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Abstract  — In this paper we present and contrast two 
approaches, Cooperative Network Coding (CNC) and 
Cooperative Diversity Coding (CDC) to achieving reliable 
wireless body area networks. CNC combines cooperative 
communications and network coding, while CDC combines 
cooperative communication and diversity coding. These 
approaches also provide enhanced throughput and transparent 
self-healing which are desirable features that Wireless Body Area 
Networks should offer. Additionally, these feed-forward 
techniques are especially suitable for real-time applications, 
where retransmissions are not an appropriate alternative. 
Although, these techniques provide similar benefits, simulation 
results show that CDC provides higher throughput than CNC 
because of the fact that the network topology is known and few 
hops between the source and destination. Moreover, CDC has 
lower complexity, since the source and destination nodes know 
the coding coefficients. 

Index Terms — Cooperative communications, diversity coding, 
network coding, throughput, wireless body area networks. 

I. INTRODUCTION 

Wireless Body Area Networks (WBANs) are receiving 
considerable attention because they can provide ubiquitous 
real-time monitoring, often without restricting the person’s 
regular activities [1] - [2]. A WBAN, Fig. 1, is a network 
formed by low power and limited-energy networked nodes 
(often referred to as sensors) that monitor vital human signs 
and are located in, on or around the human body [3]. WBANs 
can be used in several applications such as healthcare, fitness, 
gaming and entertainment, military, etc. However, the most 
promising application is in healthcare, where the WBANs 
could lead to proactive monitoring and treatment of a person’s 
health. For example, a proactive release of insulin to a patient 
with diabetes can occur when the level of sugar drops under a 

certain level. WBANs have certain characteristics such as 
low-complexity nodes, limited transmission and processing 
power, reduced latency, high reliability, mobility, and 
operating in a highly lossy and dispersive radio frequency 
(RF) channel [4] – [5] that make WBANs unique compared to 
other networks. The sensor nodes are restricted in complexity 
and processing power because of their size and battery 
limitations. The transmission power is limited to avoid 
hazardous RF radiation to the human body, as well as to 
extend the node’s battery lifetime. Since the patient’s vital 
signs are continuously monitored, the latency should be 
negligible or at least very small, especially for real-time 
applications, such as in vivo video monitoring. The radio 
channel is continuously changing because the dielectric 
characteristics of the human tissues and organs are themselves 
in continuous variation. Moreover, the movements of the body 
such as arms, legs, and the movement of internal fluids such 
blood make the channel time varying. Because of these 
channel variations, it is a challenge to realize a WBAN with 
reliable communications among the nodes [6]. 

In summary, WBANs must satisfy some stringent technical 
requirements, especially, when the network is monitoring life-
saving related signals such as indicators of a heart attack. 
WBANs face several design challenges including that they are 
expected to (1) be extremely reliable by avoiding single points 
of failure and provide self-healing capabilities if nodes or 
links are not operating properly, (2) transmit at low power to 
extend the network’s lifetime and preclude any harmful effects 
in the human body, and (3) allow enhanced throughput under 
a dynamic and challenging channel. A frequent constraint is 
that it is often neither possible nor desirable to retransmit the 
sensor data. 

With these challenges in mind, we explore novel feed-
forward approaches to creating reliable WBANS called 
Cooperative Network Coding (CNC) [7] and Cooperative 
Diversity Coding [8]. Cooperative Network Coding combines 

Fig. 1. Wireless Body Area Network (WBAN) Fig. 2. Cooperative Network Coding Model 
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Network Coding [9] (more precisely Random Linear Network 
Coding [10]) and Cluster-based Cooperative Communications 
[11] to improve the performance of wireless ad-hoc networks, 
such as WBANs. CNC increases reliability by transmitting 
information through spatially separate paths, as shown in Fig. 
2, where the solid lines represent logical wireless channels. 
Additionally, CNC is especially suitable for real-time 
applications, where retransmissions are not an appropriate 
alternative. Further, the system incorporates self-healing 
characteristics, which allows automatic recovery from failures. 

