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 Background and Objectives: The purpose of a wireless body area network 
(WBAN) is to collect and send vital body signals to the physician to make 
timely decisions, improve the efficiency of medical informatics systems, and 
save costs. The sensors of the WBAN network have limited size and energy, 
and hence, to extend the lifetime of these sensors, they can be powered 
wirelessly. Our focus in this paper is on a two-tier full-duplex (FD) 
cooperative WBAN in which sensors, in addition to transmitting 
physiological information, harvest energy from radio frequency (RF) 
coordinator signals and body sources. Our goal is to maximize average 
weighted sum throughput (AWST) under the constraints of each sensor, 
including meeting the minimum data rate, delay limitation, energy and 
transmission power constraints.  
Methods: The resources allocated to solve this optimization problem are 
the time slots, the transmission rates of the sensors and coordinator, and 
the transmission powers of sensors in each time slot. The time scheduling 
problem in the first step is modeled in the form of a mixed-integer linear 
programming (MILP) problem and the second step problem is convex. Also, 
Karush–Kuhn–Tucker (KKT) conditions are presented for power and rate 
allocation. 
Results: In the optimal allocation (OA) mode, contrary to the equal time 
allocation (ETA) one, with increasing the relay power, the AWST increases 
despite increasing self-interference (SI). Energy harvesting from the body , 
nevertheless the power consumption for transmission, makes positive the 
slope of the instantaneous energy curve for the motion sensor and reduces 
the corresponding slope for the electrocardiogram (ECG) one. Comparison 
of the proposed method with previous methods shows that the proposed 
method has better control over the information flow of sensors, and also in 
allocating rate to users, fairness is satisfied. 
Conclusion: According to the simulation results in our method, the system 

showed better performance than the equal time allocation mode. We also 

used the FD technique and with the help of the optimal time scheduling 

index, we were able to control the SI.  
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Introduction 

Prevention, early detection, and treatment of diseases 

through the wireless body area networks (WBANs) 

create a dynamic healthcare system. These real-time 

networks, which are a new generation of wireless 

personal area networks (WPANs), include several small 
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devices on the human body or implanted in it. These 

nodes convert the body's physiological parameters into 

electrical signals, and finally, a coordinator collects these 

signals and sends them to the access point (AP). The 

collected data is then presented to the hospital, 

physician, emergency  department, or relatives for 

tracking the patient's vital signs, emergency actions, 

awareness of the patient's condition, and updating 

medical records  [1], [2], [3], [4], [5], [6]. 

There are two significant challenges associated with  

WBANs. The first challenge is to provide sustainable 

power to the body sensors and extend the network's 

lifetime. The limited capacity of the battery limits the 

network lifetime. On the other hand, it is difficult to 

replace and recharge the battery [7]. The authors in [8] 

have noted that the second challenge is to guarantee the 

quality of service (QoS) for the delay issue and deliver 

the data streams of sensors with different priorities. 

Therefore, in this paper, concerning the importance, the 

average weighted throughput is considered. By limiting 

the delay, the loss of critical information should be 

prevented. The energy needed for the sensors can be 

provided with the help of simultaneous wireless 

information and power transfer (SWIPT) technique, and 

harvesting wireless energy from radio frequency (RF) 

sources or body energy sources (such as biochemical and 

biomechanical energy) [9], [10], [11].  

The combined use of SWIPT and relays results in 

maintaining the connectivity of WBANs, reducing 

interference, increasing reliability and spectrum and 

energy efficiency in these networks. 

A.  Related Works 

In [12], a half-duplex (HD) cooperative system that 

has SWIPT capability with one sensor is investigated. This 

system aims to find the best relay location to maximize 

the throughput from the source to the destination. The 

system model studied in [13] as in [12] is single-sensor 

and cooperative, where the relay can harvest RF energy 

from an AP and does not have a buffer. The relay 

transmits the harvested energy to the sensor and 

forwards the received information to the AP. 

The purpose in [13] is to maximize the information 

transmission rate under the constraint of the balance 

between the consumed and harvested energies. Finally, 

the optimal power splitting ratio and optimal time 

switching ratio are obtained, and the effect of relay 

location on system performance is discussed. In [14], a 

full-duplex (FD) cooperative system with one sensor and 

one buffer is explained. The continuous transmitted 

information rate maximization problem in adaptive 

power allocation mode and constant power allocation 

mode is formulated. In [15], a cooperative multi-sensor 

system model is considered, which includes links from 

sensors to the handset and from the handset to the AP.  

Also, several sources of RF signal propagation are 

employed to power WBAN sensors wirelessly and the 

goal is to maximize the throughput. However, the 

transmission delay of each user is not taken into 

account. 

The authors are encouraged in [16] and [17] to 

investigate a cooperative multi-sensor WBAN in which 

both sensors and relay have energy harvesting, and the 

goal is to maximize throughput. In both system models, 

the relay is HD. 

In [1], a cooperative multi-sensor WBAN that 

destination nodes )DNs) and relay node (RN) receive RF 

energy simultaneously from the source is considered. 

Power splitting ratio at the relay and each DN are 

optimization variables. The purpose of the optimization 

problem is to maximize the information sum-

throughput. In [18], a multi-sensor WBAN system model 

without buffer is expressed in both normal and 

abnormal states. In the normal mode, the combination 

of time switching and power splitting is used, but in the 

abnormal mode, only time switching is used. In the 

system model of this paper, the coordinator is not 

considered, and the sensors are in direct contact with 

the AP, so due to the lack of a coordinator and buffer, it 

is not possible to control the delay, and sensors must 

consume more energy to send their information directly 

to AP. 

In [19], a FD cooperative multi-sensor system with 

buffers is expressed. The purpose is to solve the problem 

of maximizing average delay limited weighted 

throughput under the stability of  the average queue 

length in the context of a two-level WBAN architecture. 

The ability to harvest energy from the body by sensors, 

constraints on having limited instantaneous buffer 

length, and having positive instantaneous energy for the 

sensors are not considered. It should be noted that in all 

the above papers that have the WBAN system model, 

harvesting energy from the body and in [1], [8], [15], 

[16], [20] buffer is not considered. 

