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Outage Analysis of Dual-Hop Transmission with
Buffer Aided Amplify-and-Forward Relay
Guan-Xing Li, Chen Dong, Dong Liu*, Guangtao Li, and Yonghui Zhang

Abstract—A new packet-selection based transmission scheme
is proposed on a dual-hop link with buffer aided amplify-andforward relay, where the relay with a buffer can record the
channel information of source-relay hop and store the received
packets. In order to satisfy the constraint of equivalent end-to-end
SNR, the relay may pick up a packet in the buffer to transmit,
with consideration of the channel statuses of both the source-relay
hop and the relay-destination hop. Therefore, by adjusting the
packet transmission order in the relay, the outage probability
can be decreased in the proposed transmission scheme. Both
theoretical analyses and simulation results show that the proposed
scheme outperforms traditional ones by a significant margin of
2–4 dB gain in terms of outage probability.

I. I NTRODUCTION
Nowadays, multihop wireless transmission based on relays
has been increasingly investigated for its broader coverage
and lower cost back-haul. The relays receive the signal from
previous nodes, process and then forward it to subsequent
nodes, which can benefit the wireless transmission system
in terms of capacity, connectivity, adaptability, and ease of
deployment [1–4]. Relays in multihop transmission can be
classified into two types, one is non-regenerative relay that
simply amplifies and forwards (AF) the signal, and the other
is regenerative relay that performs detection then forwarding
(DF). In this paper, we focus on dual-hop wireless transmission
with an AF relay.
One problem of the conventional multihop system with
AF relays, such as in [5, 6], is the high outage probability
(OP) due to the fact that the outage occurs when any one
of the channels in between the nodes is “bad.” Indeed, the
underlying reason is that the transmission works like a stream
and thus will be restricted by the bottleneck. To alleviate
this problem, we may break up the stream-like transmission
into hop-by-hop, so as to achieve more reliable transmission.
Therefore, multihop transmission with buffer aided relays has
been proposed recently in [7–13].
In this paper, we proposed a dual-hop transmission scheme
with buffer aided AF relay. The relay is assumed to be capable
in recording the channel information of the source node (SN)
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to relay node (RN) hop. Moreover, the relay can store up to
B packets it received, where B is the buffer size. Note that in
an AF relay system, only the destination node (DN) decodes
its received data, and the decoding is correct only when the
equivalent end-to-end SNR is higher than a threshold. In order
to satisfy the constraint of equivalent end-to-end SNR, the
relay may adjust the transmission order of its stored packets
according to the channel statuses. To be specific, the relay may
pick up a packet in the buffer that underwent a “bad” channel
in the SN-RN hop, when the RN-DN hop meets a “good”
channel. On the contrary, a packet that underwent a “good”
channel in the SN-RN hop may be sent by the relay when the
RN-DN hop is “bad.” In this manner, the outage probability
of the entire transmission scheme can be decreased.
It is worthy to note that the buffer aided relays may incur
transmission delay. However, the concepts of block delay and
packet delay shall be distinguished [9]. Block delay is defined
as the inverse of end-to-end throughput, and packet delay is
the end-to-end delay of a specific packet. In our scheme, the
block delay remains the same as in conventional schemes (i.e.
without buffer), but the packet delay may be larger, and quite
diverse for different packets. Thus, our proposed scheme is
more suitable for non-real-time transmission.
This paper makes the following contributions. We proposed
a new packet-selection based transmission scheme on a dualhop link with buffer aided AF relay. Compared with previous
work, the new scheme realizes packet selection, rather than
channel selection based on multihop diversity as in [7–9].
We have performed both theoretical analyses and simulation,
and the results demonstrate the superior performance of our
proposed scheme.
The remainder of this paper is organized as follows. Section II presents the system model of our proposed dualhop transmission scheme. Section III investigates the bound
of outage probability, and describes a practical algorithm
for simulation. Both theoretical and simulation results are
provided in Section IV, followed by conclusions in Section V.
II. S YSTEM M ODEL
In this section, the system model is depicted into three parts.
The system infrastructure is introduced first, followed by the
transmission scheme and the fading channel model.
A. Dual-Hop Link with Buffer Aided Relay
The system model under consideration is a typical dualhop wireless link [6], as shown in Fig. 1. The dual-hop link
consists of 3 nodes, an SN (node 0), an RN (node 1) and a DN
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Fig. 1. System model of a dual-hop wireless link, where source node SN
sends messages to destination node DN via intermediate relay node RN , n
stands for additive noise.

