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Abstract: This paper focuses on the study of MAC protocol in industrial wireless ad-hoc network, aiming at 
improving the fairness of industrial wireless ad-hoc network and quality of service (QOS). As a result, Hybrid 
Bi-channel Improvement of CSMA/CA mechanism and Dynamic Time Slot of TDMA mechanism MAC  
(B-T-MAC) is proposed. This protocol using the super frame structure, adopts the methods of bi-channel 
improvement and dynamic slot to optimize and improve CSMA/CA and TDMA mechan QOS ism respectively. 
The simulation results show that B-T-MAC can effectively enhance the overall performance of industrial 
wireless ad-hoc network, which outperforms Hybrid CSMA and TDMA MAC (C-T-MAC) significantly in 
throughput and time delay. Copyright © 2013 IFSA. 
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1. Introduction 
 

With wireless communication technology applied 
in industry, it is widely acknowledged that it has 
gradually become the hot research area in recent 
years. Industrial wireless ad-hoc network is a 
dynamic, mobile, peer-to-peer, multi-hop network. 
However, in terms of wireless ad-hoc network 
communication performance, it is still affected by 
many factors in industrial environment, such as 
wireless cover and reflection of electromagnetic 
wave from metal equipment, deterioration and 
random fading of wireless channel, etc. What’s 
worse, the traditional industrial wireless network also 
exists many problems to be solved, such as the 
hidden terminal and exposed terminal, energy 
conservation, time delay and low throughput, etc.  

[1, 2]. These problems have a bad influence on 
wireless network’s performance. At the same time, 
they also will bring a lot of negative effects to the 
development of industry, even heavy losses. So it is a 
big challenge to solve these problems and meet the 
requirement for real time and high throughput in 
industrial field. In addition, since the industrial 
wireless ad-hoc network performance depends on the 
performance of MAC, therefore, B-T-MAC is 
designed to improve the overall performance of 
industrial wireless ad-hoc network. In wireless ad-
hoc network, there are two channel access 
mechanisms in MAC layer, namely Distributed 
Coordination Function (DCF) and Point Coordination 
Function (PCF). DCF is based on CSMA/CA as an 
asynchronous, contention-based access scheme. 
CSMA/CA mechanism as a MAC protocol is often 
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applied in industrial wireless ad-hoc network. Since 
CSMA/CA can effectively avoid collision in 
transmission. The principle of CSMA/CA is as 
follows [3-7]: first of all, idle nodes will detect and 
listen to channel state. Once they discover that 
channel is idle. And after DCF Inter-frame Space 
(DIFS), if channel is still idle, then idle nodes will 
send data frames. On the contrary, if channel is busy, 
idle nodes will continue to listen to channel state until 
the channel is free. When sending nodes come across 
collision, sending nodes will adopt the algorithm of 
binary back-off to avoid collision. On the other hand, 
PCF is based on TDMA as a synchronous, non-
contention-based access scheme. TDMA mechanism 
is applicable to make an appointment to the right to 
use channel in contention free period. The principle 
of TDMA mechanism is to divide channel into fixed 
time slot pieces of fixed length of the frame structure. 
Each node sends data frame in a fixed time slot, 
meanwhile, receives in an idle time slot. 

However, the design of MAC protocol for 
wireless ad-hoc network is different from wireless 
network. The design of MAC protocol in data link 
layer for wireless ad-hoc network should first 
consider node’s energy consumption problem. 
What’s more, because of the mobility and multi-hop 
of wireless ad-hoc network, it is based on data-
centered, but the traditional wireless network is based 
on data for purpose. Each node in the wireless ad-hoc 
network is used for data transmission. On the 
contrary, if there is no data to send, nodes will go into 
sleep. Otherwise, it will cause a waste of node’s 
energy in the idle state, so as not to prolong node 
lifetime. In industrial environment, the design 
scheme of MAC protocol for wireless ad-hoc 
network also puts up with new requirements that are 
reducing the possibility of collision and time delay 
and enhancing throughput, to satisfy the demands of 
transmission and communication. To sum up, we 
need to design a suitable MAC protocol for wireless 
ad-hoc network in industrial environment, namely  
B-T-MAC. Most importantly, it is also adapted to the 
needs of the development of industrial wireless 
network. It is of practical significance to apply the 
improvement and optimization scheme to industrial 
wireless ad-hoc network [8-15]. 