B.  Contribution 

In this paper, a two-level multi-sensor WBAN is 

considered with several sensors, a FD coordinator, and 

an AP. Sensors send vital information extracted from the 

body, such as electrocardiograph information, to the 

coordinator. They can harvest RF wireless energy and 

body energy, and also, for each sensor, there is a buffer 

in the coordinator to control the delay of the 

information of that sensor. The time scheduling of 

sending different sensors, the transmission rates and 

powers of the sensors, and the transmission rates of the 

coordinator are determined Optimally. Resources are 

allocated to maximize average weighted sum throughput 

(AWST). Constraints such as the limitation of sensors’ 

transmission powers, delays, and initial sensor energy 
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are considered.  

Innovations added to the problem model are as 

follows: 

• In addition to battery-powered sensors, they are 

also equipped with RF and body energy harvesting 

(BEH) system (like mechanical energy). 

• To achieve fairness, the average rate of each sensor 

over all time slots must be greater than a minimum 

threshold.  

• For  instantaneous buffer length,  a constraint is 

considered to limit the data transfer delay of each 

user. 

• The time scheduling optimization problem is 

modeled in the form of mixed-integer linear 

programming (MILP). 

• Allocation of power and rate of each sensor and 

relay is performed by modeling the problem as a 

convex one, and to analyze it, Karush–Kuhn–Tucker 

(KKT) equations are presented. 

C. Structure of the Paper 

The rest of this paper is as follows: In the next section, 

we describe the signal and intended system model. 

Then, we formulate the problem and explain the optimal 

allocation (OA) and equal time allocation (ETA) modes. 

After that, the numerical solution and simulation results 

are presented. The last section concludes the paper. 

Signal and System Model 

The proposed scenario in Fig. 1, which is a two-level 

cooperative WBAN, consists of the RN, the source nodes 

(SNs), and the DN. The FD relay node, called full-duplex 

relay node (FD-RN), is a decode and forward relay 

equipped with N first-in-first-out (FIFO) buffers and is 

responsible for relaying messages to the destination, 

where ith buffer is shown by Qi. SNs have limited energy, 

sense the body's physiological signals, and send them to 

the coordinator. The FD-RN relays the information 

received from the sensors to the destination, and at the 

same time, the sensors receive RF energy from that 

signal. All sensors wirelessly receive RF power from the 

coordinator, and some sensors can receive energy from 

the body. 

 

Fig. 1:  System model. 

The additive white Gaussian noise (AWGN) channel 

variances in DN and RN are 𝜎𝑛𝐷
2  and 𝜎𝑛𝑅

2 , respectively. 

 ℎ𝑠𝑟
𝑞 (𝑗) =

|𝑔𝑠𝑟
𝑞 (𝑗)|

2

𝜎𝑛𝑅
2 ,  ℎ𝑟𝑑(𝑗) =

|𝑔𝑟𝑑(𝑗)|2

𝜎𝑛𝐷
2 , ℎ𝑟𝑟(𝑗) =

|𝑔𝑟𝑟(𝑗)|2

𝜎𝑛𝑅
2  

are normalized channel gain between qth sensor and 

relay, normalized channel gain between relay and 

destination, and normalized channel gain of SI at the 

relay, respectively. 

Problem Formulation  

According to Shannon's Theorem, the capacity of the 

channel from the qth sensor to the relay and from the 

relay to the destination in the jth time slot is: 

𝐶𝑠𝑟
𝑞,𝑙(𝑗) = 𝑊 𝑙𝑜𝑔2 (1 +

𝑃𝑠
𝑞,𝑙

(𝑗)ℎ𝑠𝑟
𝑞

(𝑗)

𝑃𝑟
𝑞,𝑙

(𝑗)ℎ𝑟𝑟(𝑗)+1
) , ∀𝑞, 𝑙, 𝑗                 (1) 

𝐶𝑟𝑑
𝑞,𝑙(𝑗) = 𝑊 𝑙𝑜𝑔2 (1 + 𝑃𝑟

𝑞,𝑙(𝑗)ℎ𝑟𝑟(𝑗)) , ∀𝑞, 𝑙, 𝑗,               (2) 

where the channel capacity of qth-RN and RN-DN are 

𝐶𝑠𝑟
𝑞,𝑙(𝑗) and 𝐶𝑟𝑑

𝑞,𝑙(𝑗), respectively. Also,  𝑊  and q and l are 

bandwidth, and sensor number and buffer number, and 

 𝑃𝑠
𝑞,𝑙

(𝑗) is the power of the sensor in the jth time slot as 

qth sensor is sending data to the relay, and at the same 

time, lth buffer is emptying from the relay to its 

destination. 𝑃𝑟
𝑞,𝑙(𝑗) is the power of the relay in the jth 

time slot. We assume 𝑚𝑞,𝑙(𝑗) as a binary time scheduling 

variable where if it is one, it indicates that in jth time slot 

data from qth sensor is being sent to the relay and from 

lth buffer is leaving towards AP [21], [22]. In any time 

slot j, only one sensor is allowed to send, and only the 

data of one buffer can be read and sent from the relay.  

∑ ∑ 𝑚𝑞,𝑙(𝑗) = 1, ∀𝑗𝑁
𝑙=1

𝑁
𝑞=1                                             (3)            

𝑚𝑞,𝑙(𝑗) ∈ {0,1} , ∀𝑞, 𝑙, 𝑗                                                         (4) 

𝐸𝑞(𝑗) = 𝐸𝑞(𝑗 − 1) − ∑ 𝑚𝑞,𝑙(𝑗) 𝑃𝑠
𝑞,𝑙(𝑗) 𝜏𝑁

𝑙=1 + 𝐸𝐵𝐻(𝑞)  

+ ∑ ∑ 𝑚𝑘,𝑙(𝑗) 𝑃𝑟
𝑘,𝑙(𝑗) 𝜏 𝜂  |𝑔𝑠𝑟

𝑞
(𝑗)|

2
 , ∀𝑞, 𝑗,𝑁

𝑙=1
𝑁
𝑘=1,𝑘≠𝑞   

                                                                                                 (5)   

where 𝐸𝑞(𝑗) is the energy of the qth sensor in the time 

slot j, 𝐸𝐵𝐻(𝑞) is the amount of energy harvested  from 

the body  by the qth sensor, 𝜏 is the length of each time 

slot, and 𝜂 is the energy conversion efficiency of the 

sensor. The energy limitation of the qth sensor means 

that the total energy consumption of that sensor must 

be less than the total energy that is harvested from the 

RF and the body, plus its primary energy as follows: 

