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Abstract— In this paper, a generic wake-up radio (WUR) 
based medium access control (MAC) protocol (GWR-
MAC) has been evaluated from the energy consumption 
point of view. GWR-MAC protocol’s goal is to achieve 
energy efficiency by avoiding idle listening since the sensor 
nodes are awakened only when there is a need for 
communication. A successful wake-up signal (WUS) 
transmission and reception is needed to awaken the WUR 
enabled node(s) from the sleep mode which must be taken 
into account in the energy consumption evaluation. Success 
of wake-up process depends on the physical layer detection 
of the signal, and also on the collision probability of the 
wake-up signals if there can be multiple nodes that are 
transmitting the WUS approximately at the same time. The 
success probability of GWR-MAC wake-up process is 
analyzed in this work taking into account physical and 
MAC layer aspects when assuming that wake-up signals are 
transmitted using Aloha channel access method. WUS 
success probability derivation is incorporated to energy 
consumption model and results are obtained to compare the 
total energy consumption of WUR based network and duty 
-cycling based network. The results show that the WUR 
based networks can improve energy efficiency in 
comparison to conventional duty cycling approach when 
taking into account also the error probability of the wake-
up process. Results show also that in which conditions the 
duty-cycling approach should be preferred instead of WUR 
approach  

Keywords—wake-up receiver, medium access control, 
WBAN, wireless sensor network, energy consumption. 

I. INTRODUCTION 

      Wireless body area networks (WBAN) have recently 
attracted a great deal of attention due to their unique capabilities 
and promising applications in areas like healthcare, sports, 
fitness, military and security [1],[2]. In the healthcare domain, 
WBAN promises to revolutionize healthcare system through 
allowing inexpensive, unobtrusive, non-invasive, ambulatory 
monitoring of human’s health-status anytime, anywhere. 
WBANs are supposed to operate properly for long duration of 
time without any battery recharge or replacement, especially in 
the in-body (implanted) sensors case. Therefore, energy 

consumption management is one of the major concerns for 
WBAN protocols to enable that recharging and replacement of 
batteries is as infrequent as possible and network can be 
responsive for prolonged period.  
 
      Medium access control (MAC) layer is important from the 
communications energy consumption point of view. Several 
MAC protocols have been developed with the energy efficiency 
design goal. Most of the energy is wasted during 
communication process because of the collision of packets, idle 
listening, over hearing, over-emitting, control packet overhead 
and erroneous detection due to channel fluctuation [3]. In this 
work the focus is on idle listening which is typically reduced 
through duty cycling. That is widely used in wireless sensor 
networks (WSN) and WBANs to save energy by scheduling 
nodes’ sleep and awake periods. However, duty cycling leads 
to an energy-latency trade-off issue. With a higher duty cycle 
the packet delay can be shortened but then the energy 
consumption increases due to longer active period. On the other 
hand, with a lower duty cycle, the node will consume less 
energy due to longer sleep period at the cost of higher latency 
for data delivery.  

 
      To mitigate against this energy and latency trade-off, a 
wake-up radio (WUR) [4], [5] provides a solution, as this is an 
on-demand approach where the node is woken up by the wake-
up signal (WUS). A WUS triggers a node to wake up from the 
sleep mode to start reception/transmission activities. The WUS 
is received or sent by a secondary radio transceiver, which 
consumes extremely low power. The energy benefit of using 
wake-up radio in comparison with duty-cycling is that nodes do 
not waste energy on idle listening of the main radio, since they 
are only awakened when there is a request for communication. 
The latency benefit is that since wake-up radio is purely on-
demand approach, the only delay is the one introduced by the 
wake-up process itself. 
 
      The aim of this research work is to evaluate a generic wake-
up radio based MAC (GWR-MAC) protocol energy efficiency 
[6] taking into account both physical layer (PHY) and medium 
access control (MAC) layer. The PHY layer analysis includes 
WUS transmission and its effects in terms of false alarm and 
miss detection. The MAC layer analysis contains channel access 
effect to wake-up process success probability. These 



probabilities are then integrated to energy consumption model 
proposed in [7], to compare WUR based networking and 
conventional duty cycle management (DCM) based networking. 
The energy consumption of the networks is calculated by 
varying several aspects such as wake-up signal-to-noise ratio 
(SNR), WUS decision threshold and energy per bit-to-noise 
ratio.  

