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In the previous chapters, we assumed perfect knowledge of the CSI at all
network nodes. However, this is an idealistic assumption since such nodes will
have to estimate the CSI. The channel estimation technique requires known pilot
symbols to be transmitted at the beginning of each data frame. Since pilot
symbols reduce spectral efficiency; therefore, it is desirable to use as few as
possible. The ultimate objective here in is to achieve performance close to the
perfect channel case by using only k pilot symbols.

5.1 Channel Estimation

An important issue affecting the design and analysis of relay transmission
protocols is channel state information, i.e., how much radios know about each
channel realization throughout the network. For example, using training signals,
e.g., pilot tones or symbols, the receivers may estimate the multipath coefficients
affecting their respective received signals. Once channel state information is
acquired at the distributed radio receivers, protocol designs can feed this
information back to the transmitters. This feedback allows the transmitters to adapt
their transmissions to the realized channel in effect, often leading to performance
improvements when accurate channel state information is obtainable.

5.2 Distributed Coding with MRC Channel Estimation

Recall from Chapters 3 and 4 that we assumed the second frame was
transmitted on orthogonal sub-channels (e.g., TDMA, CDMA, or FDMA) from
the source and relay nodes to the destination. Also, the detection at the relay and
destination nodes was based on perfect channel knowledge. In this chapter, we
use the same coding scheme introduced in Chapter 3 with a distributed

combining based on Alamouti scheme [9]. For simplicity, we assume that there is
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one relay. All the nodes are assumed to be equipped with one antenna and one RF
chain. Recall that the coding scheme described earlier in Chapter 3, assumes that
the source is equipped with two encoders, where the output of the first encoder is
referred to as the first frame (of length N; bits) and the output of the second
encoder is referred to as the second frame (of length N, bits). Also, each relay is
equipped with an encoder similar to the second encoder at the source. First, at the
beginning of each frame transmitted from Sto R, fromR to D, and fromSto D, a
pilot sequence P consisting of k, symbols is sent to estimate all the channels.

Then, these channel estimates are used to detect the data.

In the following sections, we describe and analyze the pilot-assisted channel
estimation technique when employed in the distributed space-time coding
scheme in Chapter 3.

5.2.1 System Model

In this section, we introduce the system model of the distributed space-time
coding cooperation scheme when employing channel estimation using pilot
signals.

Conventional Pilot Mode

In The block diagram with conventional pilot (CP) channel estimation is
shown in Figure 5.1. At the beginning of each frame transmitted from S to R,

from R to D, and from S to D, a pilot sequence P consisting of k,, symbols [45]

P=(P,P,Py) (5.1)

is appended to the data sequence. A block diagram of the source, relay and
destination when employing channel estimation is shown in Figure 5.2.
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Figure 5.1 Symbol block with conventional pilot channel estimation.
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Figure 5.2 The channel estimation for all the channels for the proposed scheme.

First Frame: During the first frame transmission, the signals received at the
relay and the destination nodes at time t are given respectively by

Ysr () = \JEphspp(t) + ngg (1), (5.2)
Ysp (£) = JEphspp(t) + ngp (1), (5.3)

where p(t) is the pilot sequence transmitted from the source at time slot t
(t=12,-,ky), E, isthe transmitted signal energy for the pilot sequence, and

the rest of the parameters are defined as in Chapter 3.

The receivers at the relay and the destination estimate the channel fading
coefficients hsp and hgp by using the observed sequences ysp (t) and ygp (t).

The estimates of hgp and hgp are given by [45]

ysr (Op™ () (t)P @) _ ngr (Op* () _
~ _ ysp@®p*() _ nsp (Op*(t) _
hSD - \/Elp(t)lz — SD \/Elp(t)lz - hSD + Ah’SD’ (55)

http://www.sciencepublishinggroup.com 91



Cooperative Communication Systems Using Distributed Convolutional-Based Coding

where Ahsp and Ahgp are the estimation errors due to the noise, given by

_ nsp (O)p* (@)

AMsr =" mp@r” (5.6)
_ ngp (O)p™(t)

Ahgp = RO (5.7)

Since ngp (t) and ngp (t) are complex AWGN on the S-R and S—D links,
with zero mean and one-dimensional variance Ny/2, the estimation errors Ahgp

and Ahg, have a zero mean and one-dimensional variance Ny/(2k,E, ).

