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Multi-Hop Cooperative Transmission Using Fountain
Codes over Rayleigh Fading Channels

Tran Trung Duy, Alagan Anpalagan, and Hyung-Yun Kong

Abstract: In this paper, we study multi-hop cooperative transmis-
sion protocols using fountain codes. The proposed protocols can re-
duce the end-to-end delay and number of stages compared to those
in conventional multi-hop transmission. Various Monte-Carlo sim-
ulations are presented to evaluate and compare performance of the
protocols over Rayeigh fading channels.

Index Terms: Cooperative communication, fountain codes, mutli-
hop networks, Rayleigh fading channel.

I. INTRODUCTION

Rateless codes or fountain codes [1] have drawn much atten-
tion due to their simple implementation and adaptation to chan-
nel conditions. At a transmitter using fountain codes, a limitless
stream of encoded packets can be generated and transmitted to
receivers. At the intended receivers, the original data can be re-
covered if the received information exceeds the amount of infor-
mation of the original data [2]. Therefore, fountain codes avoid
the need for feedback channel and do not require channel state
information (CSI) at the receivers.

To exploit the broadcast nature of the wireless channel, co-
operative communication can be efficiently used [3]–[7]. So far,
most of works related to cooperative communication have been
developed on single-hop networks. However, multi-hop relay-
ing in which a source communicates with a destination via a
number of relays has become a promising technique for ap-
plication in the current and future wireless systems. Recently,
multi-hop cooperative transmission protocols have been studied
in several literatures [8]–[10] in the view points of implemen-
tation issues and performance evaluations. In such protocols,
relays along the primary route can employ cooperative diver-
sity transmission to improve end-to-end performance. However,
these protocols increase the complexity of decoding operations
at relays and are not able to reduce the end-to-end delay, com-
pared to those in conventional multi-hop transmission. Recently,
some works related to cooperative communication employing
fountain codes have been reported [11], [12]. These proposed
models have been shown to provide higher capacity as well as
reduced transmission time, compared to those in conventional
cooperative communication.

In this paper, we propose cooperative multi-hop transmission

Manuscript received April 28, 2011; approved for publication by Meixia Tao,
Division II Editor, February 15, 2012.

This work was supported by the 2012 Research Fund of University of Ulsan.
H.-Y. Kong is the corresponding author.
T. T. Duy and H.-Y. Kong are with the Department of Electrical Engineer-

ing, University of Ulsan, Ulsan, Korea, email: {trantrungduy, hkong}@mail.
ulsan.ac.kr.

A. Anpalagan is with the Department of Electrical and Computer Engineering,
Ryerson University, Toronto, Canada, email: alagan@ee.ryerson.ca.

Fig. 1. The N -hop route from the source to the destination.

protocols using fountain codes to reduce end-to-end transmis-
sion time. First, we assume that there is a route between a source
and a destination, which is established by the network layer. The
source and relays along this route employ cooperative diversity
to transmit the encoded data generated by fountain codes right
to destination. The operations of the proposed protocols are re-
alized in stages. At each stage, the relay which first recovers
the original data replaces the previous source to forward the en-
coded data to the destination. On the other hand, if the first suc-
cessfully decoding node is the destination, the data transmission
ends at that stage. The performance of these protocols is eval-
uated via Monte-Carlo simulations and analyses. Results show
that the proposed protocols reduce end-to-end transmission time
as well as the number of stages, compared to conventional multi-
hop transmission (CMT).

The rest of the paper is organized as follows. The system
model and the proposed schemes are described in Section II.
In Section III, the performances of the protocols are analyzed.
The simulation results are presented in Section IV. Finally, the
paper is concluded in Section V.

II. SYSTEM MODEL

In Fig. 1, an N -hop route which is established by the net-
work layer consists of nodes 1, 2, · · ·, N,N + 1, where node 1
is the source, node N + 1 is the destination, and the remaining
nodes are relays. We denote ψ as the amount of information of
the original data. Similar to [2] and [7], it is assumed that a re-
ceiver can successfully decode the original data, if the received
information is larger or equal to ψ.

A. Conventional Multi-Hop Transmission Protocol Using Foun-
tain Codes (CMT)

In this protocol, the original data is relayed hop-by-hop from
the source to the destination. In particular, at the jth hop, 1 ≤
j ≤ N , node j uses fountain codes to encode the original data
and transmit the encoded data to node j + 1. As soon as node
j + 1 sufficiently receives amount of information ψ for reliably
decoding the original data, it sends an acknowledgement mes-
sage (ACK) to node j to inform the successful reception and this
node ceases the transmission of the encoded data. Next, node
j+1 decodes the original data from the received encoded data. It
then re-encodes the original data using fountain codes and trans-
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mits the encoded data to node j + 2. This procedure continues
until the original data is successfully received by the destination.