Before any message is transmitted, the route between the 
source and the destination is established using protocols such 
as Ad hoc On-demand Distance-Vector routing (AODV) [12], 
and the nodes that will be forwarding the packets recruit, or 
are pre-assigned (as might be the case in a WBAN), other 
geographically close nodes to form clusters. The nodes in a 
cluster cooperate to transmit the source’s information towards 
the destination. 

After the clusters are formed, the source creates coded 
packets by linearly combining a block of information (e.g. ݉ 
packets) and transmits those coded packets to the nodes in the 
first cluster (cluster 1). Then, nodes in cluster 1 create coded 
packets from the received packets and transmit them to the 
next cluster. From cluster 2 through ܭ, the nodes receive 
coded packets from nodes of the preceding cluster, create new 
coded packets and transmit those coded packets towards the 
destination. All the coding operations are performed over a 
Galois Field, ܨܩሺ2ሻ. Finally, the destination node needs to 
receive at least ݉ linearly independent coded packets from 
nodes in cluster ܭ to recover the original information. 

Network reliability is increased because if any of the nodes 
(relays) fail, the coded packets can still be transmitted by the 
other relays towards the destination. Also, if any of the links 
fail, the information can reach the destination through other 
paths without the need of retransmissions. In the case of a 
node failure, a background mechanism, as in [13], 
communicates the failure among the other nodes in a cluster. 
The nodes then can compensate by transmitting additional 
linearly independent coded packets to the destination, so it is 
able to decode the original information. 

The paper is organized as follows. In section II, we describe 
the general concept of network coding, diversity coding, and 
cooperative communications. New approaches to improving 
the performance of WBANs using cooperative network coding 
and cooperative diversity coding are analyzed in Section III. 
Section IV presents simulation results of the effect of 
cooperative network coding and cooperative diversity coding 
in wireless body area networks. Also, a comparison between 
CNC and CDC is shown in this section. Finally, in Section V 
we present our conclusions. 

II. RELATED WORK 

A. Network Coding 

Network Coding [9], an extensively studied technique, 
provides throughput gain by combining the packets received at 
intermediate nodes and transmitting coded packets towards the 
destination. A (randomly) coded packet contains information 
of all the source packets and is computed as the sum of the 
products of each of the ݉ original packets with a random 
coefficient ܿ: 

ݕ ൌܿݔ



ୀଵ

								݅ ൌ 1,2, … ,݉′																									ሺ1ሻ 

where ݕ and ݔ are the coded and original packets, 
respectively, ݉’ is the number of coded packets and at least 
equal to the number of original packets ሺ݉′  ݉ሻ. The 
coefficients ܿ are randomly chosen from a Galois Field 
,ሺ2ሻ elements are ሼ0ܨܩ ሺ2ሻ, where theܨܩ 1, 2, … , 2 െ 1ሽ, 
and all the operations in (1) are performed over a Galois Field 
 .ሺ2ሻܨܩ

The random coefficients ሼܿሽ comprise the encoding vector 
and are embedded into the coded packet’s header, as shown in 
Fig. 3. The coded packet will also include a cyclic redundancy 
check (CRC, error detecting) field, so that packets in error can 
be identified. The generator ID field (Gen ID) is used to 
identify combination packets from different sources. 

As long as the destination receives at least ݉ original 
packets, it is able to recover the original information; 
otherwise, the received packets are discarded. The decoding 
could be performed through block decoding or earliest 
decoding, the latter being preferred because of its smaller 
decoding delay [14]. 

In a point-to-point architecture with a probability  of link 
transmission loss, the probability of successful reception, ܲݏ, 
can be calculated as: 

ݏܲ ൌ ܲሺ݅  ݉ሻ																																																							

ݏܲ ൌ  ቀ݉
ᇱ

݅
ቁ ሺ1 െ ሻ

ᇲି

ᇱ

ୀ

																			ሺ2ሻ	

The throughput can be calculated as the product of the 
number of original packets and the probability of successful 
reception ሺܶ ൌ ݉ ∗ 	.ሻݏܲ

B. Diversity Coding 

Diversity Coding [15], a forerunner of Network Coding, is a 
feed-forward technique that provides self-healing in several 
types of networks using spatial diversity to transmit 
information through different links. Moreover, Diversity 

Fig. 3. Network Coding packet format 



 

Coding improves the network reliability, since the information 
is transmitted through spatially different paths. 

