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 This paper presents hybrid medium access control (MAC) for time-switching simultaneous 
wireless information and power transfer (TS-SWIPT) that improves channel utilization and the 
timeliness of data and power delivery.  To this end, the proposed hybrid MAC uses a superframe 
structure including a beacon period (BP), a contention access period (CAP), and a channel 
time allocation period (CTAP), and adaptively adjusts the CAP and CTAP lengths according 
to the data and power delivery time requested by sensor devices.  Furthermore, it adjusts the 
priority of data and power delivery according to the residual power level of each sensor device.  
To evaluate the performance of the proposed hybrid MAC, an experimental simulation was 
conducted.  The results show that the proposed hybrid MAC outperforms the existing MAC in 
terms of resource utilization, aggregate throughput, and charging delay.

1. Introduction

 Recently, with the rapid advance of information and communication technology (ICT), the 
Internet of Things (IoT) has been applied to a wide range of applications such as smart homes, 
connected cars, smart healthcare, and factory automation.(1,2)  In such applications, a number of 
sensor devices are generally deployed to detect changes in the surrounding environment and to 
transmit the sensing data to the intended destination.(3)  However, these sensor devices typically 
operate with a battery having a limited power source.  This results in high maintenance costs 
for battery replacement and a short device lifetime.(4)  Therefore, for cost-efficient and reliable 
IoT applications, it is essential to provide continuous and sufficient power to the sensor devices 
without replacing their battery.
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 In recent years, there has been growing interest in batteryless IoT that can supply power to 
devices via energy harvesting (EH) technology, which converts the collected ambient signals 
into a direct current (DC) voltage.(5)  For the realization of batteryless IoT, the use of radio 
frequency (RF)-based wireless power transfer (WPT) technology has been widely considered 
since it allows devices to collect power from the intentionally transmitted RF signals.(6)  In 
particular, simultaneous wireless information and power transfer (SWIPT), which uses RF-
based WPT technology, is regarded as a core technology for realizing batteryless IoT.  This is 
because SWIPT has the capability to charge devices while maintaining information exchange.
 SWIPT can be categorized into the following two types depending on the architecture of 
the receiver: time-switching SWIPT (TS-SWIPT) and power-splitting SWIPT (PS-SWIPT).  In 
both types, the receiver contains information decoding (ID) and EH circuits, but the RF signal 
partitioning operation for ID and EH circuits is different for each type.  Specifically, in TS-
SWIPT, the receiver antenna switches between ID and EH circuits according to the specified 
period.  On the other hand, in PS-SWIPT, the receiver splits the received RF signal into power 
and information streams, and transmits each of them to the corresponding circuit.  In this paper, 
we consider TS-SWIPT.  TS-SWIPT has a simpler hardware architecture than PS-SWIPT, 
which is advantageous for implementation.
 In TS-SWIPT, the network performance, including the throughput and device lifetime, 
varies greatly depending on when and for how long the receiver performs ID and EH.  In other 
words, for reliable TS-SWIPT, efficient medium access control (MAC) that can satisfy the 
following requirements is essential.
 • High resource utilization: The RF signals for both ID and EH are transmitted through 

limited wireless resources.  Therefore, the RF signal for EH should be transmitted only when 
necessary, and unnecessary delay caused by control packet exchange should be minimized.

 • Traffic-type adaptation: The time required for data delivery depends on the data size and  
supported data rate, but that for power delivery depends on the transmission power (Tx 
power) and the distance between the devices.  Therefore, resource allocation should be 
conducted separately according to the traffic type.

 • Timely power delivery: To prevent the power depletion of devices, the priority of power 
delivery should be determined according to the residual power level of each device.  In 
addition, a deterministic delay in power delivery should be supported.