B. The First Multi-Hop Cooperative Transmission Protocol Us-
ing Fountain Codes (MCT-1)

The data transmission process in the multi-hop cooperative
transmission (MCT)-1 protocol can be realized as follows:
• Step 1: In the first stage, the source encodes the original data

using fountain codes and transmits the encoded data to re-
lays and the destination. If the destination is the first node
sufficiently receiving amount of information ψ, the operation
goes to step 3. In the case that the first node is a relay, e.g.,
i1, 2 ≤ i1 < N + 1, the operation realizes to step 2.

• Step 2: Relay i1 informs the source and the other relays by
generating the ACK message. As soon as the source receives
this message, it ceases the transmission of the encoded data.
Next, relay i1 decodes the original data and re-encodes it
using fountain codes. It replaces the source to transmit the
encoded data at the stage 2. It is noted that in this stage,
only the destination and relays between relay i1 and the des-
tination are allowed to accumulate the encoded information
in order to recover the original data. This means that relays
2, 3, · · ·, i1 − 1 will release the received information and no
longer participate in decoding. Similar to stage 1, if the des-
tination is the first node which can recover the original data,
the operation goes to step 3. Otherwise, the operation repeats
step 2 and in this case, a relay, e.g., i2, i1 < i2 < N + 1,
which firstly decodes the original data, replaces relay i1 to
transmit the encoded data to the destination and relays be-
tween it and the destination at next stage.

• Step 3: The destination sends the ACK message to the source
and all the relays to inform the status. In this case, the data
transmission ends and the relays release the received data
from their buffers.

C. The Second Multi-Hop Cooperative Transmission Protocol
Using Fountain Codes (MCT-2)

Similar to the MCT-1 protocol, the operation of the MCT-2
protocol is also realized by three steps as follows:
• Step 1: This step is same with that of the MCT-1 protocol.
• Step 2: Relay i1 informs the source and the other relays by

generating the ACK message. After receiving this message,
the source ceases the transmission of the encoded data and
the other relays release the received encoded data from their
buffers. In this protocol, only the destination is allowed to re-
store the received encoded information at the previous stages
for recovering the original data while the relays must release
them at the end of each stage. Also, by using fountain codes
to encode the original data, relay i1 replaces the source to
transmit the encoded information which can be received and
accumulated by the destination and relays between it and the
destination. Then, step 3 will be realized if the destination
is the first node sufficiently receiving amount of information
ψ. Otherwise, the operation repeats step 2 with a new source,
e.g., i2, i1 < i2 < N + 1.

• Step 3: This step is same with that of the MCT-1 protocol.
As compared with the MCT-1 protocol, the MCT-2 protocol re-
duces the number of relays that participate in the data transmis-

sion by only allowing the destination to restore the encoded in-
formation received at all stages. Hence, this protocol also re-
duces the number of stages, the number of re-encoding and de-
coding operations at the relays and the amount of encoded data
stored in their buffers.

D. The Third Multi-Hop Cooperative Transmission Protocol
Using Fountain Codes (MCT-3)

Similarly, the data transmission process of the MCT-3 proto-
col is described as follows:
• Step 1: This step is same with that of the MCT-1 protocol.
• Step 2: Relay i1 informs the source and the other relays by

generating the ACK message. After receiving this message,
the source ceases the transmission of the encoded data and
all the nodes including the destination and the other relays
release the received encoded data from their buffers. At the
next stage, relay i1 becomes a new source and uses foun-
tain codes to transmit the original to the destination and re-
lays between it and the destination. Similar to the MCT-1
and MCT-2 protocols, if the destination is the first node suffi-
ciently receiving amount of informationψ, the operation goes
to step 3. Otherwise, step 2 is repeated by a new source, e.g.,
i2, i1 < i2 < N + 1.

• Step 3: This step is same with that of the MCT-1 protocol.
Because it is required that all the nodes have to release the re-
ceived encoded data after each stage, the amount of data stored
in buffers of the destination and relays can be significantly re-
duced. In addition, when reducing the stored data, the system
requires less storage hardware and reduces backup and recovery
times. Hence, as compared with the MCT-1 and MCT-2 proto-
cols, the implementation of this protocol is easier but the end-
to-end transmission time is longer.