∑ ∑ 𝑚𝑞,𝑙(𝑗) 𝑃𝑠
𝑞,𝑙(𝑗) 𝜏 ≤𝑁

𝑙=1
𝐽
𝑗=1   

∑ ∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑘,𝑙(𝑗) 𝜂 |𝑔𝑠𝑟

𝑞 (𝑗)|
2

𝜏𝑁
𝑙=1

𝑁
𝑘=1,𝑘≠𝑞

𝐽
𝑗=1 + 𝐸0  

+𝐽𝐸𝐵𝐻(𝑞), ∀𝑞,                                                                       (6)                                                                                                             

where 𝐸0 is the initial energy of each sensor. The 
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instantaneous energy of each sensor is positive: 

0 ≤ 𝐸𝑞(𝑗), ∀𝑞, 𝑗.   (7)   

𝐵𝑞(𝑗) is qth buffer length in the time slot j. Also, the 

length of the buffer cannot be negative, and 𝐵𝐹𝑚𝑎𝑥  is 

the maximum value of the buffer length, hence   

𝐵𝑞(𝑗) = 𝐵𝑞(𝑗 − 1) − ∑ 𝜏𝑅𝑟𝑑
𝑘,𝑞(𝑗) + ∑ 𝜏𝑅𝑠𝑟

𝑞,𝑙

𝑁

𝑙=1

𝑁

𝑘=1

(𝑗), ∀𝑞, 𝑗 

 
  (8)   

0 ≤ 𝐵𝑞(𝑗), ∀𝑞, 𝑗            (9)   

𝐵𝑞(𝑗) ≤ 𝐵𝐹𝑚𝑎𝑥 , ∀𝑞, 𝑗 (10) 

1

𝐽
∑ ∑ 𝑅𝑠𝑟

𝑞,𝑙(𝑗)𝑁
𝑙=1

𝐽
𝑗=1 ≤

1

𝐽
∑ ∑ 𝑅𝑟𝑑

𝑘,𝑞(𝑗)𝑁
𝑘=1

𝐽
𝑗=1 , ∀𝑞,  

(11) 

𝑅𝑠𝑟
𝑞,𝑙(𝑗) indicates transmission rate from the qth sensor 

to the relay in the j time slot when the lth buffer at the 

relay gets empty to send its information towards the 

destination. Also, 𝑅𝑟𝑑
𝑘,𝑞(𝑗) is the transmission rate when 

the kth sensor is active and qth buffer sends its 

information from the relay to the destination in the time 

slot j. Equation (11) is written because buffers do not 

waste data, and data queues are stable. Transmission 

rates cannot exceed channel capacity, therefore:  

𝑅𝑠𝑟
𝑞,𝑙(𝑗) ≤ 𝑊𝑚𝑞,𝑙(𝑗) 𝑙𝑜𝑔2 (1 +

𝑃𝑠
𝑞,𝑙(𝑗)ℎ𝑠𝑟

𝑞 (𝑗)

𝑃𝑟
𝑞,𝑙(𝑗)ℎ𝑟𝑟(𝑗)+1

) , ∀𝑞, 𝑙, 𝑗  

              (12) 

𝑅𝑟𝑑
𝑞,𝑙(𝑗) ≤ 𝑊𝑚𝑞,𝑙(𝑗) 𝑙𝑜𝑔2 (1 + 𝑃𝑟

𝑞,𝑙(𝑗)ℎ𝑟𝑑(𝑗)) , ∀𝑞, 𝑙, 𝑗.  

 (13) 

To ensure fairness among the sensors, the average rates 

must be higher than a minimum.  

𝑅𝑚𝑖𝑛
𝑞

≤
1

𝐽
∑ ∑ 𝑅𝑠𝑟

𝑞,𝑙𝑁
𝑙=1

𝐽
𝑗=1 (𝑗), ∀𝑞.                                      (14)                                

The following is a short term constraint for power 

𝑃𝑠
𝑞,𝑙(𝑗): 

0 ≤ 𝑃𝑠
𝑞,𝑙(𝑗) ≤ 𝑃𝑠

𝑚𝑎𝑥 , ∀𝑞, 𝑙, 𝑗,                                             (15)                                       

where 𝑃𝑠
𝑚𝑎𝑥  is the maximum transmit power. It should 

be noted that 𝑃𝑟
𝑞,𝑙(𝑗) is assumed to be equal to 𝑃𝑟

𝑚𝑎𝑥 . 

The difference between OA mode and ETA is that in 

OA mode, we determine 𝑚𝑞,𝑙(𝑗) optimally by solving the 

optimization problem according to the constraints in our 

first step. However, in ETA mode, 𝑚𝑞,𝑙(𝑗) is predefined.  

A. OA mode 

In OA mode, the allocation of  scheduling  power, 

sensor transmission rate, and relay transmission rate are 

dynamic.  

Our purpose is to maximize AWST. 𝑚𝑞,𝑙(𝑗),  𝑃𝑠
𝑞,𝑙(𝑗), 

𝑅𝑠𝑟
𝑞,𝑙(𝑗) and 𝑅𝑟𝑑

𝑞,𝑙(𝑗) are the optimization variables. Since 

𝑚𝑞,𝑙(𝑗) is a binary optimization variable, and the other 

variables are real, according to constraints such as (12), 

the problem is mixed-integer nonlinear programming 

(MINLP)  and non-convex. Hence, we consider the 

following two steps to solve it. 

