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over a MIMO-OFDM Frequency Selective Channel
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Abstract: In this paper, a cooperative algorithm to improve the orthogonal space-time-
frequency block codes (OSTFBC) in frequency selective channels for 2 X 1,2 X 2,4 X
1,4 x 2 MIMO-OFDM systems, is presented. The algorithm of three node, a source node,
a relay node and a destination node is formed, and is implemented in two stages. During the
first stage, the destination and the relay antennas receive the symbols sent by the source
antennas. The destination node and the relay node obtain the decision variables employing
time-space-frequency decoding process by the received signals. During the second stage,
the relay node transmits decision variables to the destination node. Due to the increasing
diversity in the proposed algorithm, decision variables in the destination node are increased
to improve system performance. The bit error rate of the proposed algorithm at high SNR is
estimated by considering the BPSK modulation. The simulation results show that
cooperative orthogonal space-time-frequency block coding, improves system performance
and reduces the BER in a frequency selective channel.

Keywords: BER, Cooperative, Frequency-Selective Channel, MIMO-OFDM, Multipath
Diversity, OSTFBC, Relay, Spatial Diversity.

1 Introduction

Multi-antenna systems that are called MIMO (multiple-
input multiple-output) technology, can eliminate the
destructive effects of fading channel and increases
system capacity by producing multiple independent
channels between the transmitter and receiver. OFDM
(orthogonal  frequency-division — multiplexing) is
proposed for high data rate communications, because of
its ability to soothe the frequency selective fading
channel by splitting the bandwidth channel into several
narrow band flat channels. Combining the technologies
of MIMO and OFDM together with coding in time
domains can lead to high data rate telecommunication
with proper error performance and appropriate
complexity.

In a MIMO-OFDM system, in addition to spatial
diversity, there is another degree of diversity known as
multipath or frequency diversity. It is also accomplished
that the diversity order of a MIMO-OFDM system with
quasi-static channel, is equal to the product of the
number of transmit antennas (Mr), the number of
receive antennas (Mg) and the number of independent
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taps (L) for a frequency-selective channel. This order of
diversity can be achieved by coding through space, time
and frequency domains [1-5].

Space-time-frequency coding is a transmit diversity
technique that deploys orthogonal frequency-division
multiplexing considering MIMO technology. In [4], a
space-time-frequency coding scheme over MIMO-
OFDM sub-channels is presented and two code design
methods that can guarantee to achieve the maximum
diversity order are proposed. The first design method is
a repetition coding approach using full diversity space
frequency codes, and the second design method is a
block coding approach that can guarantee both full
symbol rate and full diversity. In [5], the authors
produce a relationship between frequency tones and
antennas which proposes a grouping technique to reduce
the complexity of the code for the MIMO-OFDM
systems.

Recently, lot of works have been dedicated to
analyzing the performance of Alamouti space-time
coding [6-8]. In [9], a non-regenerative dual-hope
wireless system based on a distributed Alamouti space
time coding is presented and to minimize the possibility
of error are derived as scaling function for each relay. A
cooperative diversity technique in a MIMO-OFDMA
system was considered in [10], in which the base station
can detect the transmit signal for each user since the
transmission code of cooperative diversity is based on a
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space time coding. In [11], a cooperative 2x2 Alamouti
algorithm in frequency flat channels is presented. In
[12], a simple OST transmission scheme is proposed for
asynchronous cooperative systems. In [13], a new
distributed STFC is presented that employs subcarrier
grouping and linear constellation precoding as well as
distributed linear dispersion coding. Unlike the existing
works, in this paper, a cooperative-OSTFBC algorithm
for 2x1,2x2,4%x1,4x2, MIMO-OFDM systems
are investigated for frequency-selective channels. The
achievable diversity order is obtained and the BER are
approximated for all four cases.

The rest of the paper is organized as follows. In
Section 2, the desired system model is described. In
Section 3, a cooperative-OSTFBC algorithm for 2x1
MIMO-OFDM system is obtained. Analytical BER and
SER results for orthogonal STFBC in a 2x2 MIMO-
OFDM system are attained in Section 4 with achievable
diversity order. In section 5 simulation results to
obtained BER for 2x1, 2x2, 4x1 and 4x2 systems are
presented and compared with the case without the relay
node. Finally, conclusions are given in Section 6.