In diversity coding, only the redundant (protection) packets 
are coded using (1) and the data (original) packets are 
transmitted uncoded. In other words, ݉ data plus ݊ protection 
packets are transmitted, where ݉ ݊ ൌ ݉’. In contrast to 
network coding where the ߚ coefficients are randomly 
selected, in diversity coding, the ߚ coefficients are calculated 
as: 

ߚ ൌ ݅						ሺିଵሻሺିଵሻߙ ൌ 1,2, … , ݊; ݆ ൌ 1, 2, … ,݉											ሺ3ሻ 
where ߙ is a primitive element of ܨܩሺ2ሻ and ݍ should be at 
least ڿlogଶሺ݉  ݊  1ሻۀ. 

Additionally, since the coding coefficients are known by the 
source and destination nodes, there is no need to transmit the 
 . coefficients into the packets headerߚ

Considering the same topology as in the previous subsection 
(II.A), the probability of successful reception, ܲݏ, can be 
calculated as in (4), where the first component correspond to 
the probability that at least any ݉ (data and/or protection) 
packets have been received and the second component is the 
probability that ݅ data packets were received, where ݅ ൏ ݉. 
The throughput can be calculated as in network coding as 
ሺܶ ൌ ݉ ∗  .ሻݏܲ

C. Cooperative Communications 

Cooperative Communications [16] is a well-known 
technique that improves the probability of reception of the 
information by transmitting it through multiple paths/links 
with the help of relays. Thus, the receiver attains data from 
multiple relays and by properly combining this data; the 
receiver can make more reliable decisions about the 
transmitted information. In other words, cooperative 
communication allows single-receiver devices to act as 
Multiple-Input-Multiple-Output (MIMO) systems by the use 
of cooperation [17]. 

III. APPROACHES TO RELIABLE WIRELESS BODY AREA 

NETWORKS 

As discussed above, we will contrast two approaches to 
attaining reliable wireless body area networks (WBANs), 
namely Cooperative Network Coding and Cooperative 
Diversity Coding. These feed-forward techniques increase the 
reliability of WBANs by using spatial diversity through 
cooperation and time diversity through either Network Coding 
or Diversity Coding, respectively. 

A. Cooperative Network Coding 

For typical WBANs that have two hops (Source-Relay-
Sink), the generalized Cooperative Network Coding model of 
Fig. 2 [7] is simplified to have only one cluster of ܴ relays that 

help to transmit the coded packets from the sources to the 
sink, as shown in Fig. 4 (a). Each source transmits 
independently and a MAC protocol, such as TDMA, controls 
the access to the channel. In practice, the number of relays ሺܴሻ 
should be kept small (e.g. ܴ ൌ 2) because of physical and 
practical constraints. Fig. 4(b) depicts the situation as seen by 
each source. 

At the relays, the CRC of each packet is verified to detect 
error(s) in a packet. So, a packet with error is discarded. For 
the coded packets that have no errors, there are three options 
to transmit them to the destination: 
1) The relays forward the correctly received coded packets, 
2) Each of the ܴ relays creates new coded packets from the 

correctly received coded packets and forwards those 
coded packets to the destination. Since the number of 
linearly independent coded packets that can be created at 
each relay is given by the number of correctly received 
packets, each relay can create only as many linearly 
independent coded packets as the number of correctly 
received coded packets. Any additional new (created) 
coded packet will be linearly dependent on the other new 
coded packets (and thus useless). 

3) Some of the R relays create new coded packets from the 
correctly received packets while the other relays only 
forward the correctly received coded packets. For the case 
where there are only 2 relays helping to transmit the 
packets to the destination, either relay 1 or relay 2 can 
forward the coded packet while the other relays create 
new coded packets and forward them to the destination. 

(a) 

(b) 
Fig. 4. Cooperative Network Coding Model for WBANs (R=3)
(a) network viewpoint, and (b) source viewpoint.
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As in the previous alternative, a relay can create new 
linear independent coded packets that do not exceed the 
number of correctly received coded packets. 

