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Abstract

We analyzed the bit error rate (BER) and ergodic capacity performance im-
provement of dual-hop OFDM amplify and forward (AF) relay system with
fixed gain (FG) at relay station (R), all attained through ordered subcarrier
mapping (SCM) at R. In previous works we showed that in the region of
small values of average signal-to-noise ratios (SNRs) on hops best-to-best
SCM (BTB SCM) scheme should be applied, while in the region of medium
and high values of average SNRs on hops, BER performance improvement is
achieved by implementing best-to-worst SCM (BTW SCM) scheme. In this
paper we analyzed a new solution, where in the assumed relay system with
BTB SCM, one or more subcarriers having the lowest SNRs on each hop are
omitted. Furthermore, we examined power balance of the system implement-
ing SCM through comparison of BER performance expressed as a function
of power transmitted per subcarrier, with BER performance of the ordinary
OFDM AF FG relay system, as well as with the performance in case of direct
transmission between source of information (S) and destination terminal (D).
OFDM based relay systems are already included in IMT-Advanced standards,
and all the obtained BER and ergodic capacity results have confirmed that
OFDM AF FG relay system with appropriate SCM scheme implemented at
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R station represents very interesting and energy efficient solution for the next
generation mobile cellular systems.

Keywords: OFDM, amplify-and-forward, relay, fixed gain, ordered subcar-
rier mapping, BER, ergodic capacity, energy efficiency.

1 Introduction

The expansion of wireless communication systems over the last decade was
enabled through implementation of appropriate technical solutions, which
have succeeded to meet customer’s demands. In order to achieve the required
high data rates and quality of service level, the next generation of cellular
systems, IMT-Advanced systems, will incorporate, among other advanced
technical solutions, OFDM (Orthogonal Frequency Division Multiplexing)
based relay (R) stations, for the system capacity enhancement and coverage
area extension, [1]. The accepted relay solution assumes dual-hop scenario,
where the source terminal (S) cannot achieve direct communication with the
destination terminal (D). Regenerative R stations, that decode the received
signal and again re-encode it before forwarding toward destination (D) ter-
minal, are already included in the accepted standards for IMT-Advanced
systems, while non-regenerative R stations, that amplify and forward (AF) the
received signal, are expected to become a part of the next IMT-Advanced spe-
cifications. R station implementing AF technique may amplify the received
signal with the fixed gain (FG), or with the variable gain (VG), depending
on its possibility to estimate the channel between the source of information
(S) and R. Non-regenerative relay systems are less complex than regenerative
systems, and they introduce shorter latency. Analyses presented in this paper
consider the OFDM non-regenerative (AF) relay system applying FG at the
R station.

Although the standards for both IMT-Advanced systems, LTE-Advanced
and Wireless MAN-Advanced, have been accepted, there is still ongoing
intensive research activity on the OFDM based relay systems, all with the
goal to further improve their performance, energy efficiency or to optim-
ize their functions. One of the methods for capacity enhancement and/or
bit error rate (BER) improvement, which is at the same time energy more
efficient, is implementation of ordered subcarrier mapping (SCM) at the R
station, where the subcarriers from the S-R link (first hop) are mapped to
appropriate subcarriers on the R-D link (second hop), all in accordance with
their instantaneous signal-to-noise ratios (SNRs) [2–8]. The concept of sub-
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carrier mapping (SCM) at the R station was introduced in [2], and shortly
afterwards was discussed in [3] and [4]. In these papers it was proved that
the capacity of dual-hop OFDM based relay system can be maximized if the
subcarriers from the first hop are ordered according to their instantaneous
SNRs, and then mapped to corresponding subcarriers on the second hop,
which are also ordered in accordance with their instantaneous SNRs. This
SCM scheme is denoted as Best-to-Best SCM (BTB SCM). However, when
BER performance of the OFDM AF based relay systems is considered, it
was shown that the BTB SCM scheme minimizes the BER results only in
the region of small SNRs [5]. On the other side, for the medium and high
SNR values, the SCM scheme denoted as Best-to-Worst SCM (BTW SCM)
is proposed for implementation in order to minimize BER performance [5,
6]. BTW SCM scheme assumes that the subcarriers from the first hop, which
are increasingly ordered according to their SNRs, are mapped to the decreas-
ingly ordered subcarriers on the second hop. We derived closed-form BER
performances of differentially phase shift keying (DPSK) and binary phase
shift keying (BPSK) modulated OFDM AF FG relay systems with SCM in
[6, 7], thus analytically proving the optimality of the previously described
proposal. We have also examined analytically ergodic capacity performances
of OFDM AF FG relay systems with SCM in [7]. However, some issues
regarding energy efficiency, and possibility for implementation just one SCM
scheme for both capacity enhancement and BER performance improvement,
remained opened.

