can be 
determined by evaluating the ergodic capacity at AP [18]. In this mode, we evaluate the 
system performance in terms of ergodic throughput, and the ergodic throughput at any ith 
block times can be expressed as 
 ( ) ( )21 log 1 .i i iC α γ= − +   (23) 

Then, using the statistical expectation, the average throughput is given by 
 { } ( ) ( ){ }21 log 1 .i i iC C α γ= = − +E E   (24) 

The optimal value of transmit power at user node, opt
UP , can be derived by resolving the 

below expression as  

 ( ){ }arg max ,

s.t 0 .

opt
UU

U

P C P

P

=

≤
  (25) 

Therefore, the exact ergodic throughput of the system will be addressed in the next section. 
 

3.4.1 MRC model 
Based on (5) and (7) the capacity throughput of MRC system in (24) can be rewritten as 

 2 2

2

22 2
,

1 log 1 .
i i

m
U iU

MRC mm
AP iAP i U

PP dC
dP P d ση

        = − × +    +       
h g

g
E E

h
  (26) 

 
Proposition 5: The ergodic throughput in case i.i.d channel and MRC receiver is given by 
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( )

2 2

1
exp

ln 2

exp , ,

m mN
AP AP

MRC k
U Uk

Nm m m
U U U

AP h AP h AP h

N d dC
P P

P d P d P dN
P P P

σ σ
λ λ

η λ η λ η λ

=

   
= Ε      

   

     
× Γ −          
     

∑
  (27) 

where ( )
1

/zt n
n z e t dt

∞ −Ε = ∫  is the is the exponential integral function given by (Eq. (5.1.4)) 

in [26]. 
Proof: in , the first term is given in , the second element is determined as below 

 
( )

( )

2 2

2

2 22 2
, 0

1
2 2

0

log 1 log 1

1 exp log 1 .
1 !

i i

U i U
m m

AP i AP

N U
N m

AP

P P xD f x dx
Nd d

x P xx dx
N d

σ σ

λλ σ

∞

∞
−

      = + = +         

 − = +  −    

∫

∫

g g

g
Ε

  (28) 

Then, with the help of the following identity 

 ( ) ( ) ( )1
1

0

ln 1 .
b

aa by
na n

a e
y e y dy b

b

∞
− −

=

Γ
+ = Ε∑∫   (29) 

Then, we can rewrite (28) as  

 
( )

2 2

1

1 exp .
ln 2

m mN
AP AP

k
U Uk

d dD
P P
σ σ
λ λ=

   
= Ε      

   
∑   (30) 

Finally,  substituting (43) and (30) into (26), we achieve the proposition 5. This is end of the 
proof. 

3.4.2 SC model 
According to (5) and (8), the system throughput in (24) can be rewritten as 

 { }
{ }

2 2

2

22 2max
,

max
1 log 1 .

i i

m U iU
SC mm

AP iAP i U

PP dC
dP P d ση

       = − × +    +        
h g

g
E E

h
  (31) 

 
Proposition 6: The ergodic throughput of SC scheme in delay-tolerant transmission mode 

over i.i.d channels is determined as 

 

1 2 2

1
1

1 1 exp E
1

exp , .

k m mN
AP AP

SC
U g U gk

Nm m m
U U U

AP h AP h AP h

N kd kdN
k k P P

P d P d P dN
P P P

σ στ
λ λ

η λ η λ η λ

−

=

    −  −  = × −          −        

     
× Γ −          
     

∑
  (32) 
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Proof: the second component in (31) is determined as  
 

 ( )

( )

2 2
,

1
2 2

1 0
1 2 2

1
1

log 1

1
1 exp log 1

1

1 1
exp E .

1

U
z m

AP i

N
k U

m
k AP

k m mN
AP AP

U Uk

P zF
d

NN kx P x dx
k d

N kd kdN
k k P P

σ

λ λ σ

σ σ
λ λ

∞
−

=

−

=

   = +      

−    − = − +    −     

   − − 
= × −        −     

∑ ∫

∑

Ε

  (33) 

 

where { }2max iz g  and the last integral is derived by using (Eq. 4.377.2) in [25]. Finally, 

by substituting (33) and (43) into (31), the proposition 6 can be derived. This completes the 
proof. 

4. Numerical Result and Discussion 
In this section, simulation results are provided to prove the derived analytical results. The 
impact of the transmit power of AP, the number of antennas, and the installed power at user 
node on the system throughput is investigated. In all following simulations, we set the distance 
between the AP and user 1d = , the path loss exponent 3m = , the noise power 2 5APσ = −  (dB), 
transmit power at AP node 10APP =  (dB), the energy efficiency 0.8η = , and the user’s 
transmission rate R = 3 (bps) in the delay-constrained mode. 
 

