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 Most of the existing studies on energy harvesting (EH) cooperative relaying 

networks are conducted for the outdoor environments which are mainly 

characterized by Rayleigh fading channels. However, there are not as many 

studies that consider the indoor environments whereas the state-of-the-art 

internet of things (IoT) and smart city applications are built upon. Thus, in 

this paper, we analyze a namely hybrid time-power splitting relaying 

(HTPSR) protocol in a full-duplex (FD) decode-and-forward (DF) battery-

energized relaying network in indoor scenarios modelled by the unpopular 

log-normal fading channels. Firstly, we formulate the analytical expression 

of the outage probability (OP) then the system throughput. Accordingly, we 

simulate the derived expressions with the Monte Carlo method. It is worth 

mentioning that in our work, the simulation and the theory agree well with 

each other. From the simulation results, we know how to compromise either 

the power splitting (PS) or the time splitting (TS) factors for optimizing the 

system performance. 
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1. INTRODUCTION 

Finite-capacity batteries that we use to power cooperative relays of wireless networks have some 

downside of being difficult or even impractical to replace or recharge [1]-[3]. Thus, we can consider 

renewable resources as promising alternatives, [4]-[6] even though they cannot be deployed for highly 

reliable systems because of their unstable nature [7]. As a better solution, we can exploit a so-called 

simultaneous information and power transfer (SWIPT) technology developed for energy harvesting (EH) 

from radio frequency (RF) signals, which was investigated, [8]-[10]. The primary idea behind the SWIPT 

system is that a part of the same RF signal that is ordinarily used for the information transmission between 

sources and destinations can be harvested by thein-between relays, which then can be stored or directly 

utilized in the networks to self-sustain their operation. As a matter of fact, such EH cooperative relaying 

wireless networks has been studied extensively and their system performance is primarily evaluated in terms 

of the outage probability (OP) and the throughput of the systems [11]-[19]. In particular, the OP of power-

splitting (PS) SWIPT networks was investigated with [11] and with-out [12]-[14] the presence of the direct 

link. Employing Markov model, Li et al. [15] considered the status of batteries in SWIPT networks before 

attempting to minimize the OP. In the context of power time splitting-based (PTS) amplify-and-forward (AF) 

relaying networks, it was reported in [16] that the relay position plays a significant role in determining the 

system performance. Later, Ojo and Salleh [17] proposed a namely hybrid power-time splitting based 

https://creativecommons.org/licenses/by-sa/4.0/
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relaying protocol (HPTSR) and analyzed its throughput performance in AF and decode-and-forward (DF) 

scenarios. The throughput of two-way AF relaying networks in three different schemes namely two, three, 

four-time-slot (2TS, 3TS, 4TS) was investigated in [18]. Khan et al. [19], one of the most recent studies, two 

relay selection schemes so-called joint relay power allocation and selection scheme (JPASS) and ratio 

selection scheme (RSS) were proposed and proven with remarkably better average sum-throughput in 

comparison with conventional schemes.  

We can find several studies of SWIPT systems in outdoor scenarios where authors employed 

Rayleigh, Nakagami-m and Rician models for characterizing the fading effects [20], [21]. On the other hand, 

studies concerning the indoor scenarios using the log-normal model are rare. As proven in some old studies, 

we could use the model to simulate the fading variation indoor due to the moving objects and walls, [22]-[24]. 

Specifically, for indoor scenarios, we can expect that employing cooperative relays will make the system 

perform better. Indeed, few recent studies concerning the indoor log-normal fading proved this point [25]-[28], 

which sheds light on the implementation of such channel in the internet of things (IoT). Specifically, as for an 

indoor IoT network, the communication between in-house devices would subject to the shadowing effect that 

can be best modeled with log-normal fading. Moreover, due to the continuous growth of the relaying 

protocols utilized for the future 5G devices, beside the conventional relaying protocols, assessing a hybrid 

scheme such as the hybrid time-power splitting relaying (HTPSR) is of importance. Inspired by the above 

studies, herein, we evaluate the performance of the HTPSR scheme by means of the throughput over log-

normal fading channels in the context of an indoor full-duplex (FD) decode-and-forward (DF) relaying 

network. In particular, the throughput and its relationship with the two primary factors of the HTPSR scheme 

was analytically expressed. Then, based on the expression, Monte Carlo simulations were done in MATLAB 

and the results obtained were compared with the theory. 

After this introduction, readers can find the system model in section 2. Section 3 analyzes the 

performance of the HTPSR protocol and the whole system in terms of the OP. Moreover, there are Monte Carlo 

simulation results and discussion in section 4. Finally, section 5 is used to conclude the findings of this paper. 