Thus, in order to examine the power balance of SCM solution, in
this paper we compare BER performance of differentially phase shift key-
ing (DPSK) modulated OFDM AF FG relay system implementing SCM,
expressed as a function of power transmitted per subcarrier, with BER per-
formance of ordinary OFDM AF FG relay system and with the case of direct
OFDM transmission between S and D. Additionally, we analyzed if omitting
one or more subcarriers having the lowest SNRs on both hops may suffi-
ciently improve BER performance of OFDM AF FG relay system with BTB
SCM, to attain or outperform, in all SNR regions, BER performance of the
same system implementing BTW SCM. We proved in [8] that this kind of
solution in OFDM AF VG relay system makes BTB SCM optimal SCM
scheme for BER improvement for all SNR values on both hops. Also, in this
paper we give capacity analyses of OFDM AF FG relay system with BTB
SCM, through derivation of both upper and lower bounds of ergodic capacity,
and present the level of capacity improvement in comparison with the same
system without SCM. The paper is organized as follows. Section 2 describes
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Figure 1 Block scheme of OFDM AF FG relay station with SCM.

the analyzed system model. In Section 3, analytical derivation of BER and
ergodic capacity performance is given. The obtained results are presented in
Section 4. Finally, in Section 5 we present some concluding remarks.

2 System Model

We considered the same relaying system as the one presented in [7]. It as-
sumes a dual-hop OFDM FG AF relay system, in which three communication
terminals, all equipped with single antenna are involved in communication
process. There is no direct link between S and D, and R operates in half-
duplex mode. The basic block scheme of a relay terminal is presented in
Figure 1. R first performs OFDM demodulation through FFT (Fast Four-
ier Transformation). Then, the subcarriers from the first hop are mapped
to the appropriate subcarriers on the second hop in accordance to their in-
stantaneous SNRs. It is assumed that the SCM block knows channel state
information on both S-R and R-D links, The next processing step is getting
back the signal into time domain through IFFT (Inverse Fast Fourier Trans-
formation) block. The obtained OFDM signal is amplified by Furthermore,
the gain G, and then transmitted toward destination terminal. In order to cor-
rectly demodulate the received signal D has to know subcarrier permutation
function performed at R.

The post-FFT signal on the i-th subcarrier, received at the relay station, is
given by:

YR,i = X1,iH1,i + N1,i , 1 ≤ i ≤ M, (1)

where M is the total number of subcarriers and Xi is the data symbol sent by
source on the i-th subcarrier. N1,i represents additive white Gausssian noise
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on the i-th subcarrier with variance E(|N1,i|2) = N01, with E(·) denoting
the expectation operator. Assuming that the SCM function ν(i) performs
mapping of the i-th subcarrier from the first hop to the k-th subcarrier on
the second hop, the frequency domain signal at D can be written as

YD,k = GH2,kYR,υ(i) + N2,k

= GH2,kH1,iXi + GH2,kN1,i + N2,k, 1 ≤ k ≤ M (2)

where H2,k denotes the k-th subcarrier transfer function on the second hop.
N2,k is the additive white Gaussian noise at the destination on the k-th
subcarrier, with variance E(|N2,k|2) = N02.

The fadings in the S-R and R-D channnels are assumed to be independ-
ent and identically distributed (i.i.d.) among the subcarriers. Moreover, we
assume Rayleigh fading in each subcarrier, so that the PDF and the CDF (Cu-
mulative Distributive Function) of the SNR in each of the S-R subchannels is
given by fSR(x) = λSR exp(−λSRx) and FSR(x) = 1 − exp(−λSRx), while
the corresponding PDF and CDF of the SNR in each of the R-D subchannels
are given by fRD(x) = λRD exp(−λRDx) and FRD(x) = 1 − exp(−λRDx),
respectively. λSR = 1/γ̄SR and λRD = 1/γ̄RD denote the inverse of the average
SNRs on the S-R and R-D links, respectively. Using (2) and the described
gain, the end-to-end SNR on the k-th subcarrier can be presented as

γk,end = γiSRγk,RD

γkRD + ρ
, (3)

where ρ is the coefficient that depends through the gain G as ρ =
εR/(G2N01) · γi,SR and γk,RD represent instantaneous SNRs on the i-th sub-
carrier of the S-R link and k-th subcarrier of the R-D link, respectively, while
εR is the symbol energy transmitted by R.