The rest of the paper is organized as follows. 
Section 2 discusses the design scheme of the 
proposed B-T-MAC in detail directly. Section 3 
demonstrates the simulation results and shows the 
performance improvements of B-T-MAC by 
comparing with C-T-MAC. Section 4 concludes  
the paper. 
 
 
2. The Optimization Design of B-T-MAC 
 

In the last decade, although many researchers 
have proposed many optimization schemes of MAC 
protocol for wireless network, there exists to be few 
optimization schemes of MAC protocol for industrial 
wireless ad-hoc network. In this paper, according to 

the characteristics of wireless sensor network and 
wireless ad hoc network, a proper MAC protocol 
optimization scheme designed for industrial wireless 
ad-hoc network is proposed. 
 
 
2.1. The B-T-MAC Principle 
 

As is known to us, adopting either CSMA/CA or 
TDMA to control the right of channel access will still 
cause many problems in industrial wireless ad-hoc 
network, such as the hidden terminal and exposed 
terminal problems in single channel, low throughput, 
time delay, low efficiency of communication and 
energy loss, etc. Therefore, B-T-MAC is put forward 
to solve these problems. B-T-MAC adopts super 
frame structure to optimize MAC protocol. By taking 
advantage of super frame structure, both CSMA/CA 
in contention access period and TDMA in contention 
free period are optimized respectively. Four types of 
frames are defined in super frame structure, namely 
beacon frame, response frame, data frame and 
command frame. Beacon frame is produced by the 
MAC sub-layer, mainly including some information 
about the basic situation of the communication device 
itself, as well as super frame structure. If there are 
any other nodes to participate in the network, beacon 
frame is mainly responsible for synchronization 
between the participant and other nodes, identifying 
and distinguishing from other network. Response 
frame is initiated by the MAC sub-layer, aiming at 
ensuring reliable transmission of data frame. Data 
frame is initiated by top layer (application layer) of 
data transmission. After data processing step by step, 
it is formed as MAC service data units. Command 
frame is also initiated by the MAC sub-layer, to 
control the communication equipment. Super frame 
differs from other data frames. Super frame is 
primarily a mechanism used to supervise over time 
management, rather than a simple organizational 
structure of data and information. There are two 
periods in super frame structure, namely contention 
access period (CAP) and contention free period 
(CFP). Super frame is defined by the coordinator. 
The coordinator sends beacon frame to impose 
restrictions on super frame. The beginning of super 
frame starts with the beginning of beacon frame. 
Each beacon frame, including some information 
about duration of super frame and time distribution, 
stems from the coordination. Taking advantage of 
super frame can realize the control of wireless 
channel access efficiently. To improve the utilization 
of channel and reduce the random usage of channel, 
so B-T-MAC is proposed to meet the demands of 
industrial wireless ad-hoc network. 

As is illustrated above in Fig. 1, the super frame 
structure of B-T-MAC divides super frame into three 
periods, namely beacon frame period, CAP and CFP. 

During the contention mechanism, there exists to 
be competition and collision between nodes. 
Moreover, the hidden terminal and exposed terminal 
problems still need to be solved. As a result, bi-
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channel improvement scheme of CSMA/CA 
mechanism in CAP is adopted in B-T-MAC protocol, 
to settle the hidden terminal and exposed problems 
and improve the overall performance of the industrial 
wireless ad-hoc network. On the other hand, dynamic 
slot mechanism is applied in CFP in order to improve 
and optimize TDMA mechanism. There are several 
reasons according for this. Above all, fixed slot 

mechanism of TDMA can’t make full use of slot 
resource, which will bring about a waste of channel 
resource and collision from competition in 
consequence of the right of channel access in the 
process of communication in industrial wireless ad-
hoc network. So this paper uses polling method to 
take advantage of dynamic slot in CFP, which makes 
for improving resource utilization. 

 
 

 
 

Fig. 1. The super frame structure of B-T-MAC. 
 
 
2.2. The Proposed B-T-MAC Scheme 
 

B-T-MAC using the super frame structure 
mechanism completes MAC protocol optimization of 
industrial wireless ad-hoc network. The proposed  
B-T-MAC mainly includes two parts, namely CAP 
and CFP. The key innovations are that the dual 
channel mechanism of CSMA/CA in CAP and 
adopting the method of dynamic slot allocation 
mechanism to improve TDMA in CFP.  
 