(node 2). The distance from the SN to the DN is normalized
to DSD = 1. For simplicity, we assume that every hop spans
the same distance, i.e. DSR = DRD = d = 1/2. The SN
transmits packets to the DN via the RN. At the RN, a buffer
aided amplify-and-forward (AF) protocol is employed to relay
the signal, which will be detailed in the next subsection.
For convenience, we denote the packet transmitted by node
0 as x0 and its estimate at the DN by x2 = x̂0 . We assume
baseband QPSK modulation and that the signal is transmitted
on the basis of time slots (TSs) having a duration of T
seconds. In addition to propagation pathloss, the channels of
the 2 hops are assumed to experience independent block-based
flat Extended Generalized-K (EGK) fading [14], which we
will explain later. In the fading process, the complex-valued
fading envelope of a hop remains constant within a TS, but is
independently faded for different TSs. The pathloss is assumed
to follow the exponential law of d−α , where α is the pathloss
exponent, having a value between 2 and 6, typically. We
assume that the total energy per packet transmitted from the
SN to the DN is Ep = 1 unit, regardless of the number of
hops. This one unit of energy is uniformly assigned to the
2 hops. Hence, the energy required for transmitting one bit
over one hop is 1/2 unit. Based on the above settings, the
observation received by the DN can be expressed as
r
r
d
d−α
h2G (
h1x 0 + n 1 ) + n 2 ,
(1)
y=
2
2
where h1 , h2 represent the fading channel gain of the corresponding channels, and follow the Extended Generalized-K
(EGK) distribution [14]. n 1 , n 2 are the Gaussian noise added
at RN and DN, respectively. The noise samples of n l (l = 1, 2)
obey the complex Gaussian distribution with zero mean and
a fixed variance of σ 2 = 1/(2γp ) per dimension, where γp
denotes the received average SNR per packet if the SN directly
sends signal to the DN over a single hop spanning a distance
of DSD = 1 using one unit of energy.
Based on the above definitions and (1), the overall SNR at
the DN can be written as
d−α
2 2 d−α
2
2 |h2 | G
2 |h1 |
γeq = d−α
2 2
2 |h2 | G N0 + N0
γ1 γ2
=
,
γ2 + G 21N0
d−α |hl |2
2N0 , l

(2)

where γl =
= 1, 2 are the instantaneous receiving
SNR for the l-th hop, and N0 is the power of noise. One
possible choice of the relay gain, as given in [6, 15], reads
1
G2 =
,
(3)
2
|h1 | + N0

γ1 γ2
.
γ1 + γ2 + 1

(4)

As a tight approximation, another choice suitable for analysis
is
1
,
(5)
G2 =
|h1 |2
and leads to
γeq2 =

γ1 γ2
.
γ1 + γ2

(6)

And let γout be a threshold, if the γeq is lower than γout , an
outage occurs.
B. Transmission Scheme
Different from the traditional schemes, the buffer with size
B is added into the relay node. We consider a relatively large
number of buffer size, e.g. 1024 packets or more, which is
a realistic assumption nowadays. The transmission has two
stages. In the first stage, SN transmits B packets to RN, and
RN records the channel statuses that each packet undergoes. In
the second stage, based on the instantaneous channel quality
of the second hop, the RN picks up a packet for transmission,
so that the packet can be successfully received at DN as the
equivalent end-to-end SNR is higher than γout . The details of
this protocol will be discussed in the next section.
C. Channel Model
Following [16], we use these notations in this paper: Eh•i
stands for expectation, Γ(•)
R ∞ is the gamma function [17]
(8.310.1), Γ(a, x, b, β) , x ta−1 exp(−t − bt−β )dt is the
p,q
[•] is the
extended incomplete Gamma function [18], Hm,n
Fox H-function [19] (1.2).
The channel model [14, 16, 20] is,