II. RELATED WORK 

      In this section will be introduced relevant WUR solutions 
and MAC protocols which are based on the WUR usage to save 
energy in low-power networks such as WSNs and WBANs. A 
number of approaches have been introduced to design low-
power WUR technologies which can be used to increase the 
lifetime of the sensor networks. In [8], the authors have 
introduced a radio-triggered power management where a radio-
triggered circuit, is connected to one of the interrupt inputs of 
the processor and it is independent of any other components on 
the node except that it needs to activate the wake-up interrupt. 
This wake-up mechanism is quite simple and energy efficient. 
The main drawback, despite its very low power consumption, 
is that it is not robust against false wake-up since this solution 
cannot accurately differentiate between a noisy channel and a 
real wake-up signal. In [9] authors have presented an efficient 
technique for performing energy detection while maintaining 
high level of performance with low-precision and low-power 
elements. This technique improves sensitivity of an ultra-low 
power wake-up receiver which reduces wake-up latency and 
saves energy. Another approach was proposed in [10], where 
the researchers presented the design of a WUR receiver which 
uses a comparator and an ultra-low power microcontroller as 
active components. They have implemented a nanowatt WUR 
to generate interrupts and receive data to achieve low power. 
Another important development was the idea of a Nano WUR 
[11], where a charged pump, i.e., two stage voltage double-
multiplier, detects the received signal envelope. Then by using 
a comparator, a correct bit sequence of a received packet is 
formed. The authors used active filtering for the signal, which 
decreases energy efficiency of this solution. Several MAC 
protocols based on WUR usage have been proposed to 
overcome the energy efficiency challenge [4], [5]. One of them 
is solution proposed in [12] where authors presented a topology 
design where all sensors are within range of each other. They 
used two radios, the main radio and an additional radio which 
has very low power consumption. Two channels are used: 
primary and wake-up. The primary channel is used for control 
packets and sending data while the wake-up channel is used to 
wake up neighbors. But this approach results in idle listening as 
the main radio stays on predetermined duration even though 
there is no ongoing communication.  
 
      The protocol we are going to evaluate in this research work 
is GWR-MAC [6] which is a general level framework suitable 
for short range communication by taking advantage of the 
WUR. It has a bidirectional wake-up procedure between sink 
and sensor nodes. It also allows different channel access 
methods usage in the transmission period and can be used for 

different WSN and WBAN applications, while enabling energy 
efficiency and low-latency communications by utilizing the 
proposed wake-up procedure, which activates the targeted 
nodes only when needed. This research work is conducted to 
evaluate performance of GWR-MAC taking into account the 
wake-up process success probability at the physical layer. 
Probabilities of WUS miss detection and false alarm, and 
successful wake-up transmission during channel access using 
Aloha method have been derived and they are exploited to 
calculate energy consumption of the network. By using this 
approach, a good insight, about in which conditions WUR 
based approach should be preferred, can be acquired. 
 

III. SYSTEM MODEL 

      The general architecture of a WBAN, as part of the remote 
healthcare monitoring system, is given in Fig. 1 [13]. In this 
work, the focus is on the WBAN, where nodes are equipped 
with two radios, and it comprises a two-tier topology. The 
lower-tier sensor nodes which are continuously sensing and the 
higher-tier hub node which is collecting the data from sensor 
nodes and acts as a gateway to external network(s). The sensor 
nodes can continuously monitor human vital functions such as 
blood pressure, heart rate, temperature, sugar level, 
electrocardiogram (ECG) and respiration rate. The higher tier 
node will collect data from lower tier node and can trigger 
different type of actions, depending on the application. 
 

 
Figure 1. WBAN Architecture. 

