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1.   Introduction

With high-speed, high-capacity access networks 
based on optical fibers becoming more common, the 
number of customers using broadband services is 
growing rapidly. However, there are customers who 
cannot receive broadband service because of the 
physical difficulty of laying optical fiber to their 
homes. Wireless access networks, typified by WIPAS 
(wireless IP access system, IP: Internet protocol) [1], 
have received much attention and are seen as an 
attractive means of providing broadband access net-
works to such customers. They are cost-effective as 
access networks because no optical fiber construction 
is required for the access network segment.

Multihop wireless systems are now a hot research 
topic because they can expand the service area of 
wireless access networks (Fig. 1). Moreover, they 
make it easy to change the network topologies. By 
exploiting these features, multihop wireless access 
networks can provide broadband service to rural 
areas very effectively. Thus, they are expected to 
overcome the digital divide in rural areas where 
broadband service is not provided because the optical 
fiber construction cost per user is too high. However, 
multihop wireless systems have some problems:
(1)	� System throughput degrades as the number of 

hops increases.
(2)	� Communication quality is poorer than for opti-

cal access networks.
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Fig. 1.   Multihop wireless network.
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To prevent system throughput degradation, network 
coding (NC) is being studied. To improve communi-
cation quality, we have invented a diversity technique 
for NC as well as wireless hybrid network coding 
(WHNC). These techniques are explained below.

2.   Wireless network coding

Although NC was invented to mitigate traffic con-
gestion in wired networks [2], its application to wire-
less networks is now being intensely studied [3]. 
Wireless network coding (WNC) created by applying 

NC to a multihop wireless network is shown in Fig. 2. 
In this network, end nodes A and B exchange infor-
mation via relay node R because A and B are too far 
apart to communicate directly. This topology, called 
the Alice-and-Bob topology, is the simplest multihop 
wireless network to which NC is applicable.

The information that A and B send is denoted by α 
and β respectively. Without WNC, four time slots are 
necessary for communication between A and B, as 
shown in Fig. 3. On the other hand, with WNC, only 
three time slots are necessary, as shown in Fig. 4. In 
time slot T3, R encodes the received information, α 

Fig. 2.   Alice-and-Bob topology.
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and β, to generate new information γ, which it broad-
casts to A and B. Although various NC methods have 
been proposed [4], we chose to use bitwise XOR 
(exclusive OR) in the study reported here. In the same 
time slot T3, A decodes received information γ by 
XORing γ using its own information α to obtain 
desired information β. Likewise, B processes γ 
received in T3 using its own information β to obtain 
desired information α. The function blocks for B’s 
operations with conventional WNC are shown in 
Fig. 5. WNC can improve the system throughput by 
decreasing the number of time slots needed for com-
munication.

3.   Techniques for improving  
communication quality

We have been collaborating with Kyoto University 
to study WNC and address the communication qual-
ity degradation in WNC. NTT is mainly studying the 
physical (PHY) layer of WNC while Kyoto Univer-

sity is tackling its media access control (MAC) layer 
[4]. In this article, we introduce the WNC diversity 
and WHNC techniques invented by NTT.

3.1   WNC diversity
In multihop wireless networks, the quality commu-

nication between end nodes can never exceed that of 
the intermediate wireless link (hop) with the lowest 
quality. Therefore, the communication quality 
degrades as the number of hops is increased to extend 
the service area. To improve the communication qual-
ity, we have invented a WNC diversity technique that 
uses the signals exchanged directly between end 
nodes (see Fig. 2) [5].

The processes in our technique are explained below 
using B’s operations as an example. Since signals 
transmitted in wireless communications are broad-
cast, information α transmitted from A to R can also 
reach B, albeit with greatly attenuated signal power. 
This weak direct signal is called the overreach signal. 
B can improve the communication quality by diver-
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sity combining γ received from R and the overreach 
signal. Since these two pieces of information are dif-
ferent, conventional diversity schemes in the physical 
(PHY) layer cannot be used. To solve this problem, 
our technique performs network decoding in the PHY 
layer by processing the soft values of information 
signals, i.e., the received bit sequences of informa-
tion, prior to forward error correction (FEC) decod-
ing, although the usual approach is to implement 
network decoding in the MAC layer by processing 
data streams consisting of hard values, “1” or “0”, 
posterior to FEC decoding. Since B can obtain α in 
the PHY layer by network decoding in the PHY layer, 
diversity combining in the PHY layer can be used for 
α from the overreach signal and for α extracted from γ.