ml βl
bsl bl
βl
γ ml βl −1
(7)
fγl (γ) =
Γ(ml )Γ(msl )
γ̄l

β
βl
bsl bl l βl βl
× Γ(msl − ml
, 0,
γ ,
)
βsl
γ̄l
βsl
where ml (0.5 < ml < ∞) and βl (0 < βl < ∞) represent
the fading severity and the fading shaping factor, respectively,
msl (0.5 < msl < ∞) and βsl (0 < βsl < ∞) represent
the shadowing severity and the shadowing shaping factor,
respectively. In addition, γ̄l = Ehγl i denotes the average
SNR of each hop. bl and bsl are defined as bl =
Γ(msl + β1
sl

Γ(ml + β1 )
l

Γ(ml )

,

)

bsl =
. According to [19] (1.53), fγl (γ) can be
Γ(msl )
expressed in terms of the Fox H-function as
1
×
Γ(ml )Γ(msl )

−
2,0
H0,2 γ
(ml − 1, 1), (msl −

f“ bl bsl γl ”βl (γ) =
γ̄

βl
βl
βsl , βsl )

(8)

.

We use the term f“ bl bsl γl ”βl (γ) as it describes the channel
γ̄

properties more specifically than fγl (γ).
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To summarize, we have made the following assumptions:
•
•

•
•

•

The system is dual-hop link with amplify-and-forward
relay.
The RN knows the channel statuses of both the first hop
channel and the second hop channel. The DN knows the
channel status of the second hop channel.
The RN can store at most B packets and have recorded
the channel qualities of each packet undergone.
The fading processes of the two hops are independent.
The fading of a given hop remains constant within a
packet duration, but it is independent between different
packets.
The distribution of fading follows the Extended
Generalized-K (EGK) distribution.

A. The Bound of Outage Probability with Inverse Channel
Matching
To derive the PDF of the inverse channel, let us start from
the CDF of the Extended Generalized-K (EGK) channel,
Z γT
(9)
f“ bl bsl γl ”βl (γ)dγ
γ̄
0


Z ∞
γ (1, 1)
1,0
=
H1,1
f“ bl bsl γl ”βl (γ)dγ,
γT (0, 1)
γ̄
0
where the definition of the Heaviside Theta function is [21]
(14.05.02.0001.01) and its Fox H-function expression is given
in [22] and [21] (14.05.26.0003.01). According to [19] (Section 2.3), we have
1
×
(10)
Γ(ml )Γ(msl )


(1, 1)
2,1
.
H1,3
γT
βl
(ml , 1), (msl , βsl ), (0, 1)

F“ bl bsl γl ”βl (γT ) =
γ̄

III. O UTAGE A NALYSIS AND S IMULATION
In this section, the idea of inverse channel matching is proposed for analysis. Then a practical algorithm is introduced for
implementation. Finally, a comparison between conventional
schemes and our proposed scheme is demonstrated to further
distinguish the feature of the new idea.
Consider each packet that will experience two channels
from SN to DN in Fig. 1. Here, a new idea about channel
dividing and matching is provided to achieve a lower outage
probability. As assumed, the relay has a buffer that can
record the channel information for a fixed number of packets
previously transmitted from SN to RN. Then according to the
recorded channel information of each packet and the current
channel status of the second hop, an adaptive transmission
order of the stored packets in RN will be decided. The key idea
is to make the packets that have experienced a good channel
in the first hop to go through a relatively bad channel in the
second hop, and vice versa, so as to ensure a high successful
transmission probability. The details of the idea are introduced
next.

Substitute

1
0
γT

for γT , the CDF of the inverse channel is
1
×
(11)
Γ(ml )Γ(msl )


(1, 1)
2,1
H1,3
γT0
.
(ml , 1), (msl , ββsll ), (0, 1)

F“ bl bsl ”βl (γT0 ) =
γ̄γ 0

By differentiating the CDF with respect to γT0 , after some
deductions using [19] (1.69, 1.57), the PDF of the inverse
channel is found as
f“ bl bsl ”βl (γ)

(12)

γ̄γ

=

1
×
Γ(ml )Γ(msl )

−
2,0
H0,2
γ
(ml − 1, 1), (msl −


βl
βl
βsl , βsl )

.