 
2.3. Contention Access Period 
 

The hidden terminal problem can be solved by 
means of RTS-CTS (Request to Send and Clear to 
Send) mechanism, but the exposed terminal problem 
still can’t improve in signal channel of traditional 
wireless network. Fortunately, Dual Busy Tone 
Multiple Access (DBTMA) is proposed as a new 
MAC protocol to solve these problems. DBTMA 
divides channel into control channel and data 
channel, transmitting control frame and data frame 
respectively. The thought of dual channel reduces the 
probability of collision between control frame and 
data frame. It also improves throughput, and reduces 
time delay. Although DBTMA solves the hidden 
terminal and exposed terminal problems, it brings 
about new problems, especially in the channel 
utilization. Dual channel utilization is very low in 
wireless network. In terms of channel utilization, our 
proposed B-T-MAC introduces a bi-channel 
improvement scheduling to make new CSMA/CA 
adaptive to contention access mechanism in industrial 
wireless ad-hoc network. The bi-channel CSMA/CA 
mechanism is improved based on DBTMA. The 
tradition dual channel divided into control channel 
and data channel, this allocation strategy will cause 
unreasonable usage of dual channel resource. 
Because RTS data packet transmits in the control 
channel, then the data channel is idle. The same to 
the RTS and CTS handshake interaction, data 
channel is also idle. At the same time, busy 

transmitting signal (BT) and busy receiving signal 
(BR) are defined in different frequency so that 
channel bandwidth will be occupied. With aims at 
improving channel utilization and settling the hidden 
terminal and exposed terminal problems, bi-channel 
improvement of CSMA/CA mechanism is proposed. 
In CAP, this bi-channel improvement idea is 
adopting dual channel mechanism, where DATA 
frame transmits in data channel. The same to RTS 
frame, CTS frame and ACK (Acknowledgement) 
frame. In addition, it also adopts the RTS-CTS data 
channel reservation mechanism of CSMA/CA+ACK 
mechanism. Adding ACK mechanism is beneficial to 
the reliability and stability of data transmission, 
avoiding the problem of data retransmission when 
collision occurs. To improve channel utilization and 
QOS, BT and BR transmit in control channel. Two 
types of waveform are defined to distinct from BT 
and BR. BT owns two kinds of transmitting busy 
signal, namely busy transmitting RTS signal (BRTS) 
and busy DATA signal (BDATA), meanwhile, BR 
also defines two types of busy receiving signal, that 
is busy receiving CTS signal (BRCTS) and busy 
receiving DATA signal (BRDATA). The function of 
busy signal design is to make other nodes know 
channel condition, and reduce the chance of collision 
between nodes. 

When nodes come across collision, the adoption 
of appropriate back-off algorithm is very beneficial to 
collision avoidance. In bi-channel improvement 
mechanism, this paper still uses back-off algorithm of 
multiplicative increase and linear decrease (MILD). 
This algorithm counters increase by 1.5 times and 
decrease by single step. To improve the fairness of 
channel access further, MILD back-off algorithm also 
supplies the possibility of maintaining and copying 
data from counters for other sites. This back-off 
algorithm also has excessive congestion and 
propagation problem of signal counter, but it makes a 
contribution to the improvement of fairness. 
Therefore, the adoption of this back-off algorithm is 
proper in optimization mechanism.  
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Fig. 2 illustrates the operation of bi-channel 
improvement of CSMA/CA mechanism in CAP with 
three nodes A, B, and other node C. Node A is a 
source node, sending data in data channel. Node B is 
the destination node to receive data in data channel. 
Node C is back-off node, waiting for sending data in 
data channel. The rule of this scheduling is as follows. 