Second Frame: During the second frame transmission, the received signal at
the destination node is given by

Yro (t) = \[Eyhppp () + ngp (1), (5.8)

where hpp is modeled as complex Gaussian distributed with zero mean and unit
variance, representing the fading channel from R to D, ngp (t) is the AWGN on

the R—D link with zero mean and one-dimensional variance N;/2.

The receiver at the destination estimates the channel fading coefficient hp, by

using the observed sequence ygp (t). The estimate of hgp is then given by

T _yro@®Op*®) _ npp (Op*(E) _
hRD - ﬁlp(t)lz - hRD + ﬁ”’(t”z - hRD + Ah’RDv (59)

where Ahgp is the estimation error due to the noise, given by

_ npp (®O)p*(t)

Since ngpp(t) is complex AWGN, with zero mean and one-dimensional
variance Ny/2, the estimation error Ahyp has a zero mean and one-dimensional

variance Ny/(2k,E,).
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Data Mode

Having obtained the channel estimates as described earlier, the data mode
starts where these estimates are used to detect the transmitted data.

The system model for the proposed system in the first and second frame using
Alamouti scheme is depicted in Figure 5.3; 5.4. As shown in the figure, the
transmitter is equipped with two RSC encoders, denoted by E; and E,, whose
rates are R¢,and Rc,, respectively. The relay is also equipped with E,. The
information sequence b is encoded by Ej;, resulting in C;, which is denoted as
Frame 1. This frame is broadcasted from the source to the relay and destination
nodes. If the relay correctly decodes the message it received from the source, it
re-encode it by E, and transmitted to the destination as Frame 2 with rate
R¢, = K/n,. At the same time, b is encoded at the source by Ej, resulting in C;
(denoted as Frame 2) which in turn is transmitted from the source to the
destination. These two copies (of Frame 2) of the source and relay whose CRC
check transmit the second frame to the destination. The received copies of the
second frame are combined using Alamouti scheme and the information bits are
detected via a Viterbi decoder based on the two frames N = N; + N,. The
combiner output is then augmented with Frame 1 to form a noisy version of C,

which is detected at the destination via a Viterbi decoder.

In what follows we mathematically describe the underlying scheme.

First Frame: During the first frame transmission, the signals received at the
relay and the destination nodes at time t are given by

Tsp(t) = \/R¢, Esphspx (t) + ngp(t), (5.11)
Tsp(t) = /R¢, Esphspx(t) + ngp (¢), (5.12)
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where x(t) is the output of the source modulator at time slot t (t = 1,2,--+,n4),
Egp and Egp are the transmitted signal energies for the corresponding link, R,

is the code rate of convolutional encoder I.

7777777 Source Node Destination Node

Convolutional 3 i Frame 1

Encoder | with : : 3

rate Frame 1 Decoder
' : Receiver :

Convolutional i Frame 1 L Convolutional || 3 Alamouti [ !
| ' in |y || Seneme

Encoder Il with ! H Encoder Il with J !

rate : Relay Node rate ‘ |

Convolutional

Convoluional i L:-_. : i
! : Encoder Il with J Frame 2

Encoder | with 1 H rate i : 3
H . Relay Node :
rate H et i . Decoder |!
' Y A Receiver |

Convolutional J Frame 2 %Framej A\afnn1::uti ™
Encader Il with ' | Scheme
rate !