In the first step, we assume that 𝑃𝑠
𝑞,𝑙(𝑗) is equal to the 

constant value 𝑃𝑠
𝑚𝑎𝑥 . Then we get  𝑚𝑞,𝑙(𝑗). Therefore, 

𝑚𝑞,𝑙(𝑗), 𝑅𝑠𝑟
𝑞,𝑙(𝑗) and 𝑅𝑟𝑑

𝑞,𝑙(𝑗) are the optimization 

variables of this step and the optimization problem is as 

follows: 

P1: max 
1

𝐽
∑ ∑ ∑ 𝑊𝑞

𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 𝑅𝑠𝑟

𝑞,𝑙(𝑗) 

s.t. a) ∑ ∑ 𝑚𝑞,𝑙(𝑗) = 1, ∀𝑞𝑁
𝑙=1

𝑁
𝑞=1  

      b)𝑚𝑞,𝑙(𝑗) ∈ {0,1} , ∀𝑞, 𝑙, 𝑗 

      c) 𝐸𝑞(𝑗) = 𝐸𝑞(𝑗 − 1) − ∑ 𝑚𝑞,𝑙(𝑗)𝑃𝑠
𝑚𝑎𝑥  𝜏𝑁

𝑙=1 + 

      ∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑚𝑎𝑥  𝜏 𝜂  |𝑔𝑠𝑟

𝑞
(𝑗)|

2
+𝑁

𝑙=1
𝑁
𝑘=1,𝑘≠𝑞

      𝐸𝐵𝐻(𝑞), ∀𝑞, 𝑗   

      d) ∑ ∑ 𝑚𝑞,𝑙(𝑗)𝑁
𝑙=1

𝐽
𝑗=1 𝑃𝑠

𝑚𝑎𝑥𝜏 ≤ 

       ∑ ∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑚𝑎𝑥  𝜏 𝜂 |𝑔𝑠𝑟

𝑞 (𝑗)|
2𝑁

𝑙=1
𝑁
𝑘=1,𝑘≠𝑞

𝐽
𝑗=1  

      +𝐸0+ 𝐽𝐸𝐵𝐻(𝑞), ∀𝑞 

      e) 0 ≤ 𝐸𝑞(𝑗), ∀𝑞, 𝑗 

      f) 𝐵𝑞(𝑗) = 𝐵𝑞(𝑗 − 1) − ∑ 𝜏𝑅𝑟𝑑
𝑘,𝑞(𝑗) +𝑁

𝑘=1  

      ∑  𝜏𝑁
𝑙=1 𝑅𝑠𝑟

𝑞,𝑙(𝑗), ∀𝑞, 𝑗 

      g) 0 ≤ 𝐵𝑞(𝑗), ∀𝑞, 𝑗 

      h) 𝐵𝑞(𝑗) ≤ 𝐵𝐹𝑚𝑎𝑥 , ∀𝑞, 𝑗 

      i) 
1

𝐽
∑ ∑ 𝑅𝑠𝑟

𝑞,𝑙(𝑗)𝑁
𝑙=1

𝐽
𝑗=1 ≤

1

 𝐽
∑ ∑ 𝑅𝑟𝑑

𝑘,𝑞(𝑗)𝑁
𝑘=1

𝐽
𝑗=1 , ∀𝑞 

      j) 𝑅𝑠𝑟
𝑞,𝑙(𝑗) ≤ 𝑊𝑚𝑞,𝑙(𝑗). 

      𝑙𝑜𝑔2 (1 +
𝑃𝑠

𝑚𝑎𝑥ℎ𝑠𝑟
𝑞 (𝑗)

𝑃𝑟
𝑚𝑎𝑥ℎ𝑟𝑟(𝑗)+1

) , ∀𝑞, 𝑙, 𝑗 

      k) 𝑅𝑟𝑑
𝑞,𝑙(𝑗) ≤ 𝑊𝑚𝑞,𝑙(𝑗). 

      𝑙𝑜𝑔2(1 + 𝑃𝑟
𝑚𝑎𝑥  ℎ𝑟𝑟(𝑗)), ∀𝑞, 𝑙, 𝑗  

      l) 𝑅𝑚𝑖𝑛
𝑞

≤
1

𝐽
∑ ∑ 𝑅𝑠𝑟

𝑞,𝑙𝑁
𝑙=1

𝐽
𝑗=1 (𝑗), ∀𝑞. 

Because this problem contains integer and continuous 

variables and also functions are affine, it is a MILP. 

In the second step, we consider 𝑚𝑞,𝑙(𝑗) obtained 

from the first step to be known. 𝑅𝑠𝑟
𝑞,𝑙(𝑗), 𝑃𝑠

𝑞,𝑙(𝑗),  𝑅𝑟𝑑
𝑞,𝑙(𝑗) 

are optimization variables and the resulting problem, 

according to the objective function and constraints, is 

convex as follows: 

P2: max 
1

𝐽
∑ ∑ ∑ 𝑊𝑞

𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 𝑅𝑠𝑟

𝑞,𝑙(𝑗) 

s.t : c,d,e,f,g,h,i,j,k,l 

        m)𝑃𝑠
𝑞,𝑙(𝑗) ≤ 𝑃𝑠

𝑚𝑎𝑥 , ∀𝑞, 𝑙, 𝑗 

        n)0 ≤ 𝑃𝑠
𝑞,𝑙(𝑗), ∀𝑞, 𝑙, 𝑗 

To solve problem P2, CVX software can be used. The 

whole problem-solving process is presented in Algorithm 

1 in two steps.  
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Algorithm 1.  Solution of OA mode problem 

1. Initialization: 𝑃𝑠
𝑚𝑎𝑥 ,𝑃𝑟

𝑚𝑎𝑥, 𝑅𝑚𝑖𝑛
𝑞

 , and 𝐵𝐹𝑚𝑎𝑥  

Number of sensors and buffers. 

Number of time slots. 

Duration of each time slots. 

Energy conversion efficiency. 

Weight of each SN (User Priorities). 
Initial energy of each SN. 

2. First optimization step :  
Solve optimization problem P1. 
Output: 𝑚𝑞,𝑙(𝑗). 

 

3. Second optimization step :  

𝑚𝑞,𝑙(𝑗) is determined from first step.   

Solve optimization problem P2. 

 

           Output: 𝑃𝑠
𝑞,𝑙(𝑗), 𝑅𝑠𝑟

𝑞,𝑙(𝑗) and  𝑅𝑟𝑑
𝑞,𝑙(𝑗).  

 

For the analytical solution of the second step, we can 

write KKT conditions [23], [24]. To do so, first, consider 

the Lagrangian function of problem 𝑃2 as follows. 

