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Abstract: In this study, we propose a new Amplify-and-Forward (AF)
amplification factor to improve the error performances of the current AF
schemes and thus enhance the total capacity at the destination terminal. The
proposed scheme has two degrees of freedom, meaning that it contains
two variable parameters that can simultaneously vary the amplification
factor instead of one as in traditional variable-gain or semi-blind relaying.
The numerical results show that the proposed AF scheme outperforms
some current ones with which it is compared in terms of average capacity
and probability of outage and thus brings AF relaying performances
closer to that of Decode-and Forward (DF) strategy which hitherto
outperforms it. The results also show that by increasing or decreasing the
power share of the relay, the optimal location of the relay is not only
moved closer to or farther away from the destination, the total average
capacity at that location is also correspondingly increased or decreased.
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Introduction
Relaying has been considered a promising solution
in extending service coverage, especially where
multiple antennas are not deployable at the terminal.
Some of the most popular relaying strategies proposed
in literature to provide efficient relaying include
Amplify-and-Forward (AF) and Decode-and-Forward
(DF) in (Laneman et al., 2004; Souryal, 2006). Saleh et al.
(2009) compared the DF and AF relaying schemes with
Long-Term Evolution (LTE) parameters and their
findings show that DF outperforms AF in terms of
spectral efficiency; however, in terms of complexity of
implementation AF is considered better.
So far, the AF amplification factors that have been
proposed in literature are the fixed-gain (semi blind)
relay in (Laneman et al., 2004) and variable-gain
relays in (Nabar et al., 2004; Anghel and Kaveh,
2003; Liu et al., 2008). The fixed-gain applies a constant
gain on the received signal from the source regardless of
the amplitude on the source-relay hop (Hasna and Aloini,
2004). The variable-gain amplification factors require
the relay to have knowledge of instantaneous channel
gains to continuously adjust their gains depending on the
instantaneous channel response. However, when the
Channel State Information (CSI) of the instantaneous
channel coefficients are not available at the relay the second
order statistic (variance) of the channel can be used to

provide semi-blind relaying (Alvi and Wyne, 2014). The
relay amplification factor in the AF relaying plays a
major role in the resource allocation to the active users in
the Orthogonal Frequency Division Multiplexing
(OFDM) relaying system (Rasouli, 2012). But Berger
and Wittneben (2005) had earlier noted that the way a
relay factor is computed aids it in providing distributed
spatial multiplexing gains that allow simultaneous access
to shared network resources.
However, most recent works in (Peppas et al., 2010;
Xia et al., 2011; Osamah and Michel, 2012; Cheng and
Chen, 2015; Cheng and Huang, 2015) have only
concentrated on investigating either the fixed, semi-blind
and variable-gain AF systems in terms of outage
probability, average bit/symbol error rate and ergodic
capacity for various relay transmission and fading channel
models and no serious attentions have been given to how
to re-compute the existing amplification factors to
generally improve the performances of AF relaying.
The main function of the amplification factor is
ideally to equalize the effect of the channel fading
between the source and the relay and to achieve that it
uses a variable channel gain parameter, i.e., channel
variance or channel coefficient in its denominator; while
in its numerator some fixed scaling constant, which can
further affect amplification, is specified. This type of
amplification factor can be said to possess one degree of
freedom, because it uses only one variable parameter.
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Table 1. TDMA transmission protocol for the HD relaying system
BS
RS
MS
Timeslot 1
Transmits
Listens
Listens
Timeslot 2
Transmits
Listens

However, in the process of equalizing the effect of
channel fading the AF schemes also inadvertently
amplify the effective noise term thus limiting the overall
system performances of AF compared to that of DF
relaying. Therefore, in order to minimize this combined
effect of fading and noise, we propose a new
amplification factor which contains two degrees of
freedom rather than one as in the current AF ones.
The numerical results show that the proposed AF
scheme achieves a higher average capacity and lower
outage probability compared to current ones. The rest
of this paper is organized as follows. In section 2, we
establish a system model and relay transmission. In
section 3, we derive a new amplification factor. In
section 4, we present numerical results. In section 5,
we summarize our work.