3 Performance Analysis

In the following part we use the earlier obtained results on probability density
function (PDF) and moment generating function (MGF) of SNR for the k-th
subcarrier at D [6, 7], which are necessary tools for conduction of BER and
ergodic capacity performance analysis.

3.1 BER Performance Analysis

We have conducted BER performance analysis for the dual-hop DPSK mod-
ulated OFDM AF FG relay system with SCM, in the case of Rayleigh fading
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channels on both hops in [6]. Using the ordered statistics, we first derived
PDF of the increasingly ordered random variables having exponential dis-
tribution, and through the similar approach, PDF of SNR for decreasingly
ordered exponentially distributed random variables. These PDF functions ac-
tually correspond to PDF of the SNRs of the ordered subcarriers from the first
hop or from the second hop in the considered scenario with Rayleigh fading
statistics. Using this, after some mathematical transformations, we derived
PDF of SNR for the k-th subcarrier at D for the systems implementing BTB
SCM and BTW SCM. However, for the case of DPSK modulation implemen-
ted, it is more convenient to use MGF based approach for BER performance
analysis, as in that case BER for the k-th subcarrier at D is obtained through
[9]:

Pb,k = 0.5 · Mγk,end(1), (4)

with Mγk,end(·) denoting MGF of SNR function. BER for the analyzed OFDM
AF FG relay system with SCM is derived through averaging (4) over all M

subcarriers:

Pb = 1

M

M∑

k=1

Pb,k, (5)

Thus, we derived MGF of SNR at the k-th subcarrier at D for the relay sys-
tems implementing both analyzed SCM schemes. In the scenario with BTB
SCM scheme at the R station, MGF of SNR for the k-th subcarrier at D is
obtained as [6]:

Mγk,end(s) = 1

γ̄SR

k−1∑

j=0

k−1∑

i=0

αjαi

Tj (s)

×
[

1

βi

+ exp

(
ρAj,i

Tj (s)

)

E1

(
ρAj,i

Tj (s)

) (
ρ

γ̄RD
− ρAj,i

βiTj (s)

)]

. (6)

where E1(·) represents the exponential integral function defined in [10,
(5.1.1)]. The coefficients αi and βi are given through:

αi = (−1)iM

(
M − 1
k − 1

) (
k − 1

i

)

and βi = i + M − k + 1 (7)

In (7), (:) denotes binomial coefficients. The coefficients Aj,i and Tj (s) are
introduced in (6) for the easier representation of this relation, and they are
equal to:

Aj,i = βjβi/γ̄SRγ̄RD and Tj (s) = s + βj/γ̄SR. (8)
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Using the same approach, MGF of SNR for the k-th subcarrier at D in the
case of BTW SCM scheme implemented at R is derived as [6]:

Mγk,end(s) = 1

γ̄SR

k−1∑

j=0

M−k∑

i=0

αjδi

Tj (s)

×
[

1

εi

+ exp

(
ρBj,i

Tj (s)

)

E1

(
ρBj,i

Tj (s)

)(
ρ

γ̄RD
− ρBj,i

εiTj (s)

)]

. (9)

In (9) the coefficients δi and εi are equal to

δi = (−1)iM

(
M − 1
k − 1

)(
M − k

i

)

and εi = i + k, (10)

while Bj,i can be written as

Bj,i = βjεi/γ̄SRγ̄RD. (11)

By substituting (6) or (9) in (4) and then in relation (5), BER performance of
DPSK modulated OFDM AF FG relay system implementing BTB SCM or
BTW SCM is obtained.