Another solution is based on small quantity analysis leading
to f γ1 (γ) = γ12 fγ ( γ1 ). Substitute h2 for γ, we also have the
amplitude of the fading channel,
f γ1 (h)

(13)

bl bsl βl
2β1
(
) ×
Γ(ml )Γ(msl )h2βl +1 γ̄

−
2,0 bsl bl
H0,2
h2 γ̄ (ml − 1, 1), (msl −

=


βl
βl
βsl , βsl )

.

Fig. 2 shows the PDF of the inverse channel, where the point
G stands for the threshold of end-to-end SNR, i.e. 1/γout .
As mentioned, when 1/γeq > 1/γout , the outage occurs.
Therefore, according to (6), we have 1/γ1 + 1/γ2 < G as
the prerequisite of successful transmission. The lowest bound
is
Fig. 2. The PDF of the inverse channel, where x axis is the 1/SN R of the
inverse channel, hence the left terminal of x axis represents the ideal channel
that 1/SN R is infinitesimal, and as 1/SN R increases, the channel becomes
worse; y axis is the corresponding probability of each channel state.

1/γ1w + 1/γ2w = 1/γout

(14)

where 1/γ1w and 1/γ2w are denoted in Fig. 2 as points X and
X 0 . Moreover, in Fig. 2, note that
AX = EX 0

(15)
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B. A Practical Algorithm at the Relay
The above analysis provides a theoretical bound of the
outage probability. In practice, we can use the following
strategy at the relay. Based on the status of the second channel
γ2 , the minimum acceptable SNR of the first channel is
1
γ1 = 1/( γout
− γ12 ). The relay can search the entire buffer
to find the packet with the smallest SNR but still larger than
γ1 . However, it should be noticed that practically we cannot
make sure that every possible status of the second channel
will find an exact matching status of the first channel. If the
matching fails, then outage also occurs.
We may further conclude that the outage probability will
decrease as the buffer size increases, in a practical relay, since
larger buffer has more packets to search and therefore provides
a better chance to find a matching. If the buffer size is large
enough, the outage probability will approach to the theoretical
bound.

that paper. Note that the outage probability of the conventional
scheme serves as the benchmark.
IV. P ERFORMANCE
In this section, the performances of conventional transmission scheme and buffer aided relay scheme are provided for
comparison. In the following, Conv. means conventional and
C.O. (change order) represents the new scheme.

End to End Outage Probability
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Fig. 3. SNR versus outage probability of different schemes over Rayleigh
channels.

Fig. 3 presents the SNR from SN to DN per bit versus the
outage probability. The Conv.Theory line shows the theoretical
curve of the conventional scheme, according to [6] (12). The
C.O.Theory line shows the theoretical bound as calculated
by 1 − (2SOAX + SXABCDEX 0 ) (refer to Fig. 2), and the
C.O.Theory.app line is an approximate bound calculated by
1 − SOABCDEF G = Fγ (γout ), which omits the search for
X, X 0 . The Conv.Sim4 and C.O.Sim4 are simulation results
of the conventional scheme and the new scheme based on
Eq. (4), whilst Conv.Sim6 and C.O.Sim6 are the corresponding
results based on Eq. (6). A significant margin between the
conventional scheme and the new scheme can be observed.
1

Dash Line (theory), Solid Line and Marker (simulation)