Source Node Destination Node

Figure 5.4 Transmission protocol for the second frame using Alamouti scheme.
From (5.11) and (5.12), the decision statistics for the channels from S to R and
from S to D for the first frame are given respectively, by
Fp1(t) = hiprsp(©) = (hig + Ahsp)rsp(t)
= |hgp IZ\/IWx(t) + hsgpngr(t) + Ah;RhSR\/mx(t) + Ahggngp (t), (5.13)
%p,1(8) = hiprsp () = (hgp + Ahgp)rsp (£)
= lhsp|*\[Rc, Espx(t) + h§pnsp (t) + Ahsphsp/Re, Espx(t) + Ahgpngp (t), (5.14)
where t = 1,2,---,n4. Since the powers of Ahgp and Ahgp in (5.6) and (5.7),

respectively, are relatively small (assuming small errors), the powers of

Ahgpngg (t) and Ahgpngp (t) can be neglected.

94 http://www.sciencepublishinggroup.com



Cooperative Communication Systems Using Distributed Convolutional-Based Coding

Second Frame Using Alamouti Scheme: During the second frame transmission,
the received signals at the destination node at time t and t + 1 are given by [9]

TD (t) = «’RCZQ‘ERDhRDf(t) + RCZ (1 - a)ESDhSDx(t + 1) + TLD (t), (515)

18)) (t + 1) = _1/RC2aERDhRDf*(t) + N/RCZ (1 - a)ESDhSDx*(t) + nD(t + 1), (516)

where X(t) and X(t + 1) are the outputs of the relay modulators at time slot t
and t+1 (t =n; +1,n; +3,---,ny + ny, — 1), respectively, the rest of the

parameters are defined as before (see Chapter 3).

Using Alamouti’s combining scheme [9], from (5.15) and (5.16), the decision
statistics for the channels from R to D and S to D for the second frame are given
respectively by

Xpo(t) = Riprp (t) + hspr (¢ + 1)

= |hgp|? /RczaERnf(t) + herphsp ’Rcz(l — a)Egpx(t + 1) + hgpnp(6)
—hsphgp ’RczaERnf(t + 1) + |hgsp? /Rcz(l — a)Egpx(t) + hgpnp(t + 1)
+Bhjphsp |Re, (1 — @)Espx(t + 1) + Ahiphgp |Re,@ErpR(t)
+Ahjpn, (t) — Ahgphyp ’RCZCXERDQ(t +1)

+Ahsphspy/Re,(1 — @)Espx(t) + Ahgpnp (t + 1), (5.17)

Xp,(t+1) = Rsprp (8) — hppr (¢ + 1)

= hgphgpp ’RCZQERDJ?(t) + |hgp|? /Rcz (1 — a)Espx(t + 1) + hgpny ()
+lhgp|? [Re,aEppR(t + 1) — hgphip ’RCZ (1 — a)Espx(t) — hgpnp(t + 1)
+Ahgphgp ’Rcz(l —a)Espx(t + 1) + Ahipnp (t)
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+Ah;DhRD RCZQERDf(t) + AhRDh;(’D ’RCZ‘XERDJ?(t + 1)
—Ahgphsp/Re,(1 — a)Espx(t) — Ahgpnp(t + 1), (5.18)
where t =n; +1,ny +3,--,ny +n, — 1. Since the powers of Ahs, and

Ahgp in (5.7) and (5.10), respectively, are relatively small, the powers of
hgpnp (t), Ahgpnp (t + 1), Ahspnp(t), and Ahgpnp(t + 1) can be neglected.

5.2.2 Performance Analysis

In this section, we evaluate the performance of our proposed estimation
scheme for one relay channel in terms of the average BER at the destination. In
our analysis, we consider M-PSK modulation. We first consider error-free
recovery at the relay. Then we consider the effect of channel errors at the relay.