∑ 𝐿𝑗

𝐽

𝑗=1

(𝑃𝑠
𝑞,𝑙(𝑗), 𝑅𝑠𝑟

𝑞,𝑙(𝑗), 𝑅𝑟𝑑
𝑞,𝑙(𝑗), 𝜑, 𝜇, 𝜁, 𝜈, 𝜊, 𝜌, 𝜆, 𝛼, 𝛽, 𝛿, 𝜓, 𝜀) 

= −
1

𝐽
∑ ∑ ∑ 𝑊𝑞

𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 𝑅𝑠𝑟

𝑞,𝑙(𝑗) + 

∑ ∑ 𝜑𝑞(𝑗)[𝐸𝑞(𝑗) − 𝐸𝑞(𝑗 − 1) +

𝑁

𝑞=1

𝐽

𝑗=1

∑ 𝑚𝑞,𝑙(𝑗)𝑃𝑠
𝑞,𝑙(𝑗)𝜏

𝑁

𝑙=1

 

−𝐸𝐵𝐻(𝑞) − ∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑚𝑎𝑥𝜂|𝑔𝑠𝑟

𝑞 (𝑗)|
2

𝜏] +𝑁
𝑙=1

𝑁
𝑘=1,𝑘≠𝑞

∑ ∑ 𝜇𝑞[∑ 𝑚𝑞,𝑙(𝑗)𝑁
𝑙=1 𝑃𝑠

𝑞,𝑙(𝑗)𝜏 −
𝐸0

𝐽

𝑁
𝑞=1

𝐽
𝑗=1 −

∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑚𝑎𝑥𝜂|𝑔𝑠𝑟

𝑞 (𝑗)|
2

𝜏 − 𝐸𝐵𝐻(𝑞)]𝑁
𝑙=1

𝑁
𝑘=1,𝑘≠𝑞 +

∑ ∑ 𝜁𝑞(𝑗)[−𝐸𝑞(𝑗)] + ∑ ∑ 𝜈𝑞(𝑗)[𝐵𝑞(𝑗) −𝑁
𝑞=1

𝐽
𝑗=1

𝑁
𝑞=1

𝐽
𝑗=1

𝐵𝑞(𝑗 − 1) + 𝜏 ∑ 𝑅𝑟𝑑
𝑘,𝑞(𝑗)𝑁

𝑘=1 − 𝜏 ∑ 𝑅𝑠𝑟
𝑞,𝑙(𝑗)𝑁

𝑙=1 ] +

∑ ∑ 𝜊𝑞(𝑗)[−𝐵𝑞(𝑗)]𝑁
𝑞=1

𝐽
𝑗=1 + ∑ ∑ 𝜌𝑞(𝑗)[𝐵𝑞(𝑗) −𝑁

𝑞=1
𝐽
𝑗=1

𝐵𝐹𝑚𝑎𝑥] + ∑ ∑ 𝜆𝑞[𝑁
𝑞=1

𝐽
𝑗=1 ∑ 𝑅𝑠𝑟

𝑞,𝑙(𝑗)𝑁
𝑙=1 −  

∑ ∑ ∑ 𝛼𝑞,𝑙
𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 (𝑗)[𝑅𝑠𝑟

𝑞,𝑙(𝑗) − 𝑊𝑚𝑞,𝑙(𝑗)𝑙𝑜𝑔2(1 +

𝑃𝑠
𝑞,𝑙(𝑗)ℎ𝑠𝑟

𝑞 (𝑗)

𝑃𝑟
𝑚𝑎𝑥ℎ𝑟𝑟(𝑗)+1

)] + ∑ ∑ ∑ 𝛽𝑞,𝑙
𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 (𝑗)[𝑅𝑟𝑑

𝑘,𝑞(𝑗) −

𝑊𝑚𝑞,𝑙(𝑗) 𝑙𝑜𝑔2(1 + 𝑃𝑟
𝑚𝑎𝑥ℎ𝑟𝑑(𝑗))] +

∑ ∑ 𝛿𝑞[𝑅𝑚𝑖𝑛
𝑞

− ∑ 𝑅𝑠𝑟
𝑞,𝑙(𝑗)𝑁

𝑙=1 ]𝑁
𝑞=1

𝐽
𝑗=1 +

∑ ∑ ∑ 𝜓𝑞,𝑙
𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 (𝑗)[𝑃𝑠

𝑞,𝑙(𝑗) − 𝑃𝑠
𝑚𝑎𝑥] +

∑ ∑ ∑ 𝜀𝑞,𝑙
𝑁
𝑙=1

𝑁
𝑞=1

𝐽
𝑗=1 (𝑗)[−𝑃𝑠

𝑞,𝑙(𝑗)], 

where 𝜑, 𝜇, 𝜁, 𝜈, 𝜊, 𝜌, 𝜆, 𝛼, 𝛽, 𝛿, 𝜓, 𝜀 are Lagrange 

multipliers. To achieve the KKT conditions, we follow 

below four items: 

1)  Conditions 𝐶1 to 𝐶12 must be met. 

2) The Lagrangian multipliers of unequal constraints 

must all be positive. 

μ ≥ 0, ζ ≥ 0, ο ≥ 0, 𝜌 ≥ 0, 𝜆 ≥ 0, 𝛼 ≥ 0, 𝛽 ≥ 0, 𝛿 ≥ 0,
𝜓 ≥ 0, 𝜀 ≥ 0  

3) For each of the optimization variables, a partial 

derivative is taken. The gradient of the Lagrange function 

must be equal to zero.  