 Unfortunately, to the best of our knowledge, dedicated MAC for TS-SWIPT has not yet 
been developed.  Therefore, there is a need to develop MAC for TS-SWIPT that can satisfy the 
above requirements.  For TS-SWIPT, the existing IEEE 802.11 MAC standard can be utilized.(7)  
However, since it uses carrier sense multiple access with collision avoidance (CSMA/CA), 
resource utilization can be low.  Also, it is difficult to support efficient power delivery because 
it only considers data delivery and does not support priority control.  To overcome this 
problem, the RF-MAC proposed by Naderi et al. can be applied to TS-SWIPT.  In RF-MAC, 
only a device with power lower than a certain level is allowed to charge its power and priority 
control based on the residual power level of each device is provided.(8)  However, RF-MAC 
uses contention-based multiple access, and it is difficult to guarantee the timeliness of power 
delivery.  For timely power delivery, Iannello et al. investigated centralized scheduled MAC for 
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WPT.(9)  This allows the device to transmit power in a timely manner utilizing dedicated slots.  
However, it may cause a long delay for resource allocation.  Therefore, it is difficult to meet the 
requirements of TS-SWIPT.
 In this paper, we propose hybrid MAC for TS-SWIPT.  To improve channel utilization 
and the timeliness of data and power delivery, the proposed hybrid MAC uses a superframe 
structure including a beacon period (BP), a contention access period (CAP), and a channel 
time allocation period (CTAP), which supports both contention-based and scheduled multiple 
access.  It adaptively adjusts the CAP and CTAP lengths and the priority of data and power 
delivery.  The CTAP consists of multiple power slots (PSLOTs) and data slots (DSLOTs).  Each 
PSLOT length is determined by considering the distance between the hybrid access point 
(HAP) and the device, the Tx power of the HAP, and the charging power level of each sensor 
device.  Each DSLOT length is determined by considering the supported data rate and data 
size.  The superframe duration except the CTAP length is used as the BP and CAP since the 
superframe duration is fixed.  The priority of data and power delivery is determined according 
to the residual power level of each sensor device.  The simulation results show that the proposed 
hybrid MAC exhibits higher performance than the existing MAC with respect to resource 
utilization, aggregate throughput, and charging delay.
 The rest of this paper is organized as follows.  A detailed description of hybrid MAC for TS-
SWIPT is presented in Sect. 2.  The performance evaluation is presented in Sect. 3.  Finally, 
Sect. 4 concludes the paper.

2. Hybrid MAC for TS-SWIPT

 In this paper, we consider a star topology network consisting of a single HAP and multiple 
sensor devices.  All devices are equipped with a single omnidirectional antenna with a fixed 
transmission range.  The HAP allocates wireless resources for data exchange and power 
charging, referring to the requests received from sensor devices, in a centralized manner.  The 
power is only transmitted from the HAP to the sensor devices, and the data can be transmitted 
from the HAP and sensor devices.  The HAP and sensor devices operate in a half-duplex mode; 
thus, uplink and downlink communications do not occur simultaneously.
 Figure 1 shows the superframe structure of the proposed hybrid MAC for TS-SWIPT.  The 
superframe structure is composed of the BP, CAP, and CTAP.  The beacon is used to announce 
the presence of a network and to synchronize the sensor devices.  Through the BP, the HAP 
periodically broadcasts the beacon frame.  The CAP is divided into the regular and notification 
CAPs.  In the regular CAP, the CTAP allocation request message is transmitted from the 
sensor devices to the HAP using contention-based CSMA/CA.  The length of the regular CAP 
varies with the CTAP length.  In other words, the longer the CTAP, the shorter the CAP.  The 
notification CAP is used to notify the index and length of PSLOTs and DSLOTs.  The CTAP 
is a dedicated period for power and data delivery.  This period consists of the power and 
data CTAPs, each of which is divided into multiple PSLOTs and DSLOTs, respectively.  The 
numbers of PSLOTs and DSLOTs in a superframe can be different since the sensor devices 
selectively request PSLOTs or DSLOTs as needed.  The lengths of PSLOTs and DSLOTs are 
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adaptively determined according to the network environment and the information in the CTAP 
allocation request message.
 Figure 2 shows the overall operation of the hybrid MAC for TS-SWIPT.  During the CAP, 
the sensor devices attempt to transmit the CTAP allocation request message to the HAP using 
CSMA/CA.  The CTAP allocation request message includes the charging power level, data 
size, and residual power level.  The charging power level and data size are used to calculate 
the PSLOT and DSLOT lengths, respectively.  The residual power level is used for priority 
determination.  Upon receiving the CTAP allocation request message, the HAP calculates the 
CTAP length and transmits an acknowledgment (Ack) to inform the start time of the notification 
CAP (STNCAP) in the superframe and the successful reception of the CTAP allocation request 
message.  STNCAP  is updated whenever the CTAP length changes.  The other sensor devices 
obtain STNCAP by overhearing the Ack.  At the beginning of the notification CAP, the HAP 
determines the priority of data and power delivery by considering the residual power level of 
each sensor device.  Then, it broadcasts the CTAP allocation notification message to notify 
the allocation information for PSLOTs and DSLOTs (i.e., the index and length of the PSLOT 
and DSLOT for each sensor device).  Note that, in the figure, TxOffset is the waiting time used 
for the reception preparation and guard time.  The HAP transmits power to the sensor device 
during the allocated PSLOT, and the HAP and sensor device exchange data during the allocated 
DSLOT.  In the CTAP, except for the allocated PSLOT and DSLOT, the sensor device enters the 
sleep mode.
 As mentioned earlier, the CAP length is adaptively adjusted and STNCAP is the end 
time of the regular CAP.  Algorithm 1 shows the STNCAP determination procedure.  In the 
algorithm, the HAP repeatedly determines and updates STNCAP whenever it receives the 
CTAP allocation request message from the sensor device during the regular CAP.  The HAP 
initializes the variables (i.e., TCurrent, STNCAP, and LCTAP).  TCurrent  denotes the current time, 
which is incremented in each slot time unit from the beginning of each superframe.  TCurrent 