As we already have mentioned, it is known that OFDM AF FG relay
system implementing BTW SCM outperforms the system with BTB SCM in
terms of achievable BER performance, in the regions of medium and high
values of average SNRs on both hops. The same holds for the OFDM AF
VG relay systems implementing SCM [9]. However, in [9] we have shown
that in the OFDM AF VG relay system with BTB SCM, omitting just the
worst subcarriers on both hops, i.e. the subcarriers with the lowest SNRs,
makes the system with BTB SCM optimal solution for BER performance
improvement in all the SNR regions. Thus, we wanted to examine if we do
not use the subcarriers with the lowest SNRs on both hops in the OFDM AF
FG relay system with BTB SCM may improve enough BER performance of
this system to attain and prevail BER performance of OFDM AF FG system
with BTW SCM, in all the SNR regions. Analytically, it means that in the
relation (5) summation starts from k = 2 for the system with BTB SCM.

In order to examine if the additional signal processing in systems with
SCM can be justified considering the issue of power consumption, the ob-
tained BER results should be presented as a function of power transmitted
per subcarrier in the whole system, PT . We assumed equal power allocation
among the S and R station, i.e. PS = PR = PT /2 and among all the sub-
carriers. Now, the average SNRs on S-R and R-D links can be written as
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γ̄SR = A1PS and γ̄RD = A2PR, respectively, where A1 and A2 include para-
meters as the antenna gains, path loss, noise power and similar. For example,
if using Friis propagation model, Ai (i = 1, 2), can be written in the form

Ai = Gt,iGr,iλ
2

(4π)2dα
i LN0i

, (12)

where Gt,i is the transmitter antenna gain on the i-th hop, Gr,i is the receiver
antenna gain, λ is the wavelength, di is the distance between the transmitter
and receiver on the i-th hop, L is the system loss factor, α = 2 for free space
and 3 < α < 4 in urban environment, while N0i is the noise variance at the
i-th hop. Without loss of the generality, we took that the transmitter antenna
gains at the S and R are equal, Gt,1 = Gt,2, and the receiver antenna gains at
the R and D are also equal, Gr,1 = Gr,2, as well as that the noise variances at
the R and D are the same, N01 = N02. Moreover, we assumed that in the case
of relayed transmission, S, R and D are placed on a straight line, and that
all the links are affected by the same shadowing environment. The average
SNR at D in the case of direct transmission can be written as , where for this
simplified propagation model, by taking α = 3, Aeq is related to A1 and A2

through

Aeq = A2

(1 + (A2/A1)1/3)3
. (13)

For the case of direct OFDM transmission in Rayleigh fading environment,
MGF of SNR for the k-th subcarrier has the form

Mγk,end(s) = 1

1 + sγ̄SD
(14)

Substituting (14) into (4) and then in (5), BER of DPSK modulated OFDM
system is obtained.

3.2 Ergodic Capacity Analysis

It is proven that BTB SCM scheme maximizes the achievable ergodic capa-
city of OFDM based relay systems [2–4]. Thus, in this part we will analyze
only the ergodic capacity performance of the OFDM AF FG relay system
with BTB SCM. For the ergodic capacity analysis it is necessary to know
PDF of SNR for the k-th subcarrier at D. In the case of BTB SCM scheme
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applied at R, this function has the form as given in [7]:

f BTB
γk,end(x) = 2

γ̄SR

k−1∑

j=0

k−1∑

i=0

αjαi exp

(

−βj

x

γ̄SR

)

×
[√

ρβjx

βiγ̄SRγ̄RD
K1

(

2

√
ρβjβix

γ̄SRγ̄RD

)

+ ρ

γ̄RD
K0

(

2

√
ρβjβix

γ̄SRγ̄RD

)]

,

(15)

where K0(·) and K1(·) are zero and first order modified Bessel functions of
the second kind defined in [10, (9.6.21), (9.6.22)]. The presence of these
functions in the expression for the PDF of SNR for the k-th subcarrier at
D prevail the possibility for finding closed-form solution for the ergodic ca-
pacity of this system. However, taking into account the concave form of the
logarithmic function, and the Jensen’s inequality, we found upper bound of
the k-th subcarrier ergodic capacity through

Ck = 0.5 · E(log2(1 + γk,end)) ≤ 0.5 log2(1 + E(γk,end)). (16)

where E(·) denotes the expectation operator, and factor 0.5 appears due
to symbol transmission in two time slots (half-duplex relay). Closed-form
expression is derived for E(γk,end) in [7] as