2 System and Channel Model

We assume that a broadband wireless relay network
employs MIMO-OFDM system with Mt X Mg antennas
considering N subcarriers to compose of 3 terminals,
including a source node S, a relay node R, a destination
node D, and every node in the network is subject to a
half-duplex  constraint, 1ie., a node cannot
simultaneously transmit and receive as shown in Fig. 1.
Both the source node and the relay node are equipped
with STFB coding. The channels of S— R or R—D or
S—D are assumed to be the quasi-static frequency-
selective Rayleigh fading channels, so that hgg =
[hsr(0), ..., hsr (L. = D]", hgp = [hgp(0), ..., hgp(L —
1)]T and hgp = [hgp(0), ..., hgp(L — 1)]7T to denote the
channel impulse responses between S — R, R—»D and
S -»D, respectively. They are assumed to be
independent zero-mean complex Gaussian vectors,
where L denote the number of channel taps. It is also
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Fig. 1 The proposed cooperative algorithm equivalent model.

assume that all paths in every channel are independent
with each other, also the channels between any two
nodes are uncorrelated. The channel impulse response
of S— R between the i transmit and the j™ receive
antennas is given by:

L-1
hijsr(t ) = Z hit,j,SR(l)S(T -T) (D
1=0

where T is the time delay of the I™ path, h;cp(D)
denotes the 1™ path gain from i transmit and the j"
receive antenna that is a zero mean Gaussian random
variable with variance of. For normalization, assume
that Yl of = 1. It is also assumed that all channels
between transmitter and receiver antennas have the
same Power-Delay Profile (PDP). The channel gain of
S— R between the i transmit and the j" receive
antennas for the #" subcarrier remains constant during
the transmission of one OFDM symbol, and can be
written as:

L-1
Hfjsr(n) = Z h{; g (De 12 @
1=0

where j = v—1, n represents the nth subcarrier, 7 =0,
1,2, ..., N-1, Af = Tl, T is the duration of one OFDM

symbol and Hi{j sz (72) denotes the fading coefficient in
the frequency domain that is a zero mean Gaussian
random variable with variance 1.

The presented algorithm is implemented in two
stages. During the first stage, the destination and the
relay antennas receive the symbols sent by the source
antennas as shown in Fig. 2. The destination node and
the relay node obtain the decision variables employing
time-space-frequency decoding process by the received
signals. During the second stage, the relay node
transmits decision variables to the destination node as
shown in Fig. 3. In this paper, it is shown that the
number of decision variables in the destination node
increases and improves system performance.

_.'unm-—J;:
ST Y
e = OFM Ty~
Ty
oy
o W —
b EGC .
=\ Wl - TR
el ] —
w STF Detector
: | Decoder
2y
L et — —_

2 Iranian Journal of Electrical & Electronic Engineering, Vol. 12, No. 1, March 2016



STF

o-af)

Encoder

s

Fig. 2 The first stage.
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Fig. 3 The second stage.

3 The Proposed Cooperative Algorithm

To achieve the full diversity order of a MIMO-
OFDM-2x1 system, which is Gq= 2L, each signal must
be sent 2L with repetition space-time-frequency coding
scheme [14] by L OFDM subchannels and during the
two time periods. At the receiver, the received signal
vector at the relay node:

Ysr = SHgr + Nsr (3)

where S is transmitted signal matrix of size 2N X 2N
that is constructed from the STF codeword, Hgg is S—
R channel vector of size 2N X 1 and Nggp is noise
vector of size 2N X 1.