 
      Wake-up procedure for GWR-MAC [6] comprises of two 
different modes. In source initiated mode the lower-tier sensor 
nodes transmit a WUS to wake up higher-tier sink node from 
sleep mode. Upon reception of a WUS, WUR of the sink node 
will trigger a wake-up through the microcontroller unit (MCU) 
to its main radio. The main radio of the sink node will broadcast 
a beacon message (BC) to initiate the transmission period for 
sensor node as per the channel access procedure. When the sink 
receives WUS it transmits a BC signal as an acknowledgement 
(ACK) to the sensor node. Upon the reception of the BC, the 
sensor node transmits data to the sink node using channel access 
method specified in the BC [6]. In sink initiated mode, the sink 
node will generate a WUS using either broadcast, unicast or 
multicast signal to wake up sensor nodes. On the reception of a 
WUS, the sensor node transmits an ACK message to the sink. 
When the sink node receives an ACK it sends the BC 
containing information about the following transmission 
period. These processes have been described in detail in [6].  



      In this work, the focus is on the source-initiated mode. 
However, the analytical model is applicable also for the sink-
initiated mode with slight modifications.  The WUR of the 
WBAN nodes is assumed to be deployed using the energy 
detection (ED) based solution introduced in [9]. The data 
packets are assumed to be communicated using impulse radio 
ultra wideband (IR-UWB) technique as in [7].  
 

IV. ANALYTICAL MODEL 

      Analytical model is developed to take into account the 
wake-up process success probability in the energy efficiency 
evaluation of GWR-MAC based network. The analytical model 
used for wake-up process success derivation is based on the 
model introduced in [9] and it will be shortly introduced next. 
       
      The probability of false alarm, Pf, is the probability for an 
output sample at receiver to be larger than the threshold value 
in the presence of noise only. The probability of miss detection, 
Pm, is the probability that the output sample, is less than the 
threshold value when the signal to be detected, is present. The 
input signal at the ED detector can be modeled as 

     						 
                                     xሺtሻ=h*sሺtሻ+nሺtሻ,                                      (1) 
 
where s(t) is the WUS signal waveform, n(t) is the noise 
waveform and h = 1 or 0 depending is the WUS signal present 
or not, respectively. Integrator output y will be used to find out 
is the signal present at the receiver. If the signal is not present 
(h=0), the integrator output is 

           y0=׬  x0
2ሺtሻdt=׬  n 

2ሺtሻdt
T

0
.T

0
                           (2) 

 
If the signal is present, y is as follows                                        

           y1=׬  x1
2ሺtሻdt=׬ (sሺtሻ+ n 

 ሺtሻ)2dt
T

0
.T

0
                           (3) 

 
A sampling function of duration T, with a bandwidth B can be 
described by a set of sample values in 2BT. Therefore, ݕ଴	 and ݕଵ can be approximated as [9] 

             				  y0= 
N0

2
∑ (

aiඥN0B
2BT
i=i )2 ,                                             (4)  

                    y1= 
N0

2
∑ (

ai+biඥN0B
2BT
i=i )2 .                                                 (5)       

 In the above equations bi=s ቀ i

2B
ቁ  and ai=n ቀ i

2B
ቁ where 

bi & ai are the samples of signal and noise respectively. The 
noise sample,ܽ௜	,	is the sample of a zero mean white Gaussian 
random process 	and ݕଵ can be derived from above equation as 
 															∑ (

biඥN0B
2BT
i=i )2  =

2BT
1
T׬ s2ሺtሻdt

T
0

N0B
 =2BT*SNR .          (6)      

Using a central chi-square distribution with 2BT degrees of 

freedom, 
2y0

N0
 is expressed as sum of squares of 2BT Gaussian 

variables with zero mean and unit variance and 
2y1

N0
 has non-central chi-square distribution with the same degree 

of freedom and 2BT*SNR as non-central parameter [14]. By 
using the above derived equations, probability of false alarm 
and probability of miss detection can be calculated as [9] 

  						 Pf=Pሺy> λ|h=0ሻ=P ቀ2y0

N0
> 

2λ

N0
ቁ   ,                         (7) 