The end-to-end conditional pairwise error probability for a coded system is the
probability of detecting an erroneous codeword X = [%;, X, -+, X, ], when in fact
X = [x1,%3,++,x,] is transmitted. The instantaneous received SNR for

2RcEsp lhsp (O

non-cooperative transmission from S to D, y,(t) = RoEsy
(1)

. There, for

non-cooperative transmission, the conditional pairwise error probability from S

to D is given by

Zg S R ES
PORlysn) = Q| [T Y Thsp (01

=0 ( J@"i)zn Ysp (t>>. (5.19)

Under slow fading, hgp (t) = hgp for all t and consequently (5.19) can be
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written as

P(dlysp) = Q %)@D - (5.20)

kpEp

In what follows, we derive an upper bound on the probability of bit error for
distributed space-time coding using one relay channel. First, we consider the case
of error-free relay then, the case of erroneous relay.

DF with Error-Free Relay

Under the assumption of free errors at the relay node, the instantaneous
received SNR for the channel from S to D for the first frame is given by

_ 2R¢iEsp lhsp ()I> _ 2Rcyvsp (©)
YDl(t) - Rc.Egp - RciEsp\’
N0<1+—1 ) <1+—1 )

kpEp kpEp

t=12-,m (5.21)

and the instantaneous received SNR for the channels from S to D and R to D for
the second frame is given by

vo (£) = 2R, (1 — a)Egplhsp (t)1? aEgp lhgp (t)[?
P2 Ny (1 + R, [(1 — a)Esp + aERD]) (1 + R, [(1— a)Esp + aERD])
Ky Ep kyEp
— 2R (1 - a)ysp (@) ayrp (t)
“ 14 Rc,[(1 — a)Esp + aEpp] 14 Re,[(1 — a)Esp + akpp]
kyEp kyEp
t=n1+1,n1+2,“',n1 +n2. (522)

From (5.21) and (5.22), when the fading coefficients hgp, and hgpp are

constant over the codeword, the conditional pairwise error probability is given by
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P(d|Ysp,Yrp) =

2 Reqdiysp (8) | [Repda(1—a)Esp +Rcydaakpp | (5.23)
Q 9prsk ( +RC1E5D) RCZ[G’“)ESD +aE gp | ' !
Tp Ep 14 Tp Ep

Using (3.10), we can rewrite (5.23) as

M-1r

1 M
P(d , =—
(dlysp,Yrp) nf
0

e | / Re,dy N R¢,dy(1—a) \ Vsp \
. Ipsk (1 N RclEsD) 4 R, [(1 — @)Esp + aEgp] |sin®6
kap kap

Rczdza YRD
-€XP\ —9psk Re,[(1-a)Esp +aEpp] |sin’g do. (5.24)
1+ ’pEp

The average pairwise error probability is then given by

M-1)m

M
1
P(d|Ysp,Yrp) ==
m

0

=) Rcqdy R(;Zdz(l—a) ysp
-fo exp | —9rsk ( ReqEsp Re,[A-)Esp +aE gp | | sinZ6 PySD(VSD)dVSD
1+k—E) 1+

pEp kpEp

) Rc,daa
. fO exp _gPSK 1y RCZ [(15025)5251) +aERD] :l/nR;zDg pVRD ()/RD)dyRD de (525)
' kpEp

Using (3.13), one can show that (5.25) can be expressed as
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-1

[ sinZ6 | R, [(1 — a)Vsp + avgp] | |

VT wE® )

M-m ( \l
M
1 R. d,ay
P(d) == f 1+.9P51( ¢, A2AYVRp
s
0

] R¢,d17. Rc,dy(1—-a)y. I
|1 +apsK c141¥sp cpd2(=a)sp | ao, (5.26)
sin“6 ReiTsp 14 Real-a)sp +avpp]
1+ ' Ep
\ o2 WG ))

where E[|hgp|?] =1, and E[|hgp|?] =1, are the averages of |hgp|? and

|hgp |?, respectively. Using the results of Appendix C, the average pairwise error

probability can be shown as
_ (M-1) A(d) [ A(d) 1 [1+a@ (M-Dn
P(d) = M +(B(d)—A(d))n 1+A(d)tan ( A(d) tan( M ))
B(d) B(d) _1 1+B(d) M-
+(A(d)—B(d))n\/1+B(d)tan (xf B(d) tan( M ))’ (5'27)

where
_ Rcqd1YVsp Rc,yd2(1—-a)ysp
A(d) = grsk Req¥sp * 14 Ry l-a)ygp +avpp] |’ (5.28)
1418 ' E
o (32) o (5)
and
_ Rcyd2a¥Rp
B(d) = gpsk Re, [(12—a)75D Tarrol | (5.29)
1+ I,
()

Having obtained the pairwise error probability in (5.27), the BER probability
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can be upper bounded using (3.16).