 

 

2. SYSTEM MODEL  

We demonstrate in Figure 1 a dual-hop network which consists of one source (S), one destination 

(D) and one relay (R). The communication is possible only via S to R, then R to D. We denote the two 

distances with 𝑑𝑆𝑅 and 𝑑𝑅𝐷, and assign them with channel coefficients 𝑑𝑆𝑅 and 𝑑𝑅𝐷, respectively. R operates 

in FD mode and subject to a loop interference of ℎ𝐿𝐼. This configuration is generally used for log-normal 

fading channel studies, [25], [27]. Additionally, R is energized entirely with the EH module which collects 

the energy from the signal that S transmits. Moreover, we have the path-loss exponent denoted as 𝑚. 

 

 

 
 

Figure 1. System model 

 

 

Besides, we have |ℎ𝑆𝑅|
2 and |ℎ𝑅𝐷|

2 as two independent and identically distributed (i.i.d) log-normal 

random variables (RVs) and we specify them with parameters 𝐿𝑁(𝜇𝑆𝑅, 𝜎𝑆𝑅
2 ) and 𝐿𝑁(𝜇𝑅𝐷, 𝜎𝑅𝐷

2 ), respectively. 

It should be noted that the 𝜇𝑖 and 𝜎𝑖
2 are the mean and the standard deviation of 10 𝑙𝑜𝑔(|ℎ𝑖|

2), 𝑖 ∈ {𝑆𝑅, 𝑅𝐷} 
and the unit of both are (dB). Moreover, we denote the loop interference channel with |ℎ𝐿𝐼|

2 and log-

normally distribute it with parameters 𝐿𝑁(𝜇𝐿𝐼 , 𝜎𝐿𝐼
2 ). Indeed, this parameter determines the strength of the loop 

interference, thus, is essential for the overall system performance. 

Then, we can formulate the probability density function (PDF) and cumulative distribution function 

(CDF) of log-normally distributed RV |ℎ𝑖|
2, respectively as: 
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𝑓|ℎ𝑖|2(𝑥) =
𝜉

𝑥𝜎𝑖√2𝜋
𝑒𝑥𝑝 (−

1

2

(𝜉 𝑙𝑛(𝑥)−𝜇𝑖)
2

𝜎𝑖
2 ) (1) 

 

and 

 

𝐹|ℎ𝑖|2(𝑥) = 1 − 𝒬 (
𝜉 𝑙𝑛(𝑥)−2𝜇𝑖

2𝜎𝑖
), (2) 

 

where we have the scaling constant 𝜉 =
10

ln(10)
, and Gaussian Q-function 𝒬(𝑥) = ∫

1

√2𝜋

∞

𝑥
𝑒𝑥𝑝 (−

𝑡2

2
) 𝑑𝑡. 

We depict in Figure 2 the HTPSR protocol for log-normal systems where we partition the 

transmission time block 𝑇  to two slots, 𝛼𝑇 and (1 − 𝛼)𝑇, with TS factor 𝛼, (𝛼 ∈ [0,1]). In the 1st time slot 

𝛼𝑇, R allocates √𝛽 for EH and √1 − 𝛽 to receive the information from S. In the 2nd time slot (1 − 𝛼)𝑇, all 

the harvested energy is used for decoding and forwarding the signal from S to D. We can neglect the relay's 

processing power since it is relatively small compared with the transmission power from R to D. 

 

 

 
 

Figure 2. HPTSR protocol for log-normal fading channel 

 

 

3. PERFORMANCE ANALYSIS OF THE HTPSR PROTOCOL 

In the 1st time slot, R harvests the energy amount of (3), 

 

𝐸 = 𝜂𝛽𝑇
𝛼𝑃𝑆|ℎ𝑆𝑅|

2

𝑑𝑆𝑅
𝑚 , (3) 

 

where we denote the energy conversion efficiency as 𝜂, (𝜂 ∈ (0,1)). Then, we can obtain the base-band 

signal at R in FD mode, ySR, during the EH phase of √(1 − β) from: 

 

𝑦𝑆𝑅 = √
(1−𝛽)𝑃𝑆

𝑑1
𝑚 ℎ𝑆𝑅𝑥𝑠 + √(1 − 𝛽)𝑃𝑅ℎ𝐿𝐼𝑥𝑟 + 𝑛𝑟 , (3) 

 

where we have the information signal xs, and the loop interference xr, normalized respectively with 

𝔼[|xs|]
2 = 1, and 𝔼[|xr|]

2 = 1. The narrow-band Gaussian noise nr, with zero mean and variance N0, is 

caused by R's receiving antenna.  

Since the FD R can recognize the signal of itself, it can apply the interference cancellation process 

to minimize its loop interference. Hence, we can obtain the signal at R, after cancellation as (5). 