In the second timeslot, the relay multiplies the
received signal by a relay amplification factor (relay
gain) D2 and then forwards the amplified signal to
destination. Then the signal at destination through relay
can be expressed by:
2

y RD = PR hRD ySR D 2 + nD
= PR hRD

2

2

2

PS hSR xD 2 + PR hRD nD D 2 + nD

(3)

The effective noise term, nD is equivalent to the
noise variance N0 and it can be derived from the second
and third terms of Equation 3 as:
⌣
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Proposed AF Amplification Factor

experience identical additive white Gaussians noise
(AWGN), therefore, ZSD = ZSR = ZRD = nD. The term
CN(.,.) represents the complex Gaussian random variable
with the first and the second parameter denoting the
mean and the variance, respectively. The relay and
source transmits powers are denoted by PR and PS,
respectively. Therefore, the total transmits power in the
cell, PT = PR + PS.
To facilitate transmission, a Time-Division-MultipleAccess (TDMA) subcarrier allocation with two time
slots is considered. As described in Table 1, the relay
node simply amplifies the received signal and then
forwards it to the destination.
In Half-Duplex (HD) mode, the AF relay takes two
time slots to transmit a packet from source to destination.
In the first timeslot, the source broadcasts its unit-energy
signal x and the signal received by destination is:
PS h SD

2

x + nD

Traditional amplification factor can be expressed by:
D2 =

2

x + nD

ρ
PSσ

2
SR

(5)
+ N0

where, the constant ρ has been set at ρ = 1 or ρ = PR. The
only parameter of the relay gain in Equation 5 that can
2
change is the variance, σ SR
, therefore it has only one
degree of freedom. To further reduce the combined
effects of fading and noise, the value of ρ must be
chosen to give the amplification factor another degree of
freedom; one in the denominator and another in the
numerator of D2. Therefore, we propose an amplification
factor expressed by:
D2 =

(1)

α2
2
Psσ SR
+ N0

(6)

where, α2 = β(1-d)-k is a non-fading variable path gain, β
= 1 is the path-loss exponent of a reference distance d0, d
is the normalized relay distance from the source given by

The signal received by relay is:

y SR = PS hSR

(4)

and

zSD ~ CN (0,N0 ) . It is assumed that all node inputs

y SD =

)

The relay amplification factor D2 as seen in the first
term of Equation 3 is expected to provide proper
amplification to the relay while equalizing the effect of
the channel fading and prevents the relay gain from
saturating when the S-R channel undergoes deep fade.
However, this gain also amplifies the effective noise
term in Equation 4, by a margin which depends on the
choices of the scaling parameters.

2
and h SD ~ CN ( 0,σ RD
) . We also assume

noise zSR ~ CN (0,N0 ) ,

2

N 0 = nD 1 + PR hRD D 2

Relay amplification factor has become the basis for
most AF relaying network models. Therefore, we
consider the linear connection system model as
illustrated in Fig. 1 in which the source (S) is assumed
fixed but both the relay (R) and destination (D) can
move. In this model, we assume independent Rayleigh

d =

(2)
573

d effec
and k is the path-loss exponent of the S-R
d0
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channel. The effective distance, deffec, is the actual
distance of R and D in meters with respect to the location
of S, and d0 is taken to be the radius of the cell.
Therefore, if the channel state information of the S-D
channel coefficient |hSR|2 can be estimated, the proposed
scheme can also perform variable-gain relaying,
otherwise double-semi-blind AF relaying will be
provided. The instantaneous and average signal-to-noise
ratio (SNR) of S-D, S-R and R-D channel gains are
defined, respectively, as:
Υ SR =

Υ SR =

PS hSR

2

nD

, Υ SD =

PS hSD
nD

2

, Υ RD =

PR hSR

Outage Probability
We follow the same procedure as used in (Rasouli,
2012), to compute the outage probability for the different
AF schemes. The Probability Density Function (PDF) of
SNR of the direct link (S-D) in AF relaying can be
modeled by an exponential random variable with
parameter βd =

indirect link approximated by an exponential random
variable with parameter, βi =

2

nD

2
PSσ SR
Pσ2
Pσ2
, Υ SD = S SD , Υ RD = R RD
No
No
No

(7)