is measured by the notification timer of the HAP.  STNCAP  is initialized to LSuperframe, which 
is  the superframe duration fixed by the HAP.  STNCAP  decreases as the CTAP length (LCTAP) 
increases.  LCTAP  is initially set to zero and increases when each PSLOT or DSLOT is newly 

Fig. 1. Superframe structure.
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allocated.  If a CTAP allocation request message is received, the HAP examines whether the 
requested length of each PSLOT (LPSLOT) or DSLOT (LDSLOT) can be accommodated within 
the remaining length of the superframe duration.  If possible, the HAP decreases STNCAP by the 
sum of LPSLOT and LDSLOT.  Otherwise, the HAP maintains the existing STNCAP.  In this case, 
the requested PSLOT and DSLOT are not allocated for the CTAP.  Note that STNCAP decreases 
by the sum of the notification CAP length (LNCAP), LPSLOT, and LDSLOT when the HAP first 
allocates the PSLOT and DSLOT.  When STNCAP is determined, the HAP transmits Ack with 
it to the corresponding sensor device.  This operation is repeatedly conducted until TCurrent 
reaches STNCAP .  When TCurrent reaches STNCAP, the notification CAP starts.

Algorithm 1 STNCAP determination procedure.
1: INITIALIZE TCurrent to 0, STNCAP to LSuperframe, LCTAP to 0  // Initialize variables
2: Start notification timer  // Increment TCurrent in each slot time unit
3: Broadcast beacon
4: REPEAT
5:  Wait for CTAP allocation request message from devices
6:  IF CTAP allocation request message received
7:   Calculate LPSLOT, LDSLOT  // Calculate LPSLOT and LDSLOT for the received request
8:   IF LSuperframe > TCurren + SIFS + LAck + LNCAP + LCTAP+ LPSLOT  + LDSLOT 
9:    LCTAP ← LCTAP + LPSLOT  + LDSLOT 

10:  pelletier Experimenta IF STNCAP == LSuperframe 
11:     STNCAP ← STNCAP – LPSLOT – LDSLOT – LNCAP // Adjust STNCAP  for the first allocation
12:    ELSE
13:     STNCAP ← STNCAP – LPSLOT – LDSLOT // Adjust STNCAP  for the other allocations
14:    ENDIF
15:    Transmit Ack with the adjusted STNCAP
16:   ELSE
17:    STNCAP ← STNCAP // Sustain the existing STNCAP
18:    Transmit Ack with the existing STNCAP
19:   ENDIF
20:  ENDIF
21: UNTIL TCurrent == STNCAP  // Terminate regular CAP when notification timer is expired
22: Start notification CAP

Fig. 2. Overall operation of hybrid MAC for TS-SWIPT.
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 Figure 3 shows an example of LCTAP.  Here, LCTAP is calculated as LPCTAP + LDCTAP, where 
LPCTAP is the length of the power CTAP and LDCTAP is the length of the data CTAP.  LPCTAP  

and LDCTAP  are calculated from Eqs. (1) and (2), respectively.