5

2

Outage Probability

which means the matching is not only in value but also
in probability. These two points X, X 0 can be found based
on (14) and (15).
After determining X, X 0 , the point Z is found out to satisfy
SACZX = SCZX 0 E , where S denotes the area, As shown in
Fig. 2. According to the point Z, we may divide the channel
status into four classes (A–D) plus discard. This division as
well as channel matching are discussed as follows, please also
refer to Fig. 2.
1) Channel matching of Class B and Class C: If one
channel is in the region XZ, for example point Y , if set Y 0
according to (14), then the probability from X to Y is higher
than that from Y 0 to X 0 . This means the channel falls in class
B more frequently than in class C, thus a one-one matching
is not feasible. To solve this issue, Y 0 can be moved leftward
so that OY + OY 0 < OG, so as to ensure that SAXY B =
SDY 0 X 0 E , i.e. F γ1 (Y ) − F γ1 (X) = F γ1 (X 0 ) − F γ1 (Y 0 ). Such
l
l
l
l
Y 0 can be easily calculated.
2) Channel matching of Class A and Class D: If the
channel is in the region OX (very good quality), it is easy
to find the counterpart of it. For example, say the channel
status is point W , and the counterpart is W 0 that lies in X 0 G.
This unknown W 0 can be found by SXAIW = SEX 0 W 0 H ,
i.e. F γ1 (X) − F γ1 (W ) = F γ1 (W 0 ) − F γ1 (X 0 ). Obviously
l
l
l
l
OW + OW 0 < OG is automatically satisfied, since the area
SOAX is less than SEF GX 0 .
3) Outage probability: If it turns out that the equivalent
end-to-end SNR is extremely low, it is possible that the point
Z, found in the above process, may be on the left-hand side
of the peak of the PDF. In this case, only channels in the area
OZ can find their counterparts in the area ZG. Therefore, the
probability of successful transmission would be 2×SOZC , i.e.
the outage probability (OP) is 1 − 2F γ1 (Z).
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C. Conventional Scheme for Comparison

Fig. 4. SNR versus outage probability of different schemes over Nakagamim and Generalized-K channels. The m value in Nakagami-m is set as 2 and
the m, k values in Generalized-K channel are set as 1.7, 1.3.

We use the conventional scheme in [6] for comparitive
study, which assumed that the transmission is over a Rayleigh
fading channel and the end-to-end equivalent channel is (12) in

Fig. 4 presents the outage probability performances over
Nakagami-m and Generalized-K channels, which are defined

5

and described in [23, 24]. The amplification gain G is basd
on Eq. (6). In Fig. 4, the Naka.Conv.Sim shows the simulation results of the conventional scheme over Nakagamim channel, and Naka.C.O.Sim and Naka.C.O.Bound are the
simulation and theoretical results of the new scheme. The
Naka.C.O.Bound.app is an approximate bound as mentioned
in Fig. 3. Similar terminologies are applied on the results
over Generalized-K channel. From this figure, we observe a
significant performance gain of 2–4 dB in terms of outage
probability versus SNR.
0.4

Dash Line (theory bound), Solid Line and Marker (simulation)
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Fig. 5. Buffer size versus outage probability when SNR is 10 dB. The outage
probability decreases as the buffer size increases.

Fig. 5 shows the outage probability (OP) performance
versus different choices of the buffer size at the relay, over
the Rayleigh channel with SNR at 10 dB. From this figure,
the theoretical bound of OP of the conventional scheme is
29% (and simulated as buffer size equals 1); and the new
scheme achieves a much lower OP at 12.9% (corresponding to
infinite buffer size). The OP decreases by 1 − 12.9/29 = 55%.
Also, we observe that the OP will decrease more slowly when
buffer size is large enough. In practice, the buffer size also
controls the delay of packets, thus a medium buffer size is
preferred to achieve a tradeoff between delay and OP. We
would recommend buffer size equal to 16 or larger.
V. C ONCLUSIONS
In this paper, a dual-hop transmission scheme with buffer
aided AF relay is proposed. By adjusting the packet transmission order in the relay, the outage probability can be
decreased in the proposed scheme. Both theoretical analyses
and simulation results are provided on a dual-hop link over
Extended Generalized-K (EGK) fading channel. Results show
that the proposed scheme achieves 2–4 dB gain in terms of
outage probability, compared with conventional schemes.
The proposed scheme can be extended to multihop transmission. Furthermore, we have adopted packet selection in the
proposed scheme, rather than the channel selection based on
multihop diversity as in [7–9], both techniques can be realized
simultaneously in future work.
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