E(γk,end) =
k−1∑

j=0

k−1∑

i=0

αjαi

β2
j

√
ρAj,i

exp

(
ρAi,j γ̄SR

2βj

)

×
[

2

√
ρβj

βi

γ̄SR

γ̄RD
W−2,1/2

(
ρAj,i γ̄SR

βj

)

+ ρ
√

βj γ̄SR

γ̄RD
W−3/2,0

(
ρAj,i γ̄SR

βj

)]

. (17)

In (17) Wx,y(·) denotes the Whittaker function defined in [10, (13.1.32)]. The
average ergodic capacity of the OFDM AF FG system with SCP is derived
through averaging ergodic capacities per subcarrier, over all M subcarriers:

C = 1

M

M∑

k=1

Ck. (18)
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In order to attain more complete insight in ergodic capacity performance of
OFDM AF FG relay system with SCM, we also derived a tight lower bound
of its achievable ergodic capacity. Using the expression of end-to-end SNR
for the k-th subcarrier (3), ergodic capacity of the k-th subcarrier at D can be
split in the following way [11]:

Ck = IA − IB = Ix − Iy − IB. (19)

Ix is derived in closed-form as [11]:

Ix = 4

ln(2)

√
ρ

γ̄SRγ̄RD

k−1∑

i=0

αi exp

(
βi

γ̄SR

) k−1∑

j=0

αj

√
1

βjβi

S−2,1

(

2

√
ρβjβ

γ̄SRγ̄RD

)

,

(20)
where Sμ,ν(·) represents Lommel function defined in [12, (8.57)]. A closed-
form solution for IB from (19) is also found in [11]:

I + B = −1

2 ln(2)

k−1∑

i=0

αi

βi

exp

(
βiρ

γ̄RD

)

E1

(
βiρ

γ̄RD

)

. (21)

The term Iy in (19) could not be derived as a closed-form solution, but it can
be upper bounded using again Jensen’s inequality, thus obtaining [11]:

Iy ≤ 1

γ̄SR ln(2)

k−1∑

i=0

αi exp

(
βi

γ̄SR

) k−1∑

j=0

αj

βj

exp

(
ρβj

γ̄RDL(i)

)



(

0,
ρβj

γ̄RDL(i)

)

,

(22)
where (·, ·) denotes the upper incomplete Gamma function defined in [10,
(8.350.2)]. L(i) is equal to:

L(i) =
(

γ̄SR

βi

)2

−
[

γ̄SR

βi

+
(

γ̄SR

βi

)2
]2

exp

(

− βi

γ̄SR

)

. (23)

The obtained upper bound for the Iy actually presents the term which defines
the lower bound for the ergodic capacity of the k-th subcarrier in the con-
sidered OFDM AF FG relay system with BTB SCP, and in final, through
(18) it gives the lower bound of the ergodic capacity of the whole considered
system.

4 Results

The subsequent presented analytical and simulation results assume perfectly
synchronized dual-hop OFDM AF FG relay system implementing SCM. It
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is assumed that the noise variances at R and D are equal, i.e. N02 = N02,
as well as the average symbol energies transmitted by S and by R, εS = εR.
The so-called semi-blind scenario is considered, where R uses knowledge on
channel state information (CSI) about the S-R link to calculate the gain G:

G2 = E
[

εR

|H1,k|2εS + N01

]

, (24)

yielding

G2 = εR

εSE[|H1,k|2]e
1/γ̄SRE1

(
1

γ̄SR

)

. (25)

Simulation results are obtained through Monte Carlo simulations of the part
of the OFDM system that belongs to frequency domain, what is possible and
accurate approach as we have assumed perfect synchronization among the
communication terminals. The subcarrier channel transfer functions on both
hops are generated as independent Gaussian complex random variables with
zero mean.

4.1 BER Performance

BER performances of DPSK modulated OFDM AF FG relay systems with
SCM, as a function of total transmitted power per subcarrier PT , are given in
Figure 2. In order to get an insight in power balance of OFDM AF FG relay
system with SCM, comparison of BER performances, with the OFDM AF
FG relay system and with the direct transmission scenario are also provided.
We have chosen parameters A1 = 2 and A2 = 10, which for downlink
communication corresponds to the scenario where the distance between the
R and D terminals is shorter than the one between the S and R terminals. For
a direct transmission scenario Aeq is calculated using (13).