 

𝑦𝑟 = √
(1−𝛽)𝑃𝑆

𝑑1
𝑚 ℎ𝑆𝑅𝑥𝑠 + √(1 − 𝛽)𝑃𝑅ℎ̄𝐿𝐼�̄�𝑟 + 𝑛𝑟 , (5) 

 

Where ℎ̄𝐿𝐼 is the residual loop interference channel owing to the imperfect interference cancellation and 

𝔼[|�̄�𝑟|]
2 = 1. Under DF relaying protocol, R will decode and forward the signal from S to D. Hence, D 

receives signal of (6), 

 

𝑦𝑑 = √
𝑃𝑅

𝑑𝑅𝐷
𝑚 ℎ𝑅𝐷𝑥𝑠 + 𝑛𝑑, (4) 

where the narrow-band Gaussian noise at D node 𝑛𝑑, with zero mean and variance 𝑁0. 

Besides, R transmits power to D in the 2nd time slot, (1 − 𝛼)𝑇. This power is expressed as (7). 

 

𝑃𝑅 =
𝐸

(1−𝛼)𝑇
=

𝜂𝛼𝛽

(1−𝛼)

|ℎ𝑆𝑅|
2

𝑑𝑆𝑅
𝑚 𝑃𝑆. (7) 
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Now, we analytically express important metrics for the system performance. By substituting (4) into (5) and 

(7), we can obtain the signal-to-noise ratio (SNR) at R denoted as 𝛾𝑆𝑅, and D as 𝛾𝑅𝐷, in the HTPSR scheme, 

respectively, as: 

 

𝛾𝑆𝑅 ≈
(1−𝛽)𝑃𝑆|ℎ𝑆𝑅|

2

(1−𝛽)𝑃𝑅|ℎ𝐿𝐼|
2𝑑𝑆𝑅
𝑚 =

(1−𝛼)

𝜂𝛼𝛽|ℎ𝐿𝐼|
2, (8) 

 

and 

 

𝛾𝑅𝐷 =
𝜂𝛼𝛽𝑃𝑆|ℎ𝑆𝑅|

2|ℎ𝑅𝐷|
2

(1−𝛽)𝑑𝑆𝑅
𝑚 𝑑𝑅𝐷

𝑚 𝑁0
. (9) 

 

With regard to (8) and (9), we can formulate the achievable data rate at R and D, respectively, as: 

 

𝑅𝑆𝑅 = 𝑊𝛼 𝑙𝑜𝑔 2 (1 +
(1−𝛼)

𝜂𝛼𝛽|ℎ𝐿𝐼|
2), (10) 

 

and 

 

𝑅𝑅𝐷 = 𝑊(1 − 𝛼) 𝑙𝑜𝑔 2 (1 +
𝜂𝛼𝛽𝑃𝑆|ℎ𝑆𝑅|

2|ℎ𝑅𝐷|
2

(1−𝛽)𝑑𝑆𝑅
𝑚 𝑑𝑅𝐷

𝑚 𝑁0
). (11) 

 

where 𝑊 stands for the bandwidth system. 

The outage probability, 𝑃out at the D node is defined as the probability that the achievable data rate 

at R and D descends below the target data rate. Thus, we have 𝑃out = 𝑃𝑟(𝑚𝑖𝑛(𝑅SR, 𝑅RD) < 𝑅0), where  

𝑅0 = log
2
(1 + 𝛾0), with the predetermined threshold value of SNR, 𝛾0. Indeed, the |ℎ𝑆𝑅|

2, |ℎ𝑅𝐷|
2 and |ℎ𝐿𝐼|

2 

are three independent random variables (RVs). Exploiting the log-normal distribution property, we can 

formulate the OP as: 

 

𝑃out  = 1 − �̄�|ℎ𝐿𝐼|2 (
𝜂𝛼𝛽

1−𝛼
(2

𝑅0
𝛼𝑊 − 1))

⏟              
𝑃1

× �̄�|ℎ𝑆𝑅|2|ℎ𝑅𝐷|2 (
(1−𝛽)𝑑𝑆𝑅

𝑚 𝑑𝑅𝐷
𝑚 𝑁0

𝜂𝛼𝛽𝑃𝑆
(2

𝑅0
(1−𝛼)𝑊 − 1))

⏟                            
𝑃2

, (12) 

 

where �̄�𝑋(. )is the complementary cumulative distribution function (CCDF) of RV X . 