As it was mentioned in the previous sections, the destination 
needs to receive at least ݉ linearly independent coded packets 
to be able to decode the original information. 

Note that the network topology for Fig. 4 (a) and Fig. 4 (b) 
is the same and the only difference between them is that since 
the source nodes operate independently from each other, the 
destination can view the network (Fig. 4 (a)) as one source 
node network (Fig. 4 (b)).  

B. Cooperative Diversity Coding 

Cooperative Diversity Coding operates similarly to 
Cooperative Network Coding but uses Diversity Coding [15] 
instead of Network Coding (Random Linear Network Coding) 
[18]. 

The source creates the protection packets that are 
transmitted to the relays along with the data packets. The 
relays regenerate the signal, verify which packets have error(s) 
using the CRC, and transmit towards the destination only the 
packets that have no error. The destination receives data and 
protection packets, and based on those packets, it can recover, 
from the protection packets, the data packets that were lost 
during transmission. The network topology for this technique 
is similar to the topology presented in Figs. 4 (a) and 4 (b). 

C. Cooperative Network Coding and Cooperative Diversity 
Coding for WBANs 

Since the relays are located around the human body, for 
practical and physical constraints, it may be desirable to 
reduce the number of relays, e.g. 2, as shown in Fig 5. Under 
this circumstance, instead of using Network Coding and 
Diversity Coding in a space diversity mode, we can use these 
two techniques in a time domain mode, with coding at the 
packet level, where the source (sensor) transmits (broadcasts) 
data (uncoded) and protection (coded) packets when using 
diversity coding and only coded packets when using Network 
Coding to the relays. Fig. 5 shows the case for Cooperative 
Diversity Coding where data (uncoded) and protection (coded) 
packets are transmitted. The relays forward the correctly 
received packets to the destination, and the destination 

attempts to recover the original message from the received 
packets. Also, note that since the source node transmits 
(broadcasts) a group of packets, under ideal conditions (no 
packet is lost), all the relays receive the same packets, and in 
case of relay or link failure, the information can be received 
through the other relay/path. 

In the following section, we present the simulation results 
for cooperative network coding and cooperative diversity 
coding techniques. Also, a throughput comparison of these 
two technologies is shown. 

IV. RESULTS 

In this section the simulation results of the throughput for 
CDC and CNC in WBANs are presented. The results were 
obtained by running 1,000 trials and averaging the results. The 
assumptions for the network were that a source has 10 original 
packets to transmit to the destination through two relays, the 
probability of link transmission loss is the same for all the 
links and is uniformly distributed, the channels (AWGN) are 

Fig. 5. Cooperative Diversity Coding Model for WBANs for
only one source and 2 relays ሺܴ ൌ 2ሻ. 

(a) 

(b) 
Fig. 6. Throughput as a function of the energy per bit to noise
power spectral density ratio ሺܧ ܰ⁄ ሻ for Cooperative Network
Coding (three options at relays) given (a) ݉’ ൌ 11 coded packets,
and (b) ݉’ ൌ 13 coded packets. 



 

independent of each other, the modulation scheme is 4-PSK, 
and all the operations are performed over a Galois Field 
 .ሺ2଼ሻܨܩ

Figure 6 shows throughput as a function of the energy per 
bit to noise power spectral density ratio ሺܧ ܰ⁄ ሻ for 
Cooperative Network Coding for the three options at the 
relays given that 11 and 13 coded packets were transmitted. 
We can see that CNC option 2 (network coding at both relays) 
achieves the highest throughput for cooperative network 
coding. Moreover, CNC option 2 requires about 2 coded 
packets less than CNC option 1 to achieve similar throughput 
as shown in Fig. 7.   