 ( )PCTAP PSLOT Power
1 1

L L TxOffset+L
n n

i
j

j i= =

= =∑ ∑  (1)

 ( )DCTAP DSLOT Data SIFS Ack
1 1

L L TxOffset+L L L
m m

i
j

j i= =

= = + +∑ ∑  (2)

Here, LPSLOT j and LDSLOT j are the lengths of PSLOT j and DSLOT j, and PowerLi  and DataLi  
are the power and data transmission times for sensor device i, respectively.  Moreover, LSIFS is 
the length of the short interframe space (SIFS), LAck is the Ack transmission time, and n and 
m are the numbers of PSLOTs and DSLOTs, respectively.  The numbers of devices requesting 
power charging and data delivery are equal to those of PSLOTs and DSLOTs (i.e., n and m), 
respectively.
 TxOffset, LSIFS, and LAck have fixed values.  Therefore, the lengths of PSLOTs and DSLOTs 
depend on the power and data transmission times.  For example, in Fig. 3, LPSLOT n and LDSLOT m 
are determined from PowerLi  and DataLi , respectively.  To obtain PowerLi , the energy harvested by 
sensor device i per second ( i

HEP ) is calculated.  This is because PowerLi  can be obtained from the 
ratio of i

HEP  to the charging power level of sensor device i (Pi).  i
HEP  is given by(10,11)

 ( )2 / 1i
HE Tx i Tx iP P h P d ah h= = + , (3)

Fig. 3. Example of CTAP length.
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where η is the efficiency factor of the EH process, PTx is the Tx power of the HAP, hi is the 
propagation power gain from the HAP to sensor device i, di is the distance between the HAP 
and sensor device i, and α is the path-loss parameter.  To obtain i

HEP , di is required.  For this, 
the HAP measures the received signal strength indicator (RSSI) whenever receiving the 
CTAP allocation request message and estimates the distance between the device and itself.  
Specifically, the HAP estimates di as

 
RSSI

1010
i A

id a
− +

= , (4)

where RSSIi is the RSSI measurement for sensor device i and A is the received signal strength 
at a distance of 1 m.  Finally, PowerLi  is obtained from

 ( )PowerL / 1 /i i
i HE i i TxP P P d Pa h= = + . (5)

 DataLi  is simply obtained from the data size requested by sensor device i (DSi) and the 
supported data rate.  DataLi  is given by

 DataL DS / data ratei
i= . (6)

 For priority determination, the HAP adaptively assigns the PSLOT and DSLOT indices 
according to the residual power level of each sensor device.  For this, the sensor device 
periodically checks its residual power level and requests power charging to the HAP when its 
residual power level becomes lower than the power charging threshold (PTh).  PTh is predefined 
by the HAP.  A low residual power level implies that power depletion is imminent.  Therefore, 
the HAP assigns a smaller PSLOT index as the residual power level of each sensor device 
decreases.  Similarly, in the case of data delivery, the lower the residual energy level, the smaller 
the DSLOT index assigned.  This reduces the waiting time of sensor devices with a low residual 
power level; thus, data delivery failures due to power depletion can be mitigated.  If there are 
multiple sensor devices with the same residual energy level, a smaller index is assigned to a 
sensor device with a lower device ID.

3. Performance Evaluation

 We conducted an experimental simulation under an IEEE 802.11n physical layer (PHY) 
environment to verify the effectiveness of the hybrid MAC for TS-SWIPT using MATLAB.  
We compared the performance of the proposed hybrid MAC with that of the CSMA-based 
MAC for TS-SWIPT.  In the simulation, the number of sensor devices was varied from 4 to 20, 
and they transmitted the CTAP allocation request message to the HAP for power charging and 
data exchange during the CAP.  The residual power level of each device was randomly set in 
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the range of 1 to 80 mW and PTh  was set to 70 mW.  Thus, the sensor devices requested power 
charging only when the residual power level was lower than 70 mW.  The charging power level 
contained in the CTAP allocation request message was determined by subtracting the residual 
power level from the maximum power level (i.e., 100 mW).  The distance between the HAP and 
each sensor device was randomly set from 2 to 30 m and the Tx power of the HAP was fixed to 
100 mW.  The charging power level, distance, and Tx power were used to determine the PSLOT 
length of each device.  The sensor devices had 1024 B of data to be periodically transmitted to 
the HAP.  The data transmission interval was equal to the superframe duration, which was set 
to 50 ms.  The simulation was repeated 1000 times.  Table 1 shows the simulation parameters in 
detail.
 Figure 4 shows the resource utilization of the hybrid MAC for TS-SWIPT, which is the 
ratio of power and data transmission in one superframe (i.e., 50 ms).  Overall, the proposed 
hybrid MAC exhibits higher resource utilization than the CSMA-based MAC.  This is because 
it allocates dedicated slots for power charging and data exchange, respectively called PSLOTs 
and DSLOTs, in which the sensor devices do not need to compete with each other to access 
the channel.  In the simulation, the resource utilization of the proposed hybrid MAC is slightly 
lower than that of the CSMA-based MAC when the number of sensor devices is less than five.  
This is because the sensor device used for the CSMA-based MAC tends to be placed farther 