The implementation of the proposed protocols is more com-
plicate than that of the CMT protocol because it is assumed that
the ACK message can be received at far distances. However, if
we use powerful coding scheme for this message, the source and
the relays can overhear it at a pretty far distance. In addition, if
the number of hops between the source and the destination is
large, we can divide the primary route into smaller multi-hop
ones and then apply the proposed protocols on them.

III. PERFORMANCE ANALYSIS

A. Rayleigh Fading Channels

It is assumed that all nodes are equipped with a single antenna
and operate in half-duplex mode. We also assume that no per-
fect CSI is known by the transmitters or receivers. For the data
transmission between a transmitter t, t ∈ {1, 2, · · ·, N}, and a
receiver r, r ∈ {2, 3, · · ·, N + 1}, the data received at node r
due to the transmission of node t is given by

yr,t =
√
Phr,tx+ ηr (1)

where P is the transmitted power of node t, x is the transmitted
data, ηr is an additive white Gaussian noise (AWGN) with zero
mean and variance N0, and hr,t is the channel between node t
and r and is modeled as flat Rayleigh fading.
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The instantaneous received signal-to-noise ratio (SNR) at
node r is expressed by

γr,t =
P |hr,t|2
N0

= γ|hr,t|2 (2)

where γ = P/N0 is the average transmit SNR.
To take path loss into account, we model the variance of chan-

nel coefficient hr,t as a function of the distance between two
nodes [6] as

σ2
r,t

= dr,t
−β (3)

where β is the path loss exponent that varies from 2 to 6, and
dr,t is the distance between node t and node r.

Because hr,t has a Rayleigh fading distribution, |hr,t|2 has an
exponential distribution. From (2) and (3), it is obvious that γr,t
is also an exponential random variable with the parameter λr,t
which is given by

λr,t =
dr,t

β

γ
. (4)

Next, we will analyze the performances of the above-mentioned
protocols in terms of end-to-end delay and average number of
stages. For the proposed protocols, we assume that the data
transmission process is realized in K stages (1 ≤ K ≤ N )
and the relays chosen at each stage are i1, i2, · · ·, iK−1 with
2 ≤ i1 < i2 < · · · < iK−1 ≤ N .

B. End-to-End Delay

B.1 The CMT Protocol

In the CMT protocol, the number of stages is equal to the
number of hopsN . Consider the jth hop (1 ≤ j ≤ N) between
node j and node j + 1; similar to [11, (4)], the required time
for node j+1 to sufficiently receive amount of information ψ is
calculated by

tCMT
j =

ψ

log2 (1 + γj,j+1)
. (5)

Therefore, the total transmission time from the source to the des-
tination is formulated by

TCMT =
N∑

j=1

tCMT
j =

N∑

j=1

ψ

log2 (1 + γj,j+1)
. (6)

From (6), the average end-to-end delay in CMT protocol is de-
termined by

E
{
TCMT

}
=

N∑

j=1

E
{
tCMT
j

}

=
N∑

j=1

E

{
ψ

log2 (1 + γj,j+1)

}
. (7)

B.2 The MCT-1 Protocol

Because node i1 is the first node to receive sufficient ψ in-
formation from the source, the channel between the source and

node i1 is best and hence γ1,i1 = max
j=2,3,···,N+1

(γ1,j). Similar to

(5), the time required for the first stage is

tMCT−1
1 =

ψ

log2 (1 + γ1,i1)
. (8)

It is also noted from (8) that the time required for the first stage
in all the proposed protocols are the same.

For the jth stage, 1 < j ≤ K , the delay time is calculated by

tMCT−1
j =

ψ −
j−2∑
m=0

tMCT−1
m log2

(
1 + γim,ij

)

log2
(
1 + γij−1,ij

) (9)

where i0 = 1, iK = N + 1, tMCT−1
m (1 ≤ m ≤ j − 1)

is transmission time of stage m, and ψ − ∑j−2
m=0 t

MCT−1
m

·log2
(
1 + γim,ij

)
presents the remaining information which

needs to be collected by node ij . Therefore, the total transmis-
sion time in the MCT-1 protocol is added as follows:

TMCT−1 =
K∑

j=1

tMCT−1
j

=
ψ

log2 (1 + γ1,i1)

+

N∑

j=2

ψ −
j−2∑
m=0

tMCT−1
m log2

(
1 + γim,ij

)

log2
(
1 + γij−1,ij

) . (10)