(8)
fτ AF ( Υ AF ) =

In cooperative relaying communication, the
Maximum Ratio Combiner (MRC) can be used to
combine signals on the S-D and S-R-D links. Therefore,
the combined signal at destination through the AF
relaying can be written as:

2

+ PR hRD nD D 2 + nD

2

=

(9)

(10)

where, D , i=1,…p is the corresponding amplification
factor for the AF schemes defined, respectively, as:
(11)

D22 =

1
PSσ S2R + N 0
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2
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(13)
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D12 =

Υth

)

Because α2 is non-fading path gain, its average power
gain α 2 = α 2 is assumed for the proposed AF
amplification factor in Equation 13 and so its outage
probability can be derived as:

P

Υ SR Υ RD
1
Υ RD +
N 0 Di2

(14)

0

The instantaneous SNR for the proposed AF scheme
can be expressed by:
Υ AFi = Υ SD +

)

βd − βi

PoutAF = Prob  Υ AF < Υ th  =

2

PS hSR xD 2

(

βd βi e − βi Υ AF − e − βd Υ AF

Generally, the probability of outage for AF relaying
for an independent Rayleigh fading channels is,
therefore, calculated as:

Instantaneous SNR

2

1
1
+
. Using the
Υ SR Υ RD

moment generating function approach, the pdf of YAF,
fτAF (YAF), can be written as:

The following section will compute the instantaneous
SNR, average capacity and outage probability for the
proposed and some current AF schemes.

y AF = PS hSD x + nD + PR hRD

1
. We model the pdf of the SNRs of
Υ SD
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For the AF amplification factors in Equation 11 and
12, respectively, the outage probability for AF1 and AF2
schemes are derived from Equation 15 as follow:
1
1
+
Υ
Υ
SR
RD PR
PoutAF 1 =
1
1
1
−
−
Υ SD Υ SR Υ RD PR
1
Υ SD
−
1
1
1
−
−
Υ SD Υ SR Υ RD PR

The D12 , D22 and Dp2 are the amplification factors for
AF relaying schemes denoted, respectively, as AF1, AF2
and proposed AF.
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Average Capacity and Outage Probability as a
function Transmit Power
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In Fig. 2, the proposed AF scheme is shown to
achieve the highest average capacity, followed by AF2
and AF1 schemes when the total transmit power, PT, is
equally allocated between the source and the relay. It
is evident that the proposed scheme achieves the
highest capacity because it uses additional variable
parameter which increases its average SNR. The AF1
achieves the lowest capacity because it uses the relay
power, PR, as a fixed scaling parameter which tends to
amplify the noise more compared to AF2 which uses a
unity value. As shown in Fig. 3, when the relay power
is increased to two-third of the total transmits power,
the average capacity of the proposed AF at each total
transmits power is increased compared to that in Fig.
2. For AF1, the increase occurs only at PT below
25dBm while AF2 is almost unaffected because of its
unity scaling parameter.
In Fig. 4, the proposed AF is depicted as achieving
the lowest outage probability; implying that it is able to
provide the highest SNR. The AF1 is seen to produce the
worst probability of outage which only improves as the
total transmits power increases. Therefore, for AF1 to
achieve comparable outage probability as AF2 the total
transmits power must be increased beyond 30dBm;
suggesting that it is not power-efficient.
However, when two-thirds of the total transmits
power is allocated to the relay; the outage probability of
the proposed AF reduces further while that of AF1
appears to be worse at high transmits powers as shown in
Fig. 5. The figure also shows that, although, AF2
achieves very little improvement, the difference between
it and that of proposed AF widens with increase in the
share of the relay power.

(18)

 − Υth  1 + 1  
 e  ΥSR ΥRD  − 1





Average Capacity
The Shannon maximum error-free capacity formula
in AWGN channel is C = B log2 (1+γt), where γt is SNR.
For AF relaying schemes at the destination terminal, the
instantaneous capacity can be expressed by:

C

AFi



B
Υ SR Υ RD
= log 2 1 + Υ SD +
1
2

Υ RD +
2

N
0 Di









(19)

where, B is system bandwidth and the division by 2
indicates that HD transmission protocol takes two
timeslots for each symbol and CAFi is the capacity
corresponding to AF1, AF2 and proposed AF schemes
using Di2 , respectively, as defined in Equation 11-13.
However, the average capacity can be calculated by taking
the average of Equation 19 over a number of iterations.