   					 Pm=Pሺy< λ|h=1ሻ=P ቀ2y1

N0
< 

2λ

N0
ቁ   .                        (8) 

     In pf, for a given threshold value, the right-hand side shows 
a chi-square variable with 2BT degree of freedom. Similarly, in 
the pm, 2BT shows a non-central chi-square distribution with the 
non-centrality parameter 2BT*SNR. The decision threshold 
value ߣ is expressed as [9]   

 
       																		 λ  = β · BN0 · T

 ,                                        (9)  
where ߚ is the normalization factor. Using value of  ߣ in the 
above equations gives [9] 

             Pf=   P ቀ 
2β · BN0 · T   

N0
 <

2y0

N0
ቁ ,                               (10) 

            Pm=   P ቀ 
2β · BN0 · T   

N0
<

2y1

N0
ቁ ,                            (11) 

            Pf=.1-F2BTሺ2BTβሻ,                                              (12) 													Pm	=F2BT, 2BT.SNRሺ2BTβሻ   .                         (13) 
                     

After calculating Pf and Pm the energy detection error rate (RDE) 
can be defined as 
                             RDE=αPm+ሺ1-αሻPf				,																																													(14) 
 
where α is the wake-up activity rate. According to [9], DER can 
be reduce by setting threshold so that α. Pm and (1- α) Pf are 
equal.  
 
      Aloha protocol is used as a channel access method for the 
wake-up signal transmission process. Simulations have been 
performed for different number of nodes to find out the channel 
access success probability when multiple nodes are trying to 
transmit the WUS signal with a randomly distributed delay 
between 0 and 1 seconds. The results derived from above PHY 
analysis and MAC simulations are then used in the network's 
energy consumption calculation model, as proposed in [7]. This 
model compares the GWR-MAC and DCM approach. It 
considers the energy consumption of sensing, processing and 
communications of both networks. The main energy 
consumption factors, of each transceiver’s component, are: 
wake-up signaling, data transmission and reception, MCU and 
sensor active mode current consumption.  The total energy 
consumption during the network operation time, t, as a function 
of number of events and bit error probability for GWR-MAC 
based network’s sensor nodes (SN) and hub (H), can be 
calculated as [7] 

EGWR-MAC
SN

MCU
SN + 

ETX,WUS wait,BC RX,BC   

+ EC(t) + ETX,DSN RX,ACK clk(t)  

EGWR-MAC
H MCU

H  

+ ETX,BC RX,WUS  

+ Eclk(t) + ERX,D
H

TX,ACK   ,                         (15) 



where ε is the number of events during the operation time t, γ is 
the joint success probability of the PHY & MAC layers, ETX,WUS 

and ERX,WUS are the energy consumptions of WUS 
transmissions and reception, respectively. ETX,BC, Ewait,BC and 
ERX,BC are the energy consumptions of BC transmission, 
waiting and reception, respectively. EC is the constant energy 
consumption of the WUR and Eclk is the energy consumption of 
the clock needed to maintain the time synchronization. Ex

s is the 
energy consumption of sensing, Ex

MCU is the energy 
consumption of the MCU, Ex

TX,D and ExRX,D are the energy 
consumption of data transmissions and receptions respectively. 
The model used in this research paper takes into account 
physical layer’s success probability and channel access success 
probability as these two are vital in any wireless 
communication and also in calculation of energy consumption. 
For this research, different parameters settings have been 
exploited such as decision threshold and wake-up signal-to-
noise ratio. The discussed energy consumption model is 
explained in more details in [7]. 
 

V. RESULTS 

      The main parameters used for calculation of performance 
comparison results are shown in Table 1. These parameters are 
used to calculate the probabilities of false alarm, miss detection 
and successful wake-up transmission, which affect the 
calculation of total energy consumption. 
 