Also, it can be shown that when the ratio of the number of 
coded packets to the number of original packets increases, 
option 3 tends to achieve similar performance as option 2. The 
advantage of option three is that only one of the two relays has 
to spend extra energy in creating new coded packets. This 
suggests an adaptive approach for the relays, when the ratio of 
the number of coded packets to the number of original packets 
is high (e.g. ≥2) the relays can alternate the creation of new 
coded packets by block. In other words, during the 
transmission of the first block of information, relay 1 can 
create new coded packets and forward them to the destination 
while relay 2 only forward the correctly received coded 
packets (no network coding operations), during the 
transmision of the next block of information, relay 2 can 
create new coded packets while relay 1 only forwards the 
correctly received packets. In this way, both relays can 
achieve a balance in the comsnption energy due to the network 
coding operations.  

Figure 8 shows a comparison of throughput between 
cooperative diversity coding (CDC) and (a) cooperative 
network coding (CNC) option 1, and (b) cooperative network 
coding (CNC) option 2. In Fig. 8 (a), the relays only forward 
the correctly received packets and no coding operations are 
performed. Because of the transmission of uncoded (data) and 
coded (protection) packets, CDC achieves higher throughput. 
From a different viewpoint, CNC requires higher energy per 

bit to noise power spectral density ratio to achieve similar 
perform as to CDC. Fig. 8 (b) shows similar results but there 
is a (very) small region where CNC outperforms CDC but at 
the expense of using extra processing power at the relays for 
coding operations. 

The superior performance of CDC over CNC is becauase 
with Network Coding (Random Linear Network Coding) all 
the packets are coded and the destination needs to receive at 
least a number of coded packet equal to the number of original 
packets (e.g. ݉ original packets) and if less than ݉ coded 
packets are received, those packets are, in effect, wasted 
because no information can be recovered from them. On the 
other hand, since with Diversity Coding, the destination can 
received uncoded and coded packets and if the destination 
receives less than ݉ (uncoded and/or coded) packets, it still is 
able to obtain some of the original information from the 
uncoded packets. This can also be mathematically explained 
using (4) and (2), since the probability of success for Diversity 
Coding equals the probability of success of Network Coding 
(first component of (4) is equal to (2)) plus an additional 
probability of success that is given by the uncoded packets 
(second component of (4)). 

Fig. 7. Throughput as a function of the ܧ ܰ⁄  for Cooperative
Network Coding (Options 1 and 2) for different number of coded
packets. 

(a) 

(b) 
Fig. 8. Comparison of throughput as a function of the ܧ ܰ⁄  for
(a) CDC and CNC Option 1, and (b) CDC and CNC Option 2.



 

V. CONCLUSION 

In this paper we contrasted novel approaches, cooperative 
network coding and cooperative diversity coding that provide 
enhanced throughput, increased reliability and transparent 
self-healing for Wireless Body Area Networks. Cooperation 
provides increased reliability while coding (network coding or 
diversity coding) provide increased throughput by using 
spatial and time diversity. Additionally, latency, which is an 
important metric in some WBANs applications, is decreased 
because of the feed-forward nature of these approaches. 

Also, since the topology of these networks (few hops) is 
known, Cooperative Diversity Coding provides higher 
throughput when compared to the other networks that we have 
considered in this paper including Cooperative Network 
coding, Cooperative Communications without coding and 
Diversity Coding without cooperation. 

Although, these approaches provide similar benefits, CDC 
provides higher throughput than CNC because since in CDC 
both data (uncoded) and protection (coded) packets are 
transmitted, it is possible to obtain some or all of the original 
information from the uncoded packets; while since in CNC 
only coded packets are transmitted, it is required that the 
destination receives at least equal number of coded packets as 
to the original packets to be able to decode the original 
information. Moreover, CDC requires lower complexity 
because the coding coefficients are known by the source and 
destination nodes. Additionally, since the packet length in not 
increased (no need to embed the coding coefficients into the 
packet’s header), the probability of packet error is smaller. 