In this algorithm, the OSTFBC presented in [14] is
used in S— R, R—D and S—D. The simplest OSTBC

(Alamouti code) [15] for two transmit antennas of
block size My, = 2 for the OSTFBC proposed in [14],
and repeated given below as [15]:

_ S,0) S,
sc=trr® (sio i) @

where S;y are i.i.d information symbols, k is the index
number of independent STBC blocks, and k=1, 2, ...,
g. Also, T = 2M°82L1 s the number of the times a
symbol is repeated. For an N-subcarrier STFBC block,
% STBC blocks are assigned to N subcarriers with each

of them repeated by I' times. So a whole encoded STF
block code is represented by [16]:
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S = diag (Sl,Sz, e SE) (5)
I'/ MpNxMTN

This repetition scheme across subcarriers is to
achieve the full multipath diversity as shown in [17].
Compared with the Alamouti code, the OSTFBC
achieves more diversity gain from multi paths at the
cost of the lower symbol rate. It is shown in [14] that
the above OSTFBC can achieve the full-diversity order
MrMgL.

Assuming L = 2, signals received by the receiver
via the N subcarrier in the relay node will be as
follows:

[ Yr(Zn) ]
YZ(2n)
lYé(Zn +1) J
YZ(2n + 1)
[ s1(k)  sp(k) 0 0 [ Hy1,5r(2n)
_|=s:da sik) 00 Hy 1 sr(20)
oo s1(0)  sp(K) le,SR(ZH 1 ©)

00 =s3(k)  si(K)J]LH,1spr(2n+ 1)

[ Nsg(2n) ]
Niw(2n) |
Niz(2n+1)|
[NZq(2n + 1))

where k = 1, g, n =k—1, Yi(n) is received signal at
the relay node by the #™ subcarrier and t" OFDM block,
t=1,2, Hjjsr(n)is the channel gain of S— R between
the i transmit and the j™ receive antennas and Niz (%)
is the additive white Gaussian noise (AWGN) at n'"
subcarrier and variance g2 is assumed o2 = 1. As can
be observed, the signals received by each pair of
consecutive subcarrier during 2 OFDM block (T=2),
will be similar to the MIMO-2x2 system with
Alamouti STBC code. So, space time frequency
decoding procedure is employed to achieve the
following decision variables:
5 rKk) = H;,l,SR(Zn)Yl%(Zn) + H2,1,SR(2T1)Y1%(2U)*
+Hj 1 sr(@n+ DYR(2n+1)
+ Hz1sr(@n+ DYE(2n + 1)
(7)
§z,R(k) = H;,LSR(ZH)Y}%(ZU) - H1,1,SR(2T1)Y1%(2H)*
+Hj 1 sr(2n+ 1)Yg(2n + 1)
— Hy1sr(2n+ DYZ(2n + 1)
Substituting Eq. (6) into Eq. (7) the following
relationship are derived:

S1r(K) = s1(k) (BSR(k)) +Hi ; sr(2n)NéR (2n)

+ Hy1sr(20)NGr(2n)*

+Hj 1 sr(2n + 1)Ngg(2n + 1)

+ Hy1sr(2n + 1)NZ(2n + 1)*

)

520(K) = 5,() (B (K)) + H3 1 50 (20)N3g (2n)

— Hy1,5r(2n)N&R(2n)*

+Hj 1 sr(2n + 1)Ngg(2n + 1)

— Hyy5r(2n+ 1)NZG(2n + 1)*

Bsr = {BSR(l) BSR(g)} is defined as follows:

Bsr(k) = |H1,1,SR(2n)|2 + |Hz,1,SR(2n2)|2
+ |Hy1sr(2n + 1) )
2
+ |H,,sr(2n + 1)

So,
Ny sr(k) = H;,LSR(Zn)N%R(Zn)
+ Hpq sr(20)N3R (2n)*
+ Hi1sr(2n + 1Ngg(2n + 1)
+ Hy1sr(2n + 1)NZGR(2n + 1)*
(10)
N,sr(K) = Hj 1 s (2n)Ngg(2n)
- H1,1,SR(ZH)N§R(ZH)*
+Hj 1 sg(2n + 1NgR(2n + 1)
— Hyisr(2n + 1NZ(2n + 1)*
For simplicity of decision variable in the relay node
(8) can be written as follows:
$1r(K) = s1(K)Bsr(K) + Ny sr (k) (11)
S2r(K) = s, (K)Bsr(k) + Ny sr(K)