The first part, 1P  in (12) can be obtained from: 

 

𝑃1 = 𝒬 (
𝜉 𝑙𝑛(𝜅1𝜈1)−2𝜇𝐿𝐼

2𝜎𝐿𝐼
), (13) 

 

where 𝜅1 =
𝜂𝛼𝛽

1−𝛼
, and 𝜈1 = 2

𝑅0
𝛼𝑊 − 1. The second part, 𝑃2 in (12) can be acquired from. 

 

𝑃2 = 𝒬 (
𝜉 𝑙𝑛(𝜅2𝜈2)−2𝜇𝑆𝑅−2𝜇𝑅𝐷

√2𝜎𝑆𝑅+√2𝜎𝑆𝑅
), (14) 

 

where 𝜅2 =
(1−𝛽)𝑑𝑆𝑅

𝑚 𝑑𝑅𝐷
𝑚 𝑁0

𝜂𝛼𝛽𝑃𝑆
, and 𝜈2 = 2

𝑅0
(1−𝛼)𝑊 − 1. We substitute (13) and (14) into (12) to attain the 𝑃out at D as: 

 

𝑃out = 1 − 𝒬 (
𝜉 𝑙𝑛(𝜅1𝜈1)−2𝜇𝐿𝐼

2𝜎𝐿𝐼
) × 𝒬 (

𝜉 𝑙𝑛(𝜅2𝜈2)−2𝜇𝑆𝑅−2𝜇𝑅𝐷

√2𝜎𝑆𝑅+√2𝜎𝑆𝑅
). (15) 

 

We can formulate the throughput at the D node with a fixed source transmission rate, 0R  (bits/sec/Hz), and 

the effective communication time (1 − 𝛼)𝑇 over the time block 𝑇 (second) for the HTPSR scheme as (16), 

 

𝜏 = 𝑅0(1 − 𝑃out)
(1−𝛼)𝑇

𝑇
= 𝑅0(1 − 𝛼)(1 − 𝑃out), (5) 

 

with formulated 𝑃out in (15). 
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4. RESULT AND DISCUSSION 

We analyze the impact of EH TS and EH PS factors on the throughput of the HTPSR system thanks 

to the Monte Carlo simulation results. In the Table 1 we list out the parameters that were used. Figure 3 and 

Figure 4 illustrate the throughput versus, respectively, the EH TS and EH PS factor. We plotted the curves 

with three different power transmission levels and with either of the EH factors fixed at 0.3. It is clear that the 

higher the power transmission, PS, the better the throughput value. As for Figure 3, if we fix the EH PS factor 

at 0.3 and vary the EH TS factor, the throughput for the three curves peaks at EH TS factor of about 0.25. 
 

 

Table 1. The main parameters 
Parameters Values Parameters Values 

W 5(dB) PS 1(dB) 

η 80%  σLI
2  3 (dB) 

m  3 μLI 2.5 (dB) 

σSR
2  3(dB) dSR 2(m) 

μSR 4(dB) dSR 2(m) 

μRS 4(dB) σRS
2  3(dB) 

 
 

 
 

Figure 3. Throughput versus EH TS factor with various power transmission and EH PS fixed at 0.3 

 

 

Besides, for Figure 4, as we fix the EH TS factor at 0.3 and vary the EH PS factor, the throughput of 

the three curves peaks at EH PS factor around 0.95 then sharply drops to 0. Another obvious trait that we can 

see from the two figures is that the throughput level starts from and ends at 0 as the EH TS and EH PS factors 

start from 0 or approach 1. Moreover, it is worth noting that the simulation results correlate well with the 

theoretical ones. 
 

 

 
 

Figure 4. Throughput versus EH PS factor with various power transmission and EH TS fixed at 0.3 
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Figure 5 depicts the throughput versus the SNR. We can observe that the throughput is directly 

proportional to the SNR. The throughput curve is the best, the highest, at EH TS=0.3 and EH PS=0.5 As we 

decrease the EH PS to 0.3, the throughput curve decreases. The throughput curve is the worst, the lowest, as 

we increase the EH TS to 0.5 while keeping the EH PS at 0.3. The simulation results align well with the 

theoretical curves. This proves that the previously derived expressions are relatively accurate and can be used 

for future studies.  

 

 

 
 

Figure 5. Throughput versus SNR with various pairs of EH TS and EH PS factors 

 

 

5. CONCLUSION  

In a nutshell, we investigate the HTPSR protocol in an EH DF relaying network for indoor scenario 

characterized by log-normal fading channels in terms of the system throughput. Based on the theoretical and 

simulation results, we understand better the system behavior of the hybrid protocol and how to compromise 

the PS and TS factors to optimize the system performance. Thanks to the fact that the simulation and the 

theoretical results correlate well with each other, ones can replicate the expressions derived in this study with 

some predetermined initial optimal values and further develop it to design indoor IoT networks. 
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