REFERENCES 

[1]  S. Ullah, H. Higgins, B. Braem, B. Latre, C. Blondia, I. 
Moerman, S. Saleem, Z. Rahman, and K. S. Kwak, “A 
Comprehensive Survey of Wireless Body Area Networks,” Journal 
of Medical Systems, Aug. 2010. 
[2]  M. Patel and Jianfeng Wang, “Applications, challenges, and 
prospective in emerging body area networking technologies,” 
Wireless Communications, IEEE, vol. 17, no. 1, pp. 80-88, 2010. 
[3] “IEEE 802.15 WPANTM Task Group 6 (TG6) Body Area 
Networks.” [Online]. Available: 
http://www.ieee802.org/15/pub/TG6.html. [Accessed: 15-Sep-2011]. 
[4]  M. Chen, S. Gonzalez, A. Vasilakos, H. Cao, and V. C. M. 
Leung, “Body Area Networks: A Survey,” Mobile Networks and 
Applications, vol. 16, pp. 171-193, Aug. 2010. 
[5]  B. Latré, B. Braem, I. Moerman, C. Blondia, and P. Demeester, 
“A survey on wireless body area networks,” Wireless Networks, vol. 
17, pp. 1-18, Nov. 2010. 

[6]  Y. Hao and R. Foster, “Wireless body sensor networks for 
health-monitoring applications,” Physiological Measurement, vol. 
29, p. R27-R56, Nov. 2008. 
[7]  Z. J. Haas and Tuan-Che Chen, “Cluster-based cooperative 
communication with network coding in wireless networks,” in 
MILITARY COMMUNICATIONS CONFERENCE, 2010 - MILCOM 
2010, 2010, pp. 2082-2089. 
[8]  G. E. Arrobo and R. D. Gitlin, “Cooperative Diversity Coding 
for improving the performance of Wireless Body Area Networks,” in 
Submitted to IEEE Wireless Communications and Networking 
Conference (WCNC-2012), 2012. 
[9]  R. Ahlswede, Ning Cai, S.-Y. R. Li, and R. W. Yeung, 
“Network information flow,” Information Theory, IEEE Transactions 
on, vol. 46, no. 4, pp. 1204-1216, 2000. 
[10]  T. Ho, M. Medard, R. Koetter, D. R. Karger, M. Effros, Jun 
Shi, and B. Leong, “A Random Linear Network Coding Approach to 
Multicast,” Information Theory, IEEE Transactions on, vol. 52, no. 
10, pp. 4413-4430, 2006. 
[11]  A. K. Sadek, Weifeng Su, and K. J. R. Liu, “Clustered 
cooperative communications in wireless networks,” in Global 
Telecommunications Conference, 2005. GLOBECOM  ’05. IEEE, 
2005, vol. 3, p. 5 pp. 
[12]  C. E. Perkins and E. M. Royer, “Ad-hoc on-demand distance 
vector routing,” in Mobile Computing Systems and Applications, 
1999. Proceedings. WMCSA  ’99. Second IEEE Workshop on, 1999, 
pp. 90-100. 
[13]  Yongxuan Lai and Hong Chen, “Energy-Efficient Fault-
Tolerant Mechanism for Clustered Wireless Sensor Networks,” in 
Computer Communications and Networks, 2007. ICCCN 2007. 
Proceedings of 16th International Conference on, 2007, pp. 272-277. 
[14]  P. A. Chou and Yunnan Wu, “Network Coding for the Internet 
and Wireless Networks,” Signal Processing Magazine, IEEE, vol. 24, 
no. 5, pp. 77-85, 2007. 
[15]  E. Ayanoglu, Chih-Lin I, R. D. Gitlin, and J. E. Mazo, 
“Diversity coding for transparent self-healing and fault-tolerant 
communication networks,” Communications, IEEE Transactions on, 
vol. 41, no. 11, pp. 1677-1686, 1993. 
[16]  A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation 
diversity-part I: system description,” IEEE Transactions on 
Communications, vol. 51, pp. 1927-1938, Nov. 2003. 
[17]  A. Nosratinia, T. E. Hunter, and A. Hedayat, “Cooperative 
communication in wireless networks,” Communications Magazine, 
IEEE, vol. 42, no. 10, pp. 74-80, 2004. 
[18]  T. Ho, M. Medard, R. Koetter, D. R. Karger, M. Effros, Jun 
Shi, and B. Leong, “A Random Linear Network Coding Approach to 
Multicast,” Information Theory, IEEE Transactions on, vol. 52, no. 
10, pp. 4413-4430, 2006. 
 
 

 