The function blocks for B’s operations with WNC 

and diversity (our technique) are shown in Fig. 6. The 
differences from the conventional scheme without 
WNC in Fig. 5 are as follows:

1.	� The processing order of FEC decoding and net-
work coding/decoding is reversed (but the 
resulting output is exactly the same).

2.	� With WNC, B has an additional memory circuit 
to store the overreach signal.

3.	� With WNC, B has an additional diversity com-
bining circuit.

B receives and stores α received from A in time slot 
T1 in its memory circuit (Fig. 6(a)). In T2, B transmits 
β and retains the FEC-coded β in memory (Fig. 6(b)). 
In T3, B demodulates γ and extracts α by network 
decoding using the FEC-coded β in its memory. After 
the diversity combining of α from the overreach sig-

Fig. 6.   Function blocks for B’s operations with WNC and diversity.
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nal (held in memory) and extracted information α, 
the combined α is FEC decoded (Fig. 6(c)). This 
leads to a higher probability of successful FEC 
decoding and improves the communication quality.

3.2   WHNC
In our hybrid version of WNC called WHNC (wire-

less hybrid network coding), R has two operating 
modes to counter the error propagation problem. R 
decodes α and β and checks for bit errors. If α or β or 
both contain bit errors, R superposes the two radio 
signals from A and B and transmits the result. The 
conventional approach—demodulating the signals 
and XORing the information at the bit level—means 
that any errors are fixed and cannot be removed by 
any subsequent processing, which degrades the over-
all communication quality. Our approach of super-
posing the radio signals allows for the possibility that 
processing at the end node will yield correct recep-
tion. If the α and β demodulated at R do not contain 
any error bits, R transmits XORed γ in the conven-
tional manner.

4.   Combined scheme (WNC diversity + WHNC)

We evaluated the communication quality and sys-
tem throughput by computer simulation to verify the 
effectiveness of our combined scheme (WNC diver-
sity and WHNC). Communication quality was evalu-
ated in terms of the frame error rate (FER). The simu-
lation parameters are listed in Table 1. The PHY 
layer parameters comply with the IEEE802.11a stan-
dard. To avoid mutual interference, only one node 
transmitted at a time. The FER of α sent 
from A to B and the system throughput 
were evaluated using a frame length of 
1000 bytes.

The FER versus the signal-to-noise ratio 
(SNR) of α is shown in Fig. 7. We found 
that the communication quality was better 
with our scheme than with only WNC. For 
example, in the case of 54 Mbit/s, our 
scheme achieved an SNR improvement of 
0.7 dB at an FER of 10–3. When we con-
sider that the received radio power falls in 
proportion to the square of the propagation 
distance, a 0.7-dB improvement in SNR 
corresponds to an increase of 8.3% in the 
maximum communication distance 
between end nodes for the same communi-
cation quality. With the conventional 
scheme, the maximum communication 

Table 1.   Simulation parameters.

Bandwidth 20 MHz

Carrier frequency 5-GHz band

Secondary modulation OFDM

Subcarrier modulation QPSK, 16QAM, 64QAM (R=1/2, 2/3, 3/4) 

Frame length 1000 bytes

Channel Line of sight

OFDM: orthogonal frequency division multiplexing
QAM: quadrature amplitude modulation
QPSK: quadrature phase-shift keying  

Fig. 7.   FER versus SNR.
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distance is 7.14 km. Our new scheme can extend it by 
600 m, which is a significant increase in service 
area.

The system throughput performance is shown in 
Fig. 8. Here, the throughput with our scheme is com-
pared with that of a conventional multihop wireless 
network without WNC. Our scheme achieved a 
throughput improvement of up to 9 Mbit/s for SNR = 
18 dB. 

These simulation results confirm that communica-
tion quality can be improved by using diversity and 
WHNC techniques and that system throughput can be 
enhanced by using WNC.

5.   Conclusion

This article explained WNC, which raises the spec-
trum utilization efficiency of multihop wireless net-
works. It also introduced diversity and WHNC tech-
niques, which can improve the communication qual-
ity. Computer simulations verified that these tech-
niques can improve both the SNR for a given FER 

and the system throughput.
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