𝐺1:
𝜕𝐿

𝜕𝑃𝑠
𝑞,𝑙

(𝑗)
= ∑ 𝜇𝑞

𝐽
𝑗=1 𝑚𝑞,𝑙(𝑗) 𝜏 +

∑ 𝜑𝑞(𝑗)𝑚𝑞,𝑙(𝑗) 𝜏𝐽
𝑗=1 − ∑ 𝛼𝑞,𝑙(𝑗)𝑊𝑚𝑞,𝑙(𝑗)𝐽

𝑗=1   

[
ℎ𝑠𝑟

𝑞
(𝑗)

(𝑃𝑟
𝑚𝑎𝑥ℎ𝑟𝑟(𝑗)+1)+(𝑃𝑠

𝑞,𝑙(𝑗)ℎ𝑠𝑟
𝑞 (𝑗))𝑙𝑛2

] +

∑ 𝜓𝑞,𝑙(𝑗) − ∑ 𝜀𝑞,𝑙(𝑗)𝐽
𝑗=1

𝐽
𝑗=1 = 0  

𝐺2:
𝜕𝐿

𝜕𝑅𝑠𝑟
𝑞,𝑙

(𝑗)
= −

1

𝐽
∑ 𝑊𝑞

𝐽
𝑗=1 − ∑ 𝜈𝑞(𝑗)𝐽

𝑗=1  𝜏 +

∑ 𝜆𝑞
𝐽
𝑗=1 + ∑ 𝛼𝑞,𝑙

𝐽
𝑗=1 (𝑗) − ∑ 𝛿𝑞 = 0𝐽

𝑗=1   

𝐺3:
𝜕𝐿

𝜕𝑅𝑟𝑑
𝑞,𝑙

(𝑗)
= ∑ 𝜈𝑙(𝑗)𝐽

𝑗=1  𝜏 − ∑ 𝜆𝑙
𝐽
𝑗=1 +

∑ 𝛽𝑞,𝑙(𝑗)𝐽
𝑗=1 = 0  

4) First, we have to rewrite the inequality constraint 

functions to the standard form fi(x) ≥ 0, where fi (x) is the 

ith inequality constraint function [23]. The 

Complementary slackness conditions are written as 

follows: 

𝐶𝑆1: 𝜇𝑞[∑ ∑ 𝑚𝑞,𝑙(𝑗)𝑃𝑠
𝑞,𝑙(𝑗) 𝜏 −𝑁

𝑙=1
𝐽
𝑗=1   

∑ ∑ ∑ 𝑚𝑘,𝑙(𝑗)𝑃𝑟
𝑚𝑎𝑥  𝜂 |𝑔𝑠𝑟

𝑞 (𝑗)|
2

𝜏𝑁
𝑙=1

𝑁
𝑘=1,𝑘≠𝑞

𝐽
𝑗=1   

−𝐸0 − 𝐽𝐸𝐵𝐻(𝑞)] = 0 

𝐶𝑆2: 𝜆𝑞[∑ ∑ 𝑅𝑠𝑟
𝑞,𝑙(𝑗)𝑁

𝑙=1 − ∑ ∑ 𝑅𝑟𝑑
𝑘,𝑞(𝑗)]𝑁

𝑘=1
𝐽
𝑗=1

𝐽
𝑗=1 = 0  

𝐶𝑆3: 𝛼𝑞,𝑙(𝑗) [𝑅𝑠𝑟
𝑞,𝑙(𝑗) − 𝑊𝑚𝑞,𝑙(𝑗)𝑙𝑜𝑔2 (1 +

𝑃𝑠
𝑞,𝑙(𝑗)ℎ𝑠𝑟

𝑞 (𝑗)

𝑃𝑟
𝑚𝑎𝑥ℎ𝑟𝑟(𝑗)+1

)] = 0  

𝐶𝑆4: 𝛽𝑞,𝑙(𝑗)[𝑅𝑟𝑑
𝑘,𝑞(𝑗) − 𝑊𝑚𝑞,𝑙(𝑗) 𝑙𝑜𝑔2(1 + 𝑃𝑟

𝑚𝑎𝑥ℎ𝑟𝑑(𝑗))] = 0 

𝐶𝑆5: 𝜓𝑞,𝑙(𝑗)[𝑃𝑠
𝑞,𝑙(𝑗) − 𝑃𝑠

𝑚𝑎𝑥] = 0 

𝐶𝑆6: 𝜀𝑞,𝑙(𝑗)[−𝑃𝑠
𝑞,𝑙(𝑗)] = 0 

𝐶𝑆7: 𝛿𝑞 [𝑅𝑚𝑖𝑛
𝑞

−
1

𝐽
∑ ∑ 𝑅𝑠𝑟

𝑞,𝑙𝑁
𝑙=1

𝐽
𝑗=1 (𝑗)] = 0  

𝐶𝑆8: 𝜌𝑞(𝑗)[𝐵𝑞(𝑗) − 𝐵𝐹𝑚𝑎𝑥] = 0  

𝐶𝑆9: 𝜁𝑞(𝑗)[−𝐸𝑞(𝑗)] = 0 
𝐶𝑆10: 𝜊𝑞(𝑗)[−𝐵𝑞(𝑗)] = 0 

With the help of Newton's method, the set of KKT 

equations can be solved, and the optimal point can be 

obtained. 

B. ETA mode  

In ETA mode, we assign equal access times to the 

sensors, and the sensors change their turn rotationally. 

Given that 𝑚𝑞,𝑙(𝑗) is definite and static in this case, and 

the ETA optimization problem is similar to the P2 

problem. This case was proposed for comparison with 

the performance of the optimal OA mode. 

Simulation Results and Discussion 

Using MATLAB software and CVX software, we solve 

the problems of OA and ETA modes and analyze the 
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results. In the simulations, we have considered one 

electrocardiogram (ECG) and one motion sensor. The 

parameters used in the simulations are described in 

Table 1. To model the channel, the Lognormal 

distribution is most compatible with dynamic scenarios 

[25], [26]. Therefore, here too, we use the Lognormal 

distribution to implement the channel model between 

the sensors and the coordinator. 

ℎ𝑖𝑗[dB]~𝑁(𝜇𝑖𝑗 , 𝜎𝑖𝑗) 

We take the distribution parameters, i.e., 𝜇𝑖𝑗  (mean) and 

𝜎𝑖𝑗  (variance), from the information in Table 2 [20]. In 

addition to the random Lognormal distribution, 𝑃𝑖𝑗[𝑑𝐵], 

which is the relative power loss of the link between 

transmitter j and receiver i, is also considered. 