Similarly, during the first stage, the decision

N

variables {§1_D(1),§2,D(1), w0, 81D (E)’gZ'D (g)} in the
destination node as a result of S =D, the following will

be achieved:

$ip(k) = s;(K)Bsp (k) + Ny gp (k)

§3009) = 5, (00Bsp () + Ny 5p.(K) (12
During the second stage, decision variables in the

relay node {51_R(1), §,r(1),...,3:r (g) ,82R (g)}

again through two OFDM block is sent to the
destination node as:

§1p(k) = 5, r(K)Brp (k) + Ny rp(k) 13)
§5p(k) =3, g (K)Brp (k) + Ny rp (k)

So, at the end of the second stage, the number of
decision variables in the destination node is doubled.

The effective decision variables through EGC (Equal
Gain Combining) is achieved. So, we have:

5;(k) =s; (k)(BSR(k)BRD(k) + BSD(k))

+ MV (k)
« 14
5,0) = 5,00 (Bs (O Bro () + Bsp () ()
+ N, (k)
and,
N1 (k) = Brp (KN sr (k) + Ny rp (k)
+ Ny sp (k)
Mo (K) = Bro (N 5w (K) + Voo (K) ()
+ Nosp (k)
Finally, decision variables
50,50, ..5 ()5 (3)} are sent 1o the ML
detector for detecting symbols

{51(1), s, (1), ...,8; (g) ,Sy (g)}
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In fact, the cooperative OSTFBC for 2 x 2 MIMO-
OFDM system would be similar to 2 X1 MIMO-
OFDM system and The cooperative OSTFBC for 4 x 1
and 4 X 2 MIMO-OFDM system, using the following
code [18], is similar to the cooperative OSTFBC for
2 X 1 MIMO-OFDM system.

Sk = Irxr
[ s1(k) s2(k) s3(k) sa(k) 7
—s, (k) s1(k) —s4(k) s3(k)
—s3(k) s4(k) si(k)  —sy(k)
—s4(k)  —s3(k) sa(k)  s1(k) (16)
si(k)  s3(k) s3(k)  sa(k)
—s3(k)  si(k)  —sa(k) s3(k)
—s3(k)  sa(k) si(k)  —sz(k)
[—s3(k)  —s3(k) s2(k) s1(k).

4 The Achievable Diversity Order

The achievable diversity order for the proposed
cooperative OSTFBC algorithm is obtained by
calculating the BER. For this purpose by considering
the BER of a MIMO-OFDM-2 X 1 system with
OSTFBC, the BER of the proposed algorithm is
achieved. According to [19], the bit error rate of
MIMO-OFDM-2 x 1 for BPSK modulation can be by:

2L

Y
Ppp==|1-
b~ g2t 2L+ 7
. 17
~ 1 ,2L-1+k 7
XZ—( ) 1+ b_
L 2 k 2L + 7,

N . .
where ¥, = N—b is the average noise energy. At high
0

SNRs the above BER can be approximated as:
2L

4L -1\, L
Por = (ZL - 1) ( zyb) (18)

It is difficult to accurately calculate the BER in the
proposed algorithm. Therefore, an approximate method
is given below that can achieve the diversity order. To
calculate the BER of the proposed algorithm, it must be
noted that, the direction of the desired signal is
contained by two paths for signal transmission for the
target system. the additional path is S = R — D and the
actual path is S = D. The first, is the calculation of the
BER of the first path that will be achieved through the
following conditional probability:

P = p(eD1|eR)p(eR) + p(eD1|CR)p(CR) (19)
where p(eD 1|eR) is the BER for the destination node
when the error has occurred in the relay node and
p(egr) is the BER in the relay node. p(eD 1|CR) is the
BER in the destination node when the error has not

occurred in relay node and p(cg) is the probability that
the error has not occurred in the relay node. Note that

p(eD 1|eR) is the probability of correctly received bits
inS— R-D.

p(ep,ler) =p(cp,) =1 —p(ep,) =1—Pp,,  (20)

p(er) = Prp @n

p(eD1|CR) =Pp.p (22)

p(cr) =1- Prb (23)

Po,b = Prp (24)
So,

P, = (1—"Pp,p)Prp + Pp,p(1 = Prp) (25)
And the BER in S = D is:

P, =Py, = Prp (26)

At the receiver, the signals received from the two
paths, are added together. Thus, at high SNR and
considering the BPSK modulation, the approximate
BER is calculated considering the error is occurred in
both directions (S > R —->DandS - D) as:

P, =P xP, =
o (41 23, “E4L-1Y 27, )"
2L-1)\ L 2L-1)\ L
— \—2L
y AL-1\(273, )" _ 27)
2L-1){ L

G GOl (GO

The relation (26) concludes that the achievable
diversity order, in the proposed algorithm, is 4L.

Similarly, the BER for cooperative-OSTFBC 2 X
2,4%x1 and 4 x 2 MIMO-OFDM at high SNR for
BPSK modulation is approximated as:

Prsa =
(1 (8L— 1) 2%, - (8L— 1)2 2%, st (28)
4L-1 L 4L -1 L
Pisq = 2 X
- (8L— 1) 27\ (SL— 1)2 27, (29)
4L -1 L 4L -1 L
Ppsz = 2 X

16L— 1y (27,\ °F\ /6L — 1\ ( 27,\ Y (30)
1_(8L—1)<T> (8L—1) (T)

The above equations concludes that the achievable
diversity order in the proposed algorithm for
cooperative-OSTFBC 2 x 2,4 X 1 and 4 X 2 MIMO-
OFDM are 8L, 8L and 16L, respectively.

According to [19], the average SER of MIMO-
OFDM-2x1 for M-PSK modulation will be the
following relation:
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= —2L

)4 _
Pe(M—PSK) = (1 +len ) Xf(L,y,M) (31)

where:
fL,y,M) =
(ZL 1)| JF | 2L 2L+1;, ————
2w 2\ T2 "o 2
L) 1+opsing

3 cos* +— T
— 2L 5 > M ,C0S% —
__ 2T
1+2Lsm

JFi(a,b;c;x) is the gauss hypergeometric
function  and F;(a, by, by ;¢;x,y) is  Appell
hypergeometric. Similarly, the average SER for
cooperative-OSTFBC 2 X 1 — MIMO-OFDM at high
SNR for M-PSK modulation is approximated as:

'}/ —2L
Poximopsk ¥ 2| 1— (1 + ﬁsm )

X f(L,7, M)) (33)

—4L

x f(L,y,M)? (1 +2y—Lsm2 ")

The relation (33) concludes that the achievable
diversity order, for M-PSK modulation in the proposed
algorithm, is 4L.

According to [19], the average SER of MIMO-
OFDM-2x1 for M-QAM modulation will be the
following relation:

37 -2L
Po(m—qam) = (1 m) xg(L,y,M)
2L (34)

(14 %) X h(L,7, M)

- (1 N _) X (2\/5(2L))"
(35)

1 1
and
1 )2>< 1
VM (4L + 1)

3 1+l 1\ GO
XFy|1,20L,1; 2L+ ; —— o =
! "2 2

h(L,7,M) = 2 (1

The average SER for cooperative-OSTFBC 2 x
1— MIMO-OFDM at high SNR for M-QAM
modulation is approximated as:

Pem—qam =

—2L

3y _
2 (1 - (1 AL = 1)) x g(L,y, M)

—2L

B (1 +%) (37)

37 -2L
X h(L,7,M) (lm) x g(L,7,M)

—2L

2
3y _
—<1+—2L(M_ 1)) xh(L,y,M))

It has been seen that for M-QAM schemes,
diversity order of Gg=4L can be achieved.

5 Simulation Results

In this section, the proposed algorithm is simulated
for 2x1, 2x2, 4x1 and 4 x2 MIMO-OFDM
systems for the uniform channel models with L = 2,3.
In S—- R, R-»D and S —D, the simulated MIMO-
OFDM system for N = 256 subcarriers in 1 MHz
bandwidth. Assume that the average symbol power per

. . 1 . . .
transmit antenna is Eg = —— and the noise variance is
T

1

R We assume that the perfect channel state

information is known at the receiver. The simulations
carried out for two uniform channel models. For L = 2,
2-ray channel model with time delays t; = 0 pusec and
1; = 1 psec and normalized path gains o7 = % forl =
1,2 is assumed. For L = 3, 3-ray uniform channel
model with time delays t; = 0 pusec,t; = 1 psec, T, =
2 psec and 012 =§ for 1=1,2,3. The simulation
results for 2x 1, 2X 2, 4%X1 and 4 X2 systems
compared with orthogonal STFBC in [14] for 2 X 1,
2x2,4x1and4 x 2 MIMO-OFDM systems.