TABLE 1. PARAMETERS FOR TOTAL ENERGY CONSUMPTION 

Parameter Description Value 
N Number of nodes 10 
λ  Decision threshold 1.1, 1.2, 1.4 
SNR Signal-to-noise-ratio for wake-up 

signal detection 
-6 to 4 dB 

BW Bandwidth 30 MHz 
T Integration time 10 µsec 

 
      MAC simulations are performed to find out successful 
wake-up probability as a function of packet duration. The 
results are explored for 2, 5 and 10 nodes cases. For the 
simulations, the maximum amount of transmission attempt is 
specified to be 20. Wake-up probability results are calculated 
as an average of 2 million simulation rounds. These results are 
then incorporated in calculation of network’s energy 
consumption. The probabilities of false alarm and miss 
detection are calculated by using the introduced analytical 
model and used to find out detection error rate. The result 
shown in Fig. 2, illustrates that the RDE is high when the wake-
up signal-to-noise-ratio is -6 dB. As the wake-up SNR 
increases, the DER decreases. Once the SNR reaches 0 dB the 
RDE stays constant after that. The result states that the RDE is 
high for λ = 1.4 in comparison to other threshold values. To 
keep RDE low, either a high SNR is required or decision 
threshold value should be kept low. 
 
      By utilizing the results of PHY and MAC layer’s 
evaluation, total energy consumption of the network has been 
calculated. The result shows total energy consumption of DCM 

 
Figure 2. Detection error rate. 

and GWR-MAC network as a function of occurrence of events 
per hour. Eb/N0 is assumed to be high enough (> 18 dB) for 
erroneous data transmissions. Therefore, it will not affect to 
comparison of WUR and DCM networks. Two parametric 
values of SNR and decision threshold have been exploited to 
study their effects on the network’s total energy consumption. 
To explore the effects of SNR two results are shown for the cases 
where decision threshold remains constant (1.2) and the SNR 
varies. In the first case SNR is -6 dB and for the second case it 
is -2 dB. It can be seen from Fig. 3 and Fig. 4, that with higher 
SNR the energy consumption of the WUR based network 
decreased remarkably. This highlights the importance of high 
probability of successful wake-up process.  

 
 

Figure 3. Energy consumption of network with SNR = -6 dB. 
 

 
Figure 4. Energy consumption of network with SNR = -2 dB. 



      To illustrate the impact of decision threshold value two cases 
are shown here by using λ = 1.1 and λ = 1.4. Fig. 5 and Fig. 6 
illustrates the total network energy consumption when the 
wake-up signal SNR is -2 dB. The result states that as the 
decision threshold value is increased from 1.1 to 1.4 the total 
energy consumption of the network also increased in WUR 
case. It is because for higher decision threshold value the 
probability of miss detection is high which causes higher 
energy consumption. 
 

 
 

Figure 5. Energy consumption of network with λ = 1.1. 
  
 

 
 

Figure 6. Energy consumption of network with λ = 1.4. 
 
 

VI. CONCLUSION 

      In this work, the focus was on the energy consumption 
evaluation of GWR-MAC protocol which target to save energy 
by avoiding idle listening. An analytical model and simulations 
were used to derive the wake-up process success probability by 
taking into account PHY and MAC layer aspects. Then the total 
energy consumption of network was calculated by using 
different parameters in order to find out how the wake-up 
process success probability affects to energy efficiency of 
WUR based networking. It was found that when the wake-up 
signal-to-noise ratio is sufficient, the WUR based approach is 
more energy efficient in the target applications which require 

communication rarely. However, if the wake-up signal-to-noise 
ratio is low, the total energy consumption of WUR network 
increases drastically, making it less energy efficient than duty-
cycling base network. Further, it was found the decision 
threshold of energy detection based WUS reception has an 
effect to the energy efficiency superiority between WUR and 
duty-cycling based approaches. A high successful wake-up 
transmission probability is vital to keep the total energy 
consumption of the WUR network low. Total energy 
consumption of the network varies also with the number of 
event occurrence, i.e., the frequency of the need for 
communication. If the network’s event occurrence is low, it is 
better to use WUR base approach to save energy. In the case of 
very frequent communication need, DCM approach is more 
energy efficient.  
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