B.3 The MCT-2 Protocol

For the jth (1 ≤ j ≤ K) stage, the required time is calculated
as

tMCT−2
j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

psi

log2 (1+γ1,i1)
, if j = 1

ψ

log2
(
1+γij−1,ij

) , if 1<j<K

ψ −
K−2∑
m=0

tMCT−2
m log2 (1 + γim,N+1)

log2
(
1 + γiK−1,N+1

) , if j = K

(11)
where tMCT−2

m is the transmission time of stage m. Hence, the
total end-to-end delay in the MCT-2 protocol is given as

TMCT−2 =

N∑

j=1

τMCT−2
j

=
ψ

log2 (1 + γ1,i1)
+

K−1∑

j=2

ψ

log2
(
1 + γij−1,ij

)

+

ψ −
K−2∑
m=0

tMCT−2
m log2 (1 + γim,N+1)

log2 (1 + γiK ,N+1)
. (12)
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B.4 The MCT-3 Protocol

For the MCT-3 protocol, the total end-to-end transmission
time is given as

TMCT−3 =

K∑

j=1

tMCT−3
j =

K∑

j=1

ψ

log2
(
1 + γij−1,ij

) (13)

where tMCT−3
j is the time transmission at stage j and is calcu-

lated as tMCT−3
j = ψ/log2

(
1 + γij−1,ij

)
.

Lemma 1: The end-to-end delay of the MCT-3 protocol is al-
ways less than or equal to that of the CMT protocol: TMCT−3 ≤
TCMT.

Proof: It is easy to see that tMCT−3
j ≤ tCMT

j (1 ≤ j ≤ K),
hence we have

TMCT−3 =

K∑

j=1

tMCT−3
j

≤
K∑

j=1

tCMT
j ≤

T∑

j=1

tCMT
j = TCMT. (14)

Therefore, (14) proves Lemma 1. �

On the other hand, due to the operation process of the MCT-1,
MCT-2, and MCT-3 protocols, we have the following inequality:
TMCT−1 ≤ TMCT−2 ≤ TMCT−3.

C. Average Number of Stages

Lemma 2: The average number of stages in the MCT-3 pro-
tocol can be calculated as L = A/B, whereA andB are respec-
tively given by

A = Pr

[
γ1,N+1 = max

j=2,3,···,N
(γ1,j)

]

+

N−1∑

K=1

N∑

i1,i2,···,iK=1
i1<i2<···<iK{

(K+1)

K∏

m=1

Pr

[
γim−1,im= max

k=im−1+1,···,N+1
(γim,ik)

]}

(15)

B = Pr

[
γ1,N+1 = max

j=2,3,···,N
(γ1,j)

]

+

N−1∑

K=1

N∑

i1,i2,···,iK=1
i1<i2<...<iK{

K∏

m=1

Pr

[
γim−1,im = max

k=im−1+1,···,N+1
(γim,ik)

]}
(16)

where Pr

[
γ1,N+1 = max

j=2,3,···,N
(γ1,j)

]
and Pr

[
γim,im+1 =

max
k=im+1,···,N+1

(γim,ik)

]
are calculated similarly to (19) in

Appendix.

Fig. 2. Average transmission time as a function of the average transmit
SNR (γ) when ψ = 1, β = 3, D = 1 and N=6.

Fig. 3. Average transmission time as a function of the number of hop N
when ψ = 1, β = 3, D = 1 and γ = 20dB.

Proof: If there is only a single stage, the channel be-
tween the source and the destination is better than that be-
tween the source and relay. Therefore, the probability for this

case is Pr

[
γ1,N+1 = max

j=2,3,···,N
(γ1,j)

]
. On the other hand, if

the number of stages is K and the relays chosen at each stage
are i1, i2, · · ·, iK−1, the probability for stage m (1 ≤ m ≤ K)

is calculated as Pr

[
γim−1,im = max

k=im−1+1,···,N+1
(γim,ik)

]
.

Due to the independence of each stage, the probability for
each set of chosen nodes {i1, i2, · · ·, iK−1} is given by
K∏

m=1
Pr

[
γim−1,im = max

k=im−1+1,···,N+1
(γim,ik)

]
.

Since there are 2N−1 possible cases for each set {i1, i2, · · ·,
iK−1}, the total probability for all cases is calculated by (16).
Similarly, we can calculate the total number of stages as pre-
sented in (15). Now, dividing (15) by (16), we obtain the aver-
age number of stages and conclude the proof of Lemma 2. �

IV. SIMULATION RESULTS

In this section, we provide some Monte-Carlo simulations to
evaluate and compare the performance of the considered proto-
cols. We consider a line network, in which all nodes are placed
in a straight line, and the distance between two adjacent nodes
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Fig. 4. Average transmission time as a function of the distance D when
ψ = 1, β = 3, N = 8, and γ = 25dB.