4.1 Throughput versus transmission power of user experiment 
At first, the impact of user’s transmit power on the instantaneous throughput of different 

receiving schemes is taken into consideration. Fig. 2 shows the instantaneous throughput 
versus transmit power at user node for different combination algorithms at receiver of MISO 
system. In this experiment, we simulate with [ ]2 1.0,  1.1,  0.7,  0.5=h and 

[ ]2 0.7,  2.2,  0.5,  1.0=g . The highest level of instantaneous throughput can be seen at the 
transmit power at user, at approximately 4 (dB) when 8APP =  (dB) and around 9 (dB) when 

15APP =  (dB) (see Table 1 for more detail). It is clear that the MRC scheme achieves higher 
throughput than the SC scheme over the entire range of the transmit power of user node. 
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Fig. 2. Instantaneous throughput versus transmit power  

with different combination methods for delay constrained mode. 
 

Table 1. the optimal value of user transmission power and  
respective instantaneous throughput in instantaneous transmission mode. 

 
8APP =  (dB) 15APP =  (dB) 

Opt
UP  (dB) OptC  (bps/Hz) Opt

UP  (dB) OptC  (bps/Hz) 

MRC model  3.00 3.47 8.50 5.18 

SC model  4.00 2.81 9.00 4.42 
 
 



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 11, NO. 4, April 2017                                         1901 

-5 0 5 10 15
0

0.5

1

1.5

2

2.5

3

PU (dB)

O
ut

ag
e 

Th
ro

ug
hp

ut
 - 
τ 

(b
ps

/H
z)

 

 

Simulation: MRC model
Simulation: SC model
Analysis
Max value: exhaustive searching

N = 2

N = 5

 
Fig. 3.  Outage throughput versus transmit power with different combination methods and different 

number of antenna at AP, i.e ( )? ,  5N∈  and, 10APP =  (dB). 
 

Table 2. the optimal value of user transmission power and respective outage throughput in 
delay-constrained transmission mode. 

 
2N =  5N =  

Opt
UP  (dB) Optτ  (bps/Hz) Opt

UP  (dB) Optτ  (bps/Hz) 

MRC model 6.00 1.96 2.00 2.82 

SC model 7.00 1.80 5.00 2.65 

 
Fig. 3. investigates the impact transmit power at user on the system performance. In 

particular, the MRC scheme always has the best performance, while the SC scheme is slightly 
inferior, and the performance gap between them disappears as transmit power at user increases 
to over 10 dB. On the other hand, the SC/MRC scheme with lower number of antennas yields 
the lowest outage throughput, and as N increases, the performance gap in MRC model 
becomes more significant. Regarding delay-tolerant transmission mode, this phenomenon 
clearly indicates that the transmit power at user can cause the similar effect to the system 
performance as depicted in Fig. 4.  

In Fig. 4, the ergodic throughput survey is conducted versus the transmitted power of user. 
When the transmit power at user is increasingly set, the ergodic throughput first rises (when 
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10UP <  (dB) for 5N =  and approximately 8UP <  (dB) for 5N = ), then throughput 
decreases. It is evident that the more amount of preset power at user is, the more amount of 
allocated time fraction for EH is. However, the tradeoff between time used for power transfer 
phase and channel capacity in information processing phase is need be calculated carefully . 
The optimal value of user’s transmit power and respective ergodic throughput is represented in 
detail in Table 3. 
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Fig. 4. Ergodic throughput versus transmit power with different combination methods  

as well as number of AP antennas and 10APP =  (dB). 
 
 

Table 3. the optimal value of user transmission power  
and respective ergodic throughput in delay-tolerant tranmission mode. 

 
2N =  5N =  

Opt
UP  (dB) OptC  (bps/Hz) Opt

UP  (dB) OptC  (bps/Hz) 

MRC model 7.00 3.23 10.00 5.54 

SC model 8.00 2.95 10.00 4.64 
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4.2 The optimal throughput versus transmission power of AP and comparison 
experiment 
In this experimental simulation, we compare the system performance of wireless energy 
harvesting using AHTT protocol with those of HTT protocol in [18]. We present the results for 
the wireless powered with HTT protocol, which serves as a benchmark for performance 
comparison. It is worth noting that in case of HTT scenario, the SNR at AP node with MRC 

and SC scheme is given as 
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Fig. 5. The optimal outage throughput versus transmit power at AP node with different combination 

methods and ( )? ,  2,  5N∈  and compared with HTT protocol in [18]. 
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Fig. 6. The optimal ergodic throughput versus transmit power at AP node with  

different combination methods and ( )? ,  2,  5N∈  and compared with HTT protocol in [18]. 
 

In Fig. 5 and Fig. 6 show the effect of the transmit power at AP on the system performance. 
It is noted that Fig. 5 shows performance for delay-constraint mode while Fig. 6 illustrates 
performance for delay-tolerant mode. This observation implies that when increasing the 
number of antennas more than 2, the quality of multiple-antenna architecture in MISO systems 
is more significant than that of the MISO with dual antennas. This is quite intuitive since the 
quality of the system will be improved, if we increase the transmit signal power at AP. In 
contrast, the quality falls if more energy is harvested at user node. 

Fig.5 depicts that although the outage throughput performance of AHTT system 
outperforms those of HTT, this gap is quite small. The optimal outage first increases when 
transmit power at H-AP increases, then those values remain stable (at around 3.0 for AHTT 
protocol and approximate 2.7 (bps/Hz) for HTT strategy, respectively). 