 
Table 1: Simulation parameters 
 

Parameter Symbol Value 

Number of sensors and buffers N 2 
Number of time slots J 20 

Channel bandwidth [19] B 10 kHz 

Duration of each time slot 𝜏 20 ms 
Noise power at the RN [19] 𝜎𝑛𝑅

2  124 dBm- 
Noise power at the DN [19] 𝜎𝑛𝐷

2  124 dBm- 
Energy conversion efficiency [19] 𝜂 0.8 
Maximum power of sensors [19] 𝑃𝑠

𝑚𝑎𝑥 0.1mW 
Maximum power of relay [19] 𝑃𝑟

𝑚𝑎𝑥 1 mW 
Array of weight of each Sensor (User 

Priorities) [27] 
W (2/11)

× [6,5] 
Carrier frequency [28] 𝑓𝑐  4.2 GHz 

Energy harvesting by ECG sensor 
[29] 

𝐸𝐵𝐻(1) 
 

4 μJ 

Energy harvesting by Motion sensor 
[30] 

𝐸𝐵𝐻(2) 0.4 μJ 

Maximum length of the buffer 𝐵𝐹𝑚𝑎𝑥  20 Kbit 

 

Table 2: Channel parameters between sensors and 

synchronizer [20]. 

Location of sensor 𝑷𝒊𝒋[𝒅𝑩]\𝒅𝒊𝒋[𝒄𝒎] 𝝁𝒊𝒋\𝝈𝒊𝒋 

chest -43.29\26 -0.72\2.67 

right foot -51.00\92 -3.25\6.21 

 

𝑑𝑖𝑗  is the distance between the transmitter j, and the 

receiver i. j  indicates coordinator, and i is the body's 

sensor. ℎ𝑖𝑗[𝑑𝐵] and 𝑃𝑖𝑗[𝑑𝐵] are added together. 

For the channel gain model between the coordinator 

node and the base station, we use ℎ = 200
𝑑4⁄  ,where d 

is the distance between those two nodes with a uniform 

distribution between 50 to 200 meters. 

       In Fig. 2, the instantaneous rates of the first and 

second sensors are plotted according to the time slot 

number. In this case, the initial energy value 𝐸0 varies 

from 10 microjoules to 400 microjoules. Fig. 2 shows 

that in the OA mode, the sensor allocates more time 

slots to itself due to its higher weight and better channel 

condition. The time scheduling index is such that one of 

the sensors must be sent in a time slot, so the diagrams 

in Fig. 2 are also based on complementary time slots. 

 
Fig. 2:  Instantaneous rate of the first and second sensors 

according to the time slot number. 

 
Flowchart 1. Monte Carlo simulation for calculating AWST. 

NO 

Yes 

Start 

  

𝑧 = 𝑧 + 1 

Initialization and Determination: 

𝑃𝑠
𝑚𝑎𝑥 ,𝑃𝑟

𝑚𝑎𝑥 , 𝑅𝑞
𝑚𝑖𝑛 and 𝐵𝐹𝑚𝑎𝑥  

Number of sensors and buffers. 

Number of time slots. 

Duration of each time slot. 

Energy conversion efficiency. 

Weight of each SN (Users Priorities). 

Initial energy of each SN. 
𝑧 = 1 

  

First optimization step:   

Solve optimization problem P1. 

Output: 𝑚𝑞,𝑙(𝑗). 

  
Second optimization step:   
Solve optimization problem P2. 

Output: 𝑃𝑠
𝑞,𝑙(𝑗),  𝑅𝑠𝑟

𝑞,𝑙(𝑗) and 𝑅𝑟𝑑
𝑞,𝑙(𝑗). 

Calculating AWSTz. 

end  

𝑧 ≤ 𝑧0 

Calculating Average:   

AWST =
1

𝑧0
∑ 𝐴𝑊𝑆𝑇𝑧𝑧  
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Flowchart 1 is based on Algorithm 1. Only a loop is 

added to perform 𝑧0 Monte Carlo simulations. We use 

Flowchart 1 for calculating AWST. 

Fig. 3 shows the mean weighted throughputs of the 

first and second sensors in terms of initial energy 𝐸0. 

When the initial energy of the sensors is low, they can 

send with less power. Hence, they have lower mean 

weighted throughputs. By increasing the initial energy, 

the sensors can send at their maximum power, so their 

mean weighted throughputs go up and reach saturation. 

 
Fig. 3:  Comparison of the mean weighted throughput of the 

first and second sensors in terms of initial energy. 

As a result, the mean weighted throughput of the first 

sensor (ECG) reaches a maximum of 140 Kbps due to 

higher weight and better channel condition, and the 

mean weighted throughputs of the second sensor 

(Motion) reaches a maximum of 20 Kbps due to lower 

rate weight and worse channel condition. 

Fig. 4, Fig. 5, and Fig. 6 show the AWST comparisons 

for OA and ETA modes. 

In Fig. 4, the AWST is plotted in terms of the initial 

energy 𝐸0. When the initial energy of the sensors is 

small, they can not send a large percentage of their 

maximum power, so the throughput is low, and the 

AWST is also low. As the initial energy increases, the 

sensors can transmit at a higher percentage of their 

maximum power; as a result, the diagram goes up. By 

increasing 𝐸0, the sensors can send 𝑃𝑠
𝑚𝑎𝑥  at their 

maximum power; consequently, AWST reaches its 

maximum value, and the graph goes to saturation. By 

comparing the two diagrams for the OA and ETA modes, 

it can be seen that at the initial energy of 100 micro 

joules, the AWST value in OA mode is 6.85% higher than 

in ETA mode. 

Fig. 5 shows the AWST in terms of different hrr for the 

OA and ETA modes. In this case, the initial energy value 

is 200 microjoules. Initially, hrr is very small, and its 

power can be ignored compared with the power of noise 

at the denominator of the Shannon relationship. By 

increasing the hrr at the denominator of the Shannon 

relationship, the amount of self-interference (SI) power 

of the FD relay becomes significant, resulting in a 

decrease in throughput and AWST. It can be seen that in 

hrr=-140 dB, AWST in OA mode is 10 Kbps higher than 

ETA mode. 

 
Fig. 4: Comparison of AWST diagrams in  𝐸0 for both OA and 

ETA modes. 

 
  Fig. 5: Comparison of AWST diagrams in hrr for OA and ETA 

modes. 