Fig. 5. Average transmission time as a function of the information ψ
when D = 1, β = 3, N = 10, and γ = 15 dB.

equals to D. In all simulations, we perform 105 trials, and the
time delay and the number of stages are average calculations.

In Figs. 2–5, we present the average transmission time of the
CMT, MCT-1, MCT-2, and MCT-3 protocols as a function of
the parameters γ, N , D, and ψ, respectively. From all of the
presented results, it can be observed that the average transmis-
sion time of the CMT protocol is always higher than those of the
MCT-1, MCT-2, and MCT-3 protocols. In addition, among the
proposed protocols, the MCT-1 protocol has the shortest delay
time and the MCT-1 has the longest.

The average number of stages for the studied protocols is pre-
sented in Figs. 6 and 7. In Fig. 6, we fix the values of ψ, β,D,
and N to 1, 3, 1, and 7, respectively, while varying the value
of the average transmit SNR γ from 0 to 40 dB. As shown,
the average number of stages in the CMT protocol equals the
number of hops N , while those in the proposed protocols are
less than N . It can be also seen that the MCT-2 protocol uses
fewer stages than do MCT-1 or MCT-3. In addition, the aver-
age number of stages for the MCT-3 protocol is the same for
all values of γ, that of the MCT-1 protocol varies slightly with
changing γ, while that of the MCT-2 protocols decreases rapidly

Fig. 6. Average number of stages as a function of average transmit SNR
(γ) when ψ = 1, β = 3, D = 1, and N = 7.

Fig. 7. Average number of stages as a function of the number of hop N
when ψ = 1, β = 3, D = 1, and γ = 20 dB.

at high value of γ. In Fig. 7, we illustrate impact of hop num-
ber N on the average number of stages. When the value of N
increases, the average number of stages in all protocols also in-
creases. However, that of the CMT protocol is always equal to
N , while the proposed protocols use fewer than N . We should
note that the number of stages is equal to the number of nodes
which transmit the encoded data to the destination. Hence, re-
ducing the number of stages results in a reduced delay time for
decoding and re-encoding, which is not considered in the end-
to-end delay time. Finally, in Figs. 6 and 7, the performance of
the MCT-3 protocol is presented by simulation and theory. It
can be seen that the simulation and theoretical results are in an
excellent agreement. This verifies the proof of Lemma 2.

V. CONCLUSIONS

In this paper, we proposed and evaluated three multi-hop co-
operative transmission protocols using fountain codes. The pro-
posed protocols reduced the transmission time as well as the
average number of stages, compared to those in conventional
multi-hop transmission. Monte-Carlo simulations are also pre-
sented to compare the performance of the considered protocols
and to verify the theoretical analyses.
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APPENDIX

Consider a set of random variables S = {X0, X1, · · ·, XM}.
Assume that all Xj (0 ≤ j ≤M) are independent exponen-
tial random variables with parameters λj which are dif-
ferent from each other. Now, we derive the probability

Pr

[
X0 = max

j=0,1,···,M
(Xj)

]
.

At first, let us denote a random variable Y as Y =
max

j=1,2,···,M
(Xj). Because the cumulative density function (CDF)

of Xj is FXj (x) = 1− e−λjx, the CDF of Y can be formulated
as

FY (y) = Pr [Y < y] = Pr

[
max

j=1,2,···,M
(Xj) < y

]

=

M∏

j=1

(
1− e−λjy

)

= 1 +
M∑

i=1

(−1)j
M∑

j1,j2,···,ji=1
j1<j2<···<ji

e
−

i∑

m=1
λjmy

(17)

In addition, Pr

[
X0 = max

j=0,1,···,M
(Xj)

]
= Pr [X0 ≥ Y ];

hence, we have

Pr

[
X0 = max

j=0,1,···,M
(Xj)

]

= Pr [X0 ≥ Y ]

=

∫ +∞

0

λ0e
−λ0xdx

∫ x

0

fY (y) dy

=

∫ +∞

0

λ0e
−λ0x (1− FY (x)) dx (18)

where fY (y) is the probability density function (PDF) of Y .
Substituting (17) into (18), and after some manipulation, we

obtain

Pr

[
X0 = max

j=0,1,···,M
(Xj)

]

= Pr [X0 ≥ Y ]

= 1 +
M∑

i=1

(−1)j
M∑

j1,j2,···,ji=1
j1<j2<···<ji

i∑
m=1

λjmy

λ0 +
i∑

m=1
λjmy

(19)
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