Table 1
Simulation parameters.
Parameter Value Parameter Value
Physical layer IEEE 802.11n MAC header 30 bytes
SIFS 10 μs Request message size 100 bytes
DIFS 50 μs Number of sensor devices 4–20
Time slot 20 μs Traffic rate 20 packet/s
Superframe duration 50 ms Distance 2–30 m
Data rate 130 Mbps Tx power of HAP 100 mW
TxOffset 200 μs Charging threshold 70 mW
Ack size 112 bytes Residual power level 1–100 mW
Data size 10 kbytes η 0.65
PHY header 16 bytes α 2.7

Fig. 4. (Color online) Resource utilization.
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Fig. 5. (Color online) Aggregate throughput. Fig. 6. (Color online) Charging delay for the lowest 
power level.

away from the HAP than that used for the proposed hybrid MAC, resulting in a longer power 
delivery time.  On average, the hybrid MAC for TS-SWIPT exhibits 28.9% higher resource 
utilization than the CSMA-based MAC for TS-SWIPT.
 Figure 5 shows the aggregate throughput for different numbers of sensor devices.  In the 
simulation, we only take the data exchange into account.  In the hybrid MAC for TS-SWIPT, 
the sensor devices request both operations (i.e., power charging and data exchange) using one 
CTAP allocation request message.  Therefore, the proposed hybrid MAC can mitigate the 
unnecessary delay caused by the individual transmission for each operation.  Therefore, the 
hybrid MAC for TS-SWIPT has a higher aggregate throughput when the number of sensor 
devices increases.  According to the figure, the aggregate throughput of the proposed hybrid 
MAC is slightly lower than that of the CSMA-based MAC.  This is because, unlike the CSMA-
based MAC, the proposed hybrid MAC has a notification CAP, which is used only to notify the 
information of CTAP allocation.  However, the disadvantage of the notification CAP can be 
negligible since the difference in aggregate throughput between the proposed hybrid MAC and 
the CSMA-based MAC is very small compared with that when the number of sensor devices is 
more than seven.  Quantitatively, the aggregate throughput of the proposed hybrid MAC is on 
average 21.0% higher than that of the CSMA-based MAC.
 Figure 6 shows the charging delay of the sensor device with the lowest power level among 
the sensor devices.  In the figure, the charging delay of the hybrid MAC for TS-SWIPT 
is shorter than that of the CSMA-based MAC when the number of sensor devices is more 
than five.  This is because the proposed hybrid MAC determines the priority of the PSLOTs 
according to the residual power level of each sensor device.  However, with the hybrid MAC for 
TS-SWIPT, the sensor devices do not conduct power charging during the CAP.  In other words, 
the sensor devices wait until the end of the CAP, whose length is adjusted on the basis of the 
requested numbers and lengths of PSLOTs and DSLOTs.  Therefore, the charging delay of the 
proposed hybrid MAC can be longer than that of the CSMA-based MAC if the number of sensor 
devices is small.  However, the CSMA-based MAC may not guarantee the timeliness of power 
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delivery owing to the unpredictable delay.  In the simulation, the proposed hybrid MAC exhibits 
26.0% shorter charging delay than the CSMA-based MAC for the sensor devices with the lowest 
power level.

4. Conclusions

 In this paper, we proposed a hybrid MAC for TS-SWIPT with the aim of improving the 
resource utilization and timeliness of data and power delivery.  The proposed hybrid MAC 
uses a superframe structure consisting of a BP, a CAP, and a CTAP, and adaptively determines 
the length of the CAP and CTAP within the superframe by considering the number and length 
of the requested PSLOTs and DSLOTs.  Moreover, it determines the priority of the PSLOTs 
and DSLOTs according to the residual power level of each sensor device.  An experimental 
simulation was conducted to evaluate the effectiveness of the hybrid MAC for TS-SWIPT.  The 
results show that the proposed hybrid MAC exhibits 28.9% higher resource utilization, 21.0% 
higher aggregate throughput, and 26.0% shorter charging delay than the CSMA-based MAC for 
TS-SWIPT.
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