Noting that if we assume ysp = ygp = E, /Ny = E}, /Ny to be sufficiently

large, the average pairwise error probability can be approximated as

-1 -1
(1+ p) <1+ ) <1+ ) 0

kp kp
which suggests that the diversity order achieved is two when the channel from S
to R is error-free, and the k,, symbols of each pilot sequence or the pilot to noise

ratio (PNR), (E,, /Ny) increases.

DF with Errors at Relay

The instantaneous received SNR for the channel from S to R for the first frame
is given by

2Rc Esrlhsg (D12 2Rcqvsg (®)
‘VD3 (t) = L RClESR - I%ClESR ) t= 1’2i'”yn1 (5-31)
wo(1#EEE) (1)

From (5.21), (5.22), and (5.31), when the fading coefficients hgp, hgp, and

hsg are constant over the codeword, the conditional pairwise error probability is

given by
/ Rc, diYsp Rc d2¥sp \\
P(dlysp,vsr.Yro) = Q| [2gpsk 1R E R E |
C SD Cz SD
\(“ k,E //
pEp
Re, diysr Re, diysg
.Q ZgPSK# | 1-0Qf |29psk 1R E
(1R (1)
k,E, KBy
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Rcidi1vsp [Reyd2(1—adysp +Rcyd2ay pp |
Q 29psk (1+R6155‘D) + Rep[(—a)Esp +aE gp | ' (5.32)
kpEp 1 kpEp

Now, using (3.10), (5.32) can be written as

P(d|Ysp,Vsr:YrDp) =

M-Dr

1
1 / / Re,di Re,da \ Vsp \
P + de
- f exp\ gPSK\ RClESD (1+RC2ESD)/ Sin291/ 1
’ ky Ep
(M-Dn
I
1 / / RCldl \ Vsr \
- exp gpsk R E dao,
R \ \1+ o SR)/smez/
0 k,E
(M-Drn
L / / Re,d \ Y \
a1
+l1-— f exXp | —9rsk Rl F _SZR de, |
()
kyEyp
(M-
1
1 R¢, dy Re,d,(1— @) Yoo
p —9psk R E + —
m 2 (1+M) 1+Rcz[(1—0()ESD + aEppl\ |sin®6,
kypEyp ky Ey,
Reydaa YRD
-exp | —Yrsk (1 Re, [(-a)Esp +aERD]> sin’a, do,. (5.33)
kpEp

Using (3.13), the average pairwise error probability can then be shown as

T )

-1

i
1 gpsk | Re,di¥sp Re,d2¥sp |
P(d) == f [ 1+ ! + | ae
(@) T [ sin‘, B 14 Re,¥sp | | !
o 1 4 Reso . (Ep) |
P \N, /

\ o ()
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()

( T
| M-1)m / \ |
1 T | Rc d |
N e |
5 1 R 7
| | LRt V]|
\ @)/
r \N,
1
(M—l)rr( / \\
M —
1 f [ 14 dpsk | Re, di¥sp + Re,d;(1 — a)ysp | |
T ) | sin202| R Re.[(1 ) N | |
c,Ysp C —a VSD aVrp]
\ 1+ lE,, 1+ —2 /
& (%) g
-1
9PSK Rc,d2a¥Rrp 534
I e ——— de,, (5.34)
2 <1 _Rey[a=a)¥gp +“VRD]>
" T
o (i5)

where E[|hsg|?] = 1 is the average of |hgg|?. Using the results of Appendix C,

the average pairwise error probability can be shown as

M- 1] c@ . [1+C@ ((M=Dr
M airc@ " c M m )
M-1) 1| D@ . _ [ [1+D@ ((M-Dn

1T M = 1+D(d)tan D(d) tan( M )