From the given BER plots, the advantage of using relay transmission
over the direct transmission is clear, as the power saving per subcarrier is
about 2 dB for the BER values lower than 10−2. Comparing to basic OFDM
AF FG relay system, additional 1dB of transmitted power can be saved for
achieving the same BER performances if BTW SCM scheme is used, for
all the BER values below 10−1. When BTB SCM scheme is concerned, it is
shown that it achieves the best BER performances in the regime of very low
transmitted power, i.e. in the cases where the average SNRs on both hops are
low. In the assumed scenario, for PT values above 15 dB, the system with
BTB SCM scheme has worse BER performances even than the system with
direct transmission. Thus, in order to achieve the best BER performance, for
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Figure 2 BER for DPSK modulated OFDM system and OFDM AF FG relay system with and
without SCM, as a function of PT .

the same transmitted energy, in the region of small SNRs BTB SCM scheme
should be implemented, while for the average and medium values of SNRs,
BTW SCM scheme should be applied.

Figure 3 gives analytical and simulation results for DPSK modulated
OFDM AF FG relay system implementing both BTB SCM and BTW SCM,
in a scenario with equal average SNR values on both hops. For the sake of
comparison, BER performance of the ordinary OFDM AF FG relay system
is also presented. As it is obvious that in the relay system implementing BTB
SCM, the subcarriers with the lowest SNRs on both hops, which are mapped
at R station creating subcarrier pair k = 1, have the greatest contribution
on increase of BER values, than we present the BER performances of relay
system employing BTB SCM without “worst” subcarrier pair (w/o k = 1),
for a different total of numbers of subcarriers in the system (M = 16, 32, 64).

The presented results confirm the accuracy of the undertaken analytical
approach, as we have excellent matching between the analytical results and
simulation results for all SNR values. As expected, in the region of low values
of average SNR per hop, BTB SCM scheme achieves the best BER per-
formance. It outperforms the system with BTW SCM scheme for the values
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Figure 3 BER for DPSK modulated OFDM AF FG relay system with and without SCM.

of average SNR per hop up to approximately 6.5 dB. For higher values of
average SNR system with BTW SCM has the lowest BER, and its advantage
in BER performances increases very fast as the values of average SNRs in-
crease. Thus for example, for the BER value of 10−2, it already achieves SNR
gain of 3 dB over the OFDM AF FG relay system and more than 7 dB SNR
gain in comparison with the system implementing BTB SCM.

Let us now consider the system implementing BTB SCM, where the worst
subcarrier pair is not used, From Figure 3 it can be seen that, besides for the
very small values of average SNR per hop, only in the region of very high
values of average SNR per hop (about 29 dB for M = 32 and 20 dB for
M = 16), and for the cases of smaller number of subcarriers in OFDM sys-
tem, this solution outperforms the system with BTW SCM in terms of BER.
However, having in mind that in the real-case scenarios, such a big values of
average SNRs on both hops will appear with very small probability, and that
the OFDM systems with M = 16 and M = 32 subcarriers are not of the
great practical importance, we wanted to examine if omitting several “worst”
subcarrier pairs in the OFDM systems with greater number of subcarriers
may bring enough BER performance improvement to have one SCM as an
optimal solution for all SNR values of interest.
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Figure 4 BER for DPSK modulated OFDM AF FG relay system with and without SCM.

Figure 4 presents BER performance of OFDM AF FG relay system with
SCM having M = 256 and M = 512 subcarriers, where in the case of BTB
SCM having M = 256 subcarriers k = 6 and k = 8 worst subcarrier pairs are
not used, while in the system with M = 512 subcarriers, k = 12 and k = 16
worst subcarrier pairs are omitted. The given results confirm again that for the
SNR values of interest, for the BER performance improvement in OFDM AF
FG relay systems, BTB SCM should be implemented in the regions of small
values of average SNRs on both hops, and BTW SCM should be implemented
in the region of medium and high values of average SNRs on hops.

4.2 Ergodic Capacity

Figure 5 presents the obtained lower and upper bounds of the ergodic capacity
for the considered system, as well as the ergodic capacity graph obtained
through simulations. In order to identify the level of capacity improvement
achieved through implementation of BTB SCM scheme, the simulation res-
ults for the OFDM AF FG relay system without (w/o) SCM are also given.
The average ergodic capacity graphs are presented as a function of SNR
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Figure 5 Average ergodic capacity of OFDM AF FG relay system with and without BTB
SCM.

on R-D link, for two different SNR values on S-R link, γ̄SR = 5 dB and
γ̄SR = 15 dB.