In Fig. 6 AWST for different 𝑃𝑟
𝑚𝑎𝑥  the diagrams of the 

OA and ETA modes are compared. According to Fig. 6, 

for the OA mode, when 𝑃𝑟
𝑚𝑎𝑥  increases, the capacity of 

the relay-destination channel increases; hence the 

buffers in the relay may have a higher output rate. It 

causes the total rate of the sensors to relay to increase, 

but with increasing 𝑃𝑟
𝑚𝑎𝑥 , the diagram slope decreases 

because increasing 𝑃𝑟
𝑚𝑎𝑥  also increases SI. For the ETA 

mode, we see that the AWST is decreasing because only 
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half of the time slots are allocated to the first sensor 

(ECG), which has a higher weight rate, and the number 

of its time slots can not be increased. On the other hand, 

with the increase in 𝑃𝑟
𝑚𝑎𝑥, the SI is also increasing, which 

leads to a decrease in AWST. Therefore, in contrast to 

the OA mode, which can allocate more time slots to the 

ECG sensor and increase the total rate, in the ETA mode, 

it is impossible to increase the rate. 

 
Fig. 6:  Comparison of AWST diagrams in terms of  𝑃𝑟

𝑚𝑎𝑥 for 

OA and ETA modes. 

 
Fig. 7:  Comparison of AWST diagrams for walking, sitting, 

and without energy harvesting modes. 

Fig. 7 shows AWST in terms of 𝐸0 for sitting position, 

walking mode, and no BEH. In the small 𝐸0s, the AWST of 

the walking mode is higher than the sitting position and 

the non-harvested mode. At larger 𝐸0s, the initial energy 

is saturated, and the increase in 𝐸0 no longer has an 

effect on the increase in throughput, so all three curves 

are getting closer to each other. 

For validation, we compared the method of [19] with 

our method. In Fig. 8, Fig. 9, and Fig. 10, 𝐵𝐹𝑚𝑎𝑥= 5 Kbit 

and Rmin=40 Kbps. 

     Fig. 8 shows filled buffer length of the first and second 

sensors in terms of time slot numbers, and the initial 

energy value 𝐸0 is 100 microjoules. In our method, we 

defined the threshold (𝐵𝐹𝑚𝑎𝑥=5 Kbit), which controls 

the filled length of the buffers, but in the method of [19], 

there is no threshold, so their buffers have overflowed.  

 
   Fig. 8: Filled buffer lengths of the sensors in terms of time     

slot numbers to compare the proposed method with [19]. 

 
Fig. 9:  Comparison of sum rate diagrams in terms of  𝐸0 for 

proposed method and method of [19]. 

As can be seen in Fig. 9, the fairness is not satisfied in  

[19], because the rate of sensor 2 is zero and lower than 

threshold (Rmin=40 Kbps). In our method, the fairness 

causes the minimum rate be provided for each sensor.         

     In Fig. 10, the AWST is plotted in terms of the initial 

energy 𝐸0. In our method, compared to the method of 

[19], the value of obtained AWST is less because we have 

two more constraints, h, and l. Although AWST of [19] is 

higher than our method, it has two problems: First, 
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fairness is not satisfied in [19], and second, buffers may 

overflow. Therefore, the obtained AWST theoretically in 

[19] may not be achieved in practice. 

 
Fig. 10:  Comparison of AWST diagrams in terms of  𝐸0 for 

Proposed Method and Method of [19]. 
 

 
Fig. 11:  The feasibility versus the minimum rate.  

In Algorithm 1, the minimum rate, Rmin, is a limiting 

condition that may make the problems infeasible in 

some channel conditions. Therefore, we obtained the 

feasibility of the problems using Monte Carlo simulation 

by changing Rmin, which can be seen in Fig. 11. This figure 

shows the effect of the minimum rate of sensors on the 

feasibility of the resource allocation problem. In Fig. 11, 

𝐵𝐹𝑚𝑎𝑥= 5 Kbit and the initial energy value 𝐸0 is 10 

microjoules. 

Resource allocation in the proposed method is more 

flexible than ETA mode. The first sensor has a higher rate 

due to a better channel, and a higher rate requires more 

power. The buffer of both sensors is not negative as 

expected, and in addition, it remains smaller than its 

specified maximum value, which means that vital 

information is not lost. When the initial energy of the 

sensors is low at first, so they can send with less power, 

as a result, AWST is low. Different hrr affects the channel 

capacity. Increasing the hrr reduces the capacity of the 

sensor channel to the relay, so the rate and 

consequently the AWST decreases.  

In future work, the objective function can be the 

maximization of the energy efficiency or minimization of 

energy consumption. The relay can harvest energy from 

the body or RF signal. A system model can be 

considered, when the energy of one of the sensors is 

finished It sends an alert message in an uplink channel.  

Conclusion 

In this paper, a two-tier cooperative WBAN 

architecture including a FD relay, several sensors, and a 

destination were introduced was presented. In this 

system model, a coordinator based on the OA of time 

slots between sensors received the body's data from the 

sensors and simultaneously sent energy to them; it also 

sent sensors information to a destination, which is the 

AP here. In this system model, to face the problem of an 

energy shortage, the ability to harvest energy from the 

body was considered for the sensors. The purpose of this 

work is to maximize AWST with limited delay in the form 

of an MINLP and non-convex problem which included 

minimum data rate limit, energy limit, latency limit, and 

limited transmission power satisfaction.  

The goal of optimization can be to maximize energy 

efficiency or minimize energy consumption. In addition, 

the ability to command the sensors and having some 

actuators can be considered. 
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AWST Average Weighted Sum Throughput 

BEH Body Energy Harvesting 

ECG ElectroCardioGram 

DN Destination Node 

ETA Equal Time Allocation 

FD Full-Duplex 

FD-RN Full-Duplex Relay Node 

FIFO First-In-First-Out 

HD Half-Duplex 

KKT Karush–Kuhn–Tucker 

MILP Mixed-Integer Linear Programming 

MINLP Mixed-Integer Non Linear 

Programming 

OA Optimal Allocation 

QoS Quality of Service 

RF Radio Frequency 

RN Relay Node 

SI Self-Interference 

SN Sensor Node 

SWIPT Simultaneous Wireless Information 

and Power Transfer 

WBAN Wireless Body Area Network 

WPAN Wireless Personal Area Network 
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