As presented in Fig.6, the ergodic throughput of HTT climbs sharply when H-AP power 
increases, while in the proposed AHTT, the throughput rises with the same trend in interval 

[ ]0,15APP =  (dB) then slightly increases and stays at the same level of for each scenario ( i.e, 
N = 5, 7C ≈  (bps/Hz) for MRC scheme and 5.5C ≈  (bps/Hz) for SC system, respectively) 
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4.3 Throughput versus number of antenna at AP experiment 
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Fig. 7. Optimal throughput versus the number of antennas at the AP  

with different combination methods and 10APP =  (dB). 
 

Fig. 7 presents the trade-off between the number of antennas at the AP and the system 
throughput. In particular, the throughput curves of both transmission modes are considered 
versus the number of antennas for preset values of EH time. At first there is an increase in the 
system throughput in the delay-constrained mode and then stops at one point as the number of 
antennas at the AP increases, due to the limitation of the system throughput in this 
delay-constrained mode, ( )1R α− . However, when the quantity of antennas becomes larger 
in the delay-tolerant mode, the system throughput increases. In particular, the throughput 
performance in the delay-constraint mode is enhanced when the value of throughput climbs 
from around 1 to approximately 3. There is also a significant increase in the system throughput 
for delay-tolerant mode.  

4. Conclusion 
We proposed a new protocol for WPCs so-called AHTT. In this paper, the performance of 
wireless energy harvesting communication systems with multiple antennas is analyzed. 
Analytical expressions for the outage probability and ergodic capacity provide a practical 
insight into the assessment of the system’s performance. Furthermore, the optimal 
transmission power allocation considering the throughput for instantaneous transmission is 
analytically characterized while the optimal transmit power for both delay-constrained and 
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delay-tolerant transmission modes are investigated numerically. Numerical results prove that 
the system throughput in both the delay-constrained and delay-tolerant modes improve, 
because either the number of antennas or the transmit power of the AP increases then remain 
unchanged when these two parameters are large enough. Besides that, throughput increases as 
the perset transmit power of the user increases and then decreases when this power is larger 
than the optimal value. 

Appendix A 
This appendix explains for the Proposition 1 in (12). 

Putting 
2

,AP i i
m

P
d

η
ϑ =

h
 and 

2

2
i

m
APd

π
σ

=
g

, (11) can be rewritten as  

 ( ), 2 ,log 1 .MRC i U i
U

C P
P

ϑ π
ϑ

= +
+

  (34) 

Taking the derivative of ( ),i U iC P  with respect to UP  and setting equal zero, we have 

 ( ) ( ), , ,1 ln 1 .U i U i U iP P Pπϑ π π π+ = + +   (35) 
After some algebraic manipulations, we obtain 

 

, ,

, ,

1 11 ln

1 11 exp ln ln .

U i U i

U i U i

P P
e e e

P P
e e e

π ππϑ

π ππϑ

+ + −
=  

 
 + +   −

⇔ =          

  (36) 

Using the form of Lambert W  function, (36) can be rewritten as 

 ,1 1ln W ,U iP
e e
π πϑ+  − =   

  
  (37) 

where ( )W x  is the Lambert W  function with a solution of ( )W ωΩ =  is ( )exp =ω ω Ω . 
After some simple mathematical manipulations, the expression (37) is formulated as 

 ,
1 1exp W 1 1 .opt

U iP
e

πϑ
π
  − = + −      

  (38) 

This ends the appendix A. 

Appendix B 
This appendix derives the Proposition 3. 
Putting 2

iy = h  and 2
ix = g . Thus, their CDF form is given by [18] 

 ( )
1

0
1 exp .

!

iN

x i
i

x xF x
iλ λ

−

=

− = −  
 

∑   (39) 

And their probability density function (PDF) form is expressed as 
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Then (19) is written as 
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MRC x o ym m
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σ η
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The first element in  is determined by using the relationship in  
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And the second term in (41) is derived as  
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  (43) 

The last integral in (43) is derived by using integral relationship in (eq. 3.383.10) given in 
[25]. Finally, substituting (42) and (43) into (41), we obtain proposition 3. 

Appendix C 
This appendix derives the Proposition 4. 
Putting ( )2maxz = g , the cdf of z is given as 

 ( ) ( )
0

1 exp .
N

p
z

p

N pzF z
p λ=

   = − −   
  

∑   (44) 

And the PDF of variable z is given by 
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Then, our setting can be shown as 

 2
,
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AP i AP U
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  (46) 

First, with the help of (44), the equivalent of C in (46) is evaluated as 
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( )

2

2
,

2

0

Pr 1

1 1 exp .

m
U AP o

z o zm
U gAP i

mN
p AP o

U gp

P z dC F
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N pd
p P
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λσ

σ γ
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And the second term in (46) can be derived as in (43). Finally, substituting (43) and (47) into (46), the 
proposition 4 is derived. This is end of  proof. 
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