The results presented in Figure 5 approve that the obtained analytical
results present very tight upper and lower bounds, as they deviate very little
from the simulation obtained results. This is more obvious through the data
given in Table 1.

Table 1 presents values of the average ergodic capacity of OFDM AF
FG relay system with BTB SCM, obtained through simulations and through
analytical calculations of lower and upper bounds, as well as the ratios of
analytically obtained results to simulation results expressed in percentages.
For the sake of comparison, average ergodic capacity values of the OFDM
AF FG relay system without SCM are also included, and the percentages of
ergodic capacity enhancement attained through BTB SCM.

First of all, Table 1 shows that implementing BTB SCM can enhance
ergodic capacity of OFDM AF FG relay system up to 30%, and the highest
capacity enhancement is achieved in the region of small average SNR values
on both hops. This is very important as it means the SCM technique may
achieve the requested QoS in the case of very bad channel conditions on
both hops, i.e. in the scenario where the regular OFDM AF FG relay system
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Table 1 Average ergodic capacity values for γ̄SR = 5 dB.
γ̄RD [dB] 0 dB 6 dB 14 dB
Simul. res. [b/s/Hz] 0.406 0.618 0.786
w/o SCP [b/s/Hz] 0.318 0.535 0.744
% cap. enhancement 27.7% 15.5% 5.6%
Low. bound [b/s/Hz] 0.397 0.608 0.779
% of simul. res. 97.78% 98.38% 99.1%
Upp. bound [b/s/Hz] 0.417 0.633 0.805
% of simul. res. 102.7% 102.4% 102.4%

may fail in fulfilling end-user’s demands. Besides this, from Table 1 we can
see that the derived upper bound deviate from the simulation results up to
2.7%, while the derived lower bound differs from the simulation results up to
2.12%. Both these results confirm the accuracy of the undertaken analytical
approaches, and the obtained ergodic capacity bounds may be effectively
used for the assessment of the performance of OFDM AF FG relay system
with SCM.

5 Conclusions

We analyzed the level of BER performance improvement and ergodic ca-
pacity enhancement achieved through implementation of ordered subcarrier
mapping (SCM) at R station of OFDM AF FG relay system, which represents
a very interesting solution for the upcoming specifications of IMT-Advanced
mobile cellular systems. It has been shown analytically, and completely veri-
fied through simulations, that significant BER performance improvement
may be achieved in the considered relay system if BTB SCM is implemented
in the region of small values of average SNRs on both hops, and BTW SCM
scheme in the region of medium and high values of average SNRs on both
hops. Furthermore, we have shown that in OFDM AF FG relay system with
BTB SCM, even when several subcarriers with the lowest SNRs from the both
hops are not used, the BER performance in the region of medium and high
values of average SNRs, which are of interest, cannot be improved enough to
outperform the system implementing BTW SCM. Additionally, we presented
energy efficiency of the considered SCM solution through presenting BER
performance improvement achieved for the same power transmitted per sub-
carrier, in comparison with the ordinary OFDM AF FG relay system and with
the direct case transmission.
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When ergodic capacity of the system is considered, we analyzed only the
solution assuming implementation of BTB SCM, which is the SCM scheme
that is proven to maximize capacity for all the SNR values on both hops. We
derived closed-form analytical expressions representing tight upper and lower
bounds of the achievable ergodic capacity of the OFDM AF FG relay system
with BTB SCM. These bounds can be efficiently used for the assessment
of the ergodic capacity of the considered system, as they deviate from the
simulation results less than 3% for all the SNR values. Ergodic capacity
performance comparison of the analyzed relay system implementing BTB
SCM, with the relay system without SCM has shown that ergodic capacity
may be enhanced up to 30% in the region of small values of average SNRs
on both hops. This is particularly important as it means significant capacity
enhancement in the scenario with bad channel conditions on both hops.

All the presented BER and ergodic capacity performance have approved
that dual-hop OFDM AF FG relay system with SCM at R station, repres-
ents very interesting energy efficient solution for the next generation mobile
cellular systems.
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