—a&— DSTFBC-OSTC [13]
—&— MIMO-OFDM with OSTFBC 2x1
—+— cooperative OSTFBC 2x1

BER
5

10° i i

E /N, (dB)
Fig. 4 BER vs. SNR of O-STFBC [14] and cooperative-

OSTFBC for M = 2, Mg = 1, L = 2 and spectral efficiency
of 1 bit/sec/Hz.
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Fig. 4 shows the BER performance of orthogonal
STFBC [14], DSTFBC-OSTC with two nodes relay
[13], and proposed cooperative-orthogonal STFBC
with BPSK modulation for My =2, Mg =1,L=2. It
is evident from the plots in Fig. 4 that the proposed
algorithm can reduce the BER, and the system
performance is improved by as much as 4dB compared
with the orthogonal STFBC [14].

Figs. 5, 6 and 7 depict the BER performance of the
orthogonal STFBC [14] and proposed cooperative-
orthogonal STFBC with BPSK over uniform channel
model for L=2 for 2 X 2, 4 X1 and 4 X 2 systems,
respectively. As it is observed, the OSTFBC [14] can
achieve diversity order of 8,8,16 for L =2 but
proposed cooperative-OSTFBC can achieve diversity
order of 16, 16, 32 for 2 X 2, 4 X 1 and 4 X 2 systems,
respectively. It is evident from the figures that the
proposed algorithm can reduces the BER and improves
system performance.

TTEzrzrerrzsiErreeerrrzeeesdrerrezeeoiiics
—&— MIMO-OFDM with OSTFBC 2x2
—#— cooperative OSTFBC 2x2

£/, (d8)
Fig. 5 BER vs. SNR of O-STFBC [14] and cooperative-
OSTFBC for Mt = 2, Mg = 2, L = 2 and spectral efficiency
of 1 bit/sec/Hz.

—&— MIMO-OFDM with OSTFBC 4x1
—#— cooperative OSTFBC 4x1

BER
=

1 1
0 2 4 6 8 10 12
E/M, (dB)

Fig. 6 BER vs. SNR of O-STFBC [14] and cooperative-
OSTFBC for Mt = 4, Mg = 1,L = 2 and spectral efficiency
of 1 bit/sec/Hz.

N, (dB)
Fig. 7 BER vs. SNR of O-STFBC [14] and cooperative-

OSTFBC for My = 4, Mg = 2,L = 2 and spectral efficiency
of 1 bit/sec/Hz.

£ cooperative
+— coopatative 0F
--1 ==+— cooparatre OST

EM, (dB}

Fig. 8 BER vs. SNR of the cooperative-OSTFBC for
L =2and L=3, Mt = 2.

a1 . W | L .
3 7 ] 9 10

L +
] 1 2 3 i 5
E,M, (45)

Fig. 9 BER vs. SNR of the cooperative-OSTFBC for
L =2and L=3, My = 4.

Figs. 8 and 9 depict the BER performance of the
proposed cooperative-orthogonal STFBC with BPSK
over uniform channel model forL =2 and L = 3. It is
evident from the figures that the proposed cooperative-
orthogonal STFBC with L = 3 reduces the bit error
rate and improves system performance.
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6 Conclusion

In this paper, a cooperative algorithm is suggested
for MIMO-OFDM systems with 2x1, 2x2, 4x1 and
4x2 antennas equipped with OSTFBC technique. We
have shown that proposed algorithm achieves the full
diversity order of 2MpMgL. Simulation results are
presented to show the performance improvement and
the proposed algorithm can reduce the bit error rate by
adding a relay node.
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