P(d) =
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M-1) 1| D@d . [ [1+D@, (M-Dr
==tz li+p@™ D(d) ta”( M )
W-1) A(d) A@ [ [1rA@ <(M - 1)7r>
1M (B(d) —A(@)m 1+ A(d) A(d) M

+

B(d) B(d) -1 1+B(d) M-1)m
+(A(d)—B(d))n \’1+B(d)tan (J B(d) ta“( " )) ; (5.35)
Rcid1¥sp Rc,d2Vsp gpsk Rc1d1Y sk
where ¢(d) = gpsk . %61750 . %?62750 , D(d) = RCi?SR !
( 'kp(Ep/NO)) "kp(Ep/No) ( +kp(Ep/NO))

A(d) and B(d) are defined asin (5.28) and (5.29), respectively. When g is
very large (i.e., ¥sp — ), the relay will have perfect detection, and thus (5.35)
will be the same as (5.27). Having obtained the pairwise error probability in
(5.35), the BER probability can be upper bounded using (3.16).

5.2.3 Simulation Results

In our simulations, we assume that the relay node operates in the DF mode. For
simplicity, BPSK modulation is assumed. In all simulations, otherwise
mentioned, the transmitted frame size is equal to n1 = n2 = 130 coded bits, and a
pilot sequence consisting of kp symbols. The convolutional code used is of
constraint length four and generator polynomials (13, 15, 15, 17)ca [44]. When
the relays cooperate with the source node, the source transmits the code-words
corresponding to rate 1/2, (13, 15)qq convolutional code to the relay and
destination nodes in the first frame. The relay node receives this codeword and
decoding is performed to obtain an estimate of the source information bits. In the
second frame, the relay and source nodes transmit the code-words corresponding

to rate 1/2, (15, 17)oqa convolutional code using Alamouti scheme to the
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destination node. Also we assume that the S—R, R—D, and S—D channels have

equal PNRs (E, /Np).

Figure 5.5 shows a comparison between the simulated and the bit error rate

upper bound corresponding to the expressions given in (5.27), and (3.16) with
k, =10 symbols for three cases of E,/N,= 8, 10, and 14 dB.
Code (13, 15, 15, 17)ocia is used with R, = R, = 0.5 and a=0.5. In Figure 5.6,

we show a comparison of the simulated and analytical BER results based on the

expressions given in (3.16), and (5.35) for ¥z = 8 dB with imperfect channel
estimation and k,, = 10 symbols for three cases E, /N, = 10, 12, and 16 dB. In

addition, we include, for comparison, the results for the DF relaying with errors

and perfect channel estimation. It is clear from these figures that as E,, /N, gets

larger, the performance converges to the ideal case.

10°

Non-ideal CS! with E /N;=8 dB i

Non-ideal CS! with E /N,=10 d |

-1
10
B

O
[
O  Non-ideal CSI with Ep/N0=14 dB ||
. i

Ideal CSI

Bound

10°

Simulation

BER

10°

10"

10

15 25 30

E,/N, (dB)

Figure 5.5 Comparison of analysis and simulated BER with error-free detection at
relay node over quasi-static fading; k, = 10 symbols; E, /N, = 8, 10, and 14 dB.
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10 5
O  Non-ideal CSI with Ep/NO: 10 dB f
+ Non-ideal CSI with Ep/NO: 12.dB [
10'1% 0 Non-ideal CSI with Ep/Noz 16 dB
,,, % <1 Ideal CSI
Bound
2 \ Simulation
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o K
w
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10°
10*
Sl =
0 5 10 15 20 25 30
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Figure 5.6 Comparison of analysis and simulated BER for slow Rayleigh fading,
Ysr = 8 dB with relay errors, k, = 10 symbols; E,/N, = 10, 12, and 16 dB.
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