When industrial wireless ad-hoc network is set up, 
if node A has data to send to node B, node A first 
listens to the state of Control Channel (CC) and Data 
Channel (DC). It is assumed that channel is idle, node 
A will not send data until the channel is idle after a 
DIFS. Then node A sends RTS to node B in DC, and 
sends BRTS in the CC until node A completes to 
send RTS. After a Short Inter-frame Space (SIFS), 
node B sends CTS in DC to node A and sends 

BRCTS in CC until node B finish sending CTS. 
Meanwhile, node A decides to send DATA to node A 
after a SIFS in DC and transmits BDATA in CC. At 
same time, node B sends ACK after a SIFS to 
accomplish transmission and transmits BRDATA in 
the CC. Moreover, when other nodes have data to 
send, they have to detect and listen to channel state 
and judge whether the channel is idle or not. When 
either CC or DC isn’t idle, other node will use back-
off mechanism to avoid collision between data 
frames. When network distribution vector (NAV) 
decreases to zero, nodes may access channel to send 
data by competition. Otherwise, after a finite number 
of DIFS and idle channel, it will decrease  
to 0, then to compete to access channel and  
complete transmission. 

 
 

BRTS BRCTS BDATA BRDATA
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Fig. 2. The bi-channel improvement of CSMA/CA mechanism. 
 
 
2.4. Contention Free Period 
 

With regard to wireless network communication 
in CFP, TDMA is carried out as a commonly used 
strategy of channel access. TDMA mechanism allots 
fixed slots which are dependent of other slots to 
nodes, used to send or receive data. When there is no 
data to send, nodes will shift to sleep to save energy. 
TDMA mechanism won’t encounter collision 
retransmission in CFP. So there is no need to have 
more control information in data transmission. 
TDMA mechanism is usually used as MAC protocol 
in wireless network communication without 
competition. Slots in TDMA are divided into fixed 
slot slices, so that each node sends data in a fixed slot 
independently. On the condition of meeting timing 
and synchronization, each node in fixed slots receives 
data from other node and doesn’t interfere with each 
other. Unfortunately, when the traffic load is low, this 
strategy will cause excessive consumption of 
resource. However, when the traffic load is high, it 
will also cause network congestion. Hence, it is very 
important to realize the disadvantages of fixed slot 

mechanism to improve channel utilization and energy 
saving, and alleviating network congestion. As 
introduced above, it is wise to put forward the 
optimization scheme of TDMA that is to adopt 
dynamic slot strategy to meet the requirements of 
throughput and real time of industrial wireless  
ad-hoc network. 

The proposed scheme given in Fig. 3, divides 
fixed slots in TDMA mechanism into fixed slot, 
control slot, competition slot and user slot. Fixed slot 
is mainly used to inform other nodes of competition 
information. When nodes have data to send, they will 
use fixed slot to broadcast their sending request. 
Control slot is the first slot of each frame, which is 
mainly responsible for network management and 
synchronization, message management, channel 
occupancy. Moreover, it informs other nodes of 
channel condition and can tell whether to compete to 
access channel. This action reduces the probability of 
occupying slot slices randomly, network collision and 
congestion. Competition slot is a kind of slot to be 
competed to use as dynamic slot resource. User slot 
is used to send data for each node. 

 
 

 
 

Fig. 3. The structure of TDMA mechanism based on dynamic slot. 
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To improve the overall performance of industrial 
ad-hoc network, we incorporate the new protocol 
with dynamic slot allocation strategy. As is described 
in the following: 

At first, when the network begins to communicate 
with each other, the network makes use of slot 
allocation algorithm to establish slot structure and a 
master node. The responsibility of the master node is 
the right to use competition slot and of channel 
access. When a node needs to compete to use 
competition slot to send data, the node will apply to 
the master node for competition slot to send data. At 
the same time, according to the occupancy of 
competition slot and channel, the master node will 
send command to other nodes and decide whether to 
use competition slot in control slot. Besides, if a node 
is allowed to occupy competition slot, the node still 
has to broadcast its usage condition after finishing 
sending data in next fixed slot. If a sending node 
finds that other nodes are applying for competition 
slot, the sending node will release redundant slots, in 
order to provide for other nodes. The master node 
also needs to send command in control slot to inform 
other nodes. However, once a node is not able to 
compete to have competition slots, it will continue to 
broadcast its request in next user slot until it 

completes its transmission. Generally speaking, this 
new allocation scheme has a lot of advantages over 
the previous scheme, namely TDMA. That is to say, 
it improves the utilization of resource, has a high 
increase in throughput, and reduces time delay, and 
enhances the fairness of the usage of slot slices and 
the right of channel access. At the same time, one of 
the main enhancements is to improve the industrial 
wireless ad-hoc network robustness and reliability. 
 