Numerical Results
In the linear connection model of Fig. 1, the channel
2
2
power gains are set at σ SD
= 1 , σ SR
= d −3 and
-3

2
σ RD
= ( 1 - d ) where d is the normalized relay distance

from the source and the path-loss exponent is 3.
−3
Therefore, α 2 = (1 − d ) in the proposed AF scheme. The

Average Capacity and Outage Probability as a
Function Relay Distance

destination is assumed to be on the edge of the cell at
normalized distance of d = 1 and the noise power is set at
N0 = 1mW. We assume an average SNR threshold, Yth =
5dB to compute the outage probability.

In this section, we assume a total transmit power, PT
= 20dBm, which can be distributed either equally or
unequally between the relay and source. As shown in
Fig. 6, the proposed AF achieves the highest average
capacity compared to other schemes at most of the relay
distances. The proposed AF is also seen to attain its
maximum value at a farther distance from the destination
compared to AF2.
It is evident that AF1 amplifies the greatest amount
of noise; hence its average capacity is the poorest at all
relay distances. However, it can be noticed that as the
relay moves closer, the SNR and hence the average
capacity of AF2 and proposed AF reduce since the
channel gains which are distance-dependent are then
expected to be higher.

Fig. 1. The relay transmission: Linear connection model
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Fig. 2. Average capacity as a function of total transmit power at PR = 0.5PT, PS = 0.5PT

Fig. 3. Average capacity as a function of total transmit power at PR = 0.75PT, PS = 0.25PT

Fig. 4. Outage probability as a function of total transmit power at PR = 0.5PT, PS = 0.5PT
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Fig. 5. Outage probability as a function of total transmit power at PR = 0.75PT, PS = 0.25PT

Fig. 6. Average capacity as a function of normalized relay distance, d, from source at PR = 0.5PT, PS = 0.5PT

Fig. 7. Average capacity as a function of normalized relay distance, d, from source at PR = 0.75PT, PS = 0.25PT
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Fig. 8. Outage probability as a function of normalized relay distance, d, from source at PR = 0.5PT, PS = 0.5PT

Fig. 9. Outage probability as a function of normalized relay distance, d, from source at PR = 0.75PT, PS = 0.25PT

is the most unreliable, especially at closer distances of
the relay to the source. However, when the relay power
is increased by one-third to the decrease in power of the
source by the same margin; Fig. 9 shows that the
probability of outage before and after the optimal relay
location is reduced for all the relaying schemes except
AF1; because the use of relay power as a scaling
constant further worsens its performance.

In Fig. 7 when the relay power share is increased to
two-third, the maximum average capacity values of AF1,
AF2 and proposed AF shift to d = 0.9, d = 0.6 and d =
0.5, respectively; a shift to right by 1 unit of
normalized distance, d, when viewed against Fig. 6.
The superiority of the proposed AF is seen to be
maintained, however, it can be observed that the
average capacities before the optimal relay locations
(location where maximum value occurs) are reduced
while those after are increased for all the schemes.
In Fig. 8, the AF1 and AF2 are outperformed by the
proposed AF scheme which achieves its minimum
outage probability at d = 0.4. It can also be seen that AF1

Conclusion
In this study, we have analyzed some AF
amplification factors and noted that their main problem
is that they rely on only one variable parameter to
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perform the amplification. Hence, they have only one
degree of freedom and this limits their abilities to
effectively deal with the combined effect of channel
fading and noise. We therefore, propose a new AF
amplification factor which provides additional degree
of freedom through the forward channel. Numerical
results show that the proposed AF scheme outperforms
the current ones in terms of average capacity and
outage probability both as a function of total transmit
power and relay distance. This means that the proposed
AF scheme can bring statistical performances of AF
closer to that of DF relaying, which hitherto
outperforms it. The proposed scheme can even provide
a more attractive practical solution, because AF is
generally considered better in terms of simplicity of
implementation. The results also show that by
increasing or decreasing the power share of the relay,
the optimal location of the relay is not only moved
closer to or farther away from the destination, the total
average capacity at that location is also correspondingly
increased or decreased.
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