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Abstract—This paper discusses channel estimation in a co-
operative orthogonal frequency-division multiplexing (OFDM)
network in the presence of frequency offsets. Both the amplify-
and-forward (AF) and decode-and-forward (DF) relaying modes
are analyzed. In order to eliminate the multiple access inter-
ference (MAI), the maximum number of active AF and DF
relays are {TNA and ||, respectively, where N is the total
number of subcarriers, L is the channel order and |a| is the
maximum integer part of a. The pairwise error probability (PEP)
of orthogonal space-time coding in cooperative OFDM due to
both the frequency offset and channel estimation errors is also
evaluated. The optimal power allocation ratio between the source
and the set of the relays to minimize the PEP is derived for both
the relay modes. When L < 16, the DF mode always outperforms
the AF mode in terms of PEP. Given 16 active relays and with
L = 4, the proposed DF mode outperforms the AF mode by
about 9dB for a frequency offset error variance of 10~2, and
this gap increases to about 11.3 dB when the variance increases
to 107 .

I. INTRODUCTION

Cooperative diversity, in which multiple nodes cooperate to
form a virtual multi-antenna array, has been intensively studied
as a form of spatial diversity [1]. Although current research
on cooperative networks mainly focuses on single-carrier (SC)
systems [2], relay networks can also be implemented for or-
thogonal frequency-division multiplexing (OFDM) [3]. How-
ever, the effect of frequency offset, which degrades the Signal-
to-Interference-plus-Noise Ratio (SINR), is not considered in
[3]. The effect of the frequency offset on cooperative OFDM or
OFDM access (OFDMA) uplink transmission is studied in [4],
[5]. The performance degradation of a cooperative OFDMA
uplink due to the frequency offset is analyzed in [6].

Channel estimation errors can significantly impact the sys-
tem performance. The amplify-and-forward (AF)-SC Channel
estimation is discussed in [7]. By using Alamouti-coded pilot
symbols, [8] provides synchronization and channel estimation
for a cooperative OFDM system. However, the optimal channel
estimation in cooperative OFDM in the presence of frequency
offsets is still an open issue.

This paper investigates the optimal channel estimation for a
cooperative AF or decode-and-forward (DF) OFDM system in
the presence of frequency offsets. We show that the optimal
channel estimation requires the multiple access interference
(MAI) among the relays be eliminated and that the maximum

number of active AF and DF relays be {%J and L%J,

respectively, where N is the total number of subcarriers, L is
the maximum channel order, and |a| represents the maximum
integer part of a. Based on the SINR analysis, the pairwise
error probability (PEP) of the orthogonal space-time coded
system is evaluated.

This paper is organized as follows. Section II introduces
the cooperative OFDM uplink system. Optimal channel esti-
mation is analyzed in Section III. The PEP of the orthogonal
space-time coded system is derived in Section IV. Section V
discusses the numerical results. Finally, Section VI concludes
the paper.

Notation: (-)T, (-)¥, (-)~! and (-)* denote the transpose,
conjugate transpose, inverse and complex conjugate. The
imaginary unit is y = /—1. (-)* denotes the complex conju-
gate. A circularly symmetric complex Gaussian variable with
mean a and variance o2 is denoted by z ~ CN(a,o?). x[i]
represents the i-th element of vector x. [A];; represents the
17-th element of matrix A. The N x NN identity matrix is Iy.
The M x N all-zero matrix is Oy« . diag{x} represents a
diagonal matrix with its n-th diagonal element x[n].

II. COOPERATIVE OFDM SIGNAL MODEL

The cooperative OFDM system is shown in Fig. 1. In the
AF mode, all the relays simply amplify and retransmit the
received signal to the destination. In the DF mode, the relays
first demodulate and decode the received symbol, and only the
relays without decoding errors will re-encode and retransmit
the received signal to D.

A. Channel Model

In this paper, S represents the source node and Ry, k €
{1,---, M}, represents the k-th relay, where M > 1 is the
total number of relays. The time-invariant composite channel
impulse response between node a and node b is modelled as

L-1
ha(T) =Y hapllld (7 —1T%), (1)
1=0
where h, p[l] is the channel gain between nodes a and b at
the [-th tap, and d(x) is the unit impulse function. L is the
maximum channel order for any pair of nodes, and T =
1/B with B representing the total bandwidth. Accordingly,
the discrete Ts-spaced channel impulse response between
nodes a and b is h,p = [he(0),hap(1), -, hap(L —
1)]*. The frequency-domain channel coefficient matrix is
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(a) Cooperative OFDM Transmission

Do = hisr,, ® iy o

(b) AF Mode

(¢) DF Mode

O AF Relay

<:> DF Relay with Correct Decoding

—  Link for Signal Transmission

== Channel Convolution in AF Mode

Stop-Retransmitting Link O DF Relay with Incorrect Decoding

Fig. 1.  Cooperative OFDM uplink transmission (a) Cooperative Group
organization (b) Virtual tunnel created by cooperative relay (c) Relay selection
in cooperative OFDM uplink transmission.