 
3. The Modeling of B-T-MAC 
 

Although each of the above ideas have been 
separately employed, we believe this work is the first 
to integrate and adapt their features into one protocol 
as a potential solution for industrial wireless ad-hoc 
network, considering efficiency, fairness, as well  
as QOS. 

Due to the complexity of modeling and  
B-T-MAC protocol in industrial wireless ad-hoc 
network, so this paper adopts the way of behavior 
modeling. Below Fig. 4 presents an illustration of bi-
channel improvement of CSMA/CA mechanism in 
CAP and dynamic slot of TDMA mechanism in CFP 
by B-T-MAC limited state machine. 

 
 

 
 

Fig. 4. B-T-MAC limited state machine. 
 
 
4. Simulations and Performance Analysis 
 

This section, below we give the assumptions and 
associated parameters in Table 1 and variables used 
in our analysis, so as to simulate B-T-MAC. 

At the same time, we also take action to simulate 
CSMA/CA mechanism in CAP and TDMA 
mechanism in CFP based on super frame structure, 
namely C-T-MAC. By means of building network 
model, the throughput and time delay simulation 

results collected is used to compare the performance 
of the proposed B-T-MAC with C-T-MAC. 

With the above assumptions, we demonstrate our 
proposed scheme with simulation parameters applied 
in B-T-MAC and C-T-MAC. After many 
experimental results comparison and verification, we 
draw a series of the experimental data about delay 
and throughput by change the simulation parameters. 
At last, we present our simulation results about 
throughput and time delay comparisons of B-T-MAC 
and C-T-MAC in Fig. 5 and Fig. 6, as shown below. 
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Table 1. Simulation parameters of MAC protocol. 
 

MAC 
Protocol Simulation Parameters Value 

Packet size 8~512 bytes 
Total slots 264 ms 
User slot 8 ms 
Control slot 8 ms 
RTS 20 bytes 
CTS 20 bytes 
ACK 10 bytes 
Packet rate 1~50  

C-T-
MAC 

Maximum transmission 
rate 

packets/sec 
11 M 

Packet size 8~512 bytes 
Total slots 456 ms 
User slot 8 ms 
Control slot 8 ms 
Fixed slot 2 ms 
Competition slot 8 ms 
RTS 20 bytes 
CTS 20 bytes 
ACK 10 bytes 
Packet rate 1~50  

B-T-
MAC 

Maximum transmission 
rate 

packets/sec 
11M 
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Fig. 5. Throughput comparisons of B-T-MAC  
and C-T-MAC. 

 
 

In conclusion, the overall performance of  
B-T-MAC is superior to C-T-MAC, applied in 
industrial wireless ad-hoc network, especially in 
throughput and time delay. When packet generation 
rate increase sharply, the network adopting the 
optimized MAC protocol still works well. By 
comparing with C-T-MAC, we draw the following 
conclusion. When traffic load is low, B-T-MAC has 
no obviously advantages over C-T-MAC in the 
performance of throughput and time delay. However, 
it is clearly observed that B-T-MAC achieves much 
higher throughput and lower time delay than  
C-T-MAC, especially at a higher load, indicating that 
the proposed B-T-MAC is more efficient than  

C-T-MAC in industrial wireless ad-hoc network. 
Therefore, we firmly believe that the proposed 
scheme will be recursively applied in industrial 
wireless ad-hoc network. 
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Fig. 6. Time delay comparisons of B-T-MAC  
and C-T-MAC. 

 
 
5. Conclusions 

 
In this paper, according to the characteristics of 

the Industrial network development, the proposed  
B-T-MAC protocol is designed elaborately to 
improve the overall performance of industrial 
wireless ad-hoc network. Bi-channel improvement 
ideas of CSMA/CA mechanism through DBTMA 
protocol in CAP is proposed, to solve the hidden 
terminal and exposed terminal problems, and 
improves channel utilization. Furthermore, we also 
put up with a new approach to optimize TDMA 
mechanism in CFP by adopting dynamic slot 
mechanism. This optimization mechanism can 
enhance channel utilization; have a high increase in 
throughput; reduce wastes of resource, energy 
consumption and time delay. In summary, the 
optimization scheme offers guarantee mechanism of 
real time and rapidity for industrial wireless  
ad-hoc network. 
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