H b = = diag {Hup[0],- - , Hop[N — 1]}, where Hgp[n] =
Z ha,p(d)e —25“ is the channel frequency response on the

n th subcarrier.
The channel gains h, (I) are modelled as complex Gaus-
sian zero-mean random variables (RVs). The [-th tap for the

S — Ry, channel has variance 0%3, 5(7), which is independent
L-1

of k, and Z aés(i)
i=0

are modelled similarly, with hp s(i) ~ CN(0,0% ¢(i)) and

hp,r, (i) ~ CN(0,0% (i) for each 1 < k < M. We assume

that an independent and identically distributed (i.i.d.) statistics

is assumed to each channel between the moblle node and

E CTDR

i=0
where 0 < £,, < 1 represents large-scale fadlng coefficient.

=1.The S — D and R;, — D channels

the base station, and that Z ops(i

B. OFDM Signal Model

The input data bits are first mapped to complex symbols
drawn from a typical signal constellation such as phase-shift
keying (PSK) or quadrature amplitude modulation (QAM).
An N~>< 1 vector Xg = [Xs[0], Xs[1],--- , Xg[N —1]] =
X< + X% is used to represent these symbols sent by the node
S, Where X and X are the IV x 1 data and pilot vectors, re-
spectively. D1screte s1gnal samples are generated by taking the
Inverse Discrete Fourier Transform (IDFT) of Xg. A length-
L¢p cyclic prefix (CP) is appended before transmission, and
inter-symbol interference (ISI) can be avoided if Lop > L.

The proposed cooperative transmission can be performed
within two time slots. The time slot is conceptually inter-

changeable with the OFDM symbol. In the first time slot, the
S — D and S — Ry, transmissions take place, and Ry — D
transmissions will happen in the second time slot.

C. First Time Slot

The received signal at node D or relay Ry is

Y1 =V aPEz,SFHz,SXS +Wz,17 (2)

where z € {D,Ry}, 0 < a < 1 represents the power
allocation ratio between the source node and the set of relays,
P stands for the average power of each subcarrier, €2, 18
the normalized frequency offset between nodes S and z,
W, 1 is an additive white Gaussian noise (AWGN) vector
with w, 1(n ) ~ CJ\/(O 02), and the IDFT matrix F is

defined as [Fl,, = — zgfnk for 0 < n,k < N — 1.
The frequency -offset X;endent matrix E,; is defined by

Jzﬂia

ab = dlag{l e N ,---,e
Vahd for both the AF and DF modes.
The post-DFT demodulator outputs can be represented as

r.1= FHYZ,l =V QNP (;ITSX%F&) flz,S
P. s (NxL)
+ VaNPES (XS

where z = {D, Ry}, ES", = FUE,,F, F(;
rows of F, and Xg = dlag{Xd} + diag{X%, }

D. Second Time Slot

In the second time slot, the relays will forward the received
signal from S by using the total power (1 — o) NP, and an
identical power is allocated to each relay.

1) AF Mode: The received symbol at D is

1-a)
YD = PR/ (T ZED rRFHD R TR, 1 + WD,2,

k=1
“
where pr = (aP +0,,) ? is the amplifying coefficient.

2) DF Mode: In the DF mode, each relay first demodulates
and decodes the received symbol, but only the relays without
a decoding error will re-encode this symbol and retransmit
it. We assume that m out of M relays can decode correctly,
where 0 < m < M, and the received symbol at node D is

1—a)P & S
DF_ /% ZED7R,€FHD,R;€XR;V +wpa. (5)

After performing the DFT on y} D 5, the demodulated signal is

J2meq p(N—1)
N

}. Note that (2) is

(3)
I?{i)iiz S AF I?}ivvz,lv
is the first L

1
2

’HL

DF H
'po = F YDz =

+Z\/7

1_a cir

» pH |
DRkXRk (1) ho,R,

P o, (NXL)

Cir

DRk .F&)BD,Rk +FHWD,2-

(6)

978-1-4244-2324-8/08/$25.00 © 2008 IEEE.

This full text paper was peer reviewed at the direction of IEEE Communications Societ;

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on December 1

7

subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.

2009 at 15:00 from IEEE Xplore. Restrictions apply.

2



III. CHANNEL ESTIMATION FOR COOPERATIVE OFDM

In the first time slot, the destination receives from the source
only, and hence there is no MAI. However, in the second time
slot, the destination receives the signal from multiple relays
and MALI occurs. Optimal channel estimation requires that the
MAI be totally eliminated at the destination.

A. Optimal Pilot to Eliminate MAI in The Second Time Slot

Since an identical pilot, i.e., X%, is received at each relay
in the first time slot, the received pilot at the destination D in
the second time slot is also X% if the relays simply retransmit
the received signal without modifying it. In this case, node
D will not be able to identify hp g, s in the AF mode (or
hp g, in the DF mode) for each k.

Optimal pilot proposed in [9] can be readily adapted here
to mitigate the MAI in the second time slot. Without loss of
generality, we assume that the retransmitted pilot for the relay
Ry is X’I’%k. In the DF mode, each relay can optimize its own
pilot before its retransmission. However, in the AF mode, only
an identical pilot can be retransmitted unless each relay does
some modification to its received pilot.

1) AF Mode: A modified AF relaying mode is applied in
each relay to mitigate the MAI With this modified AF mode,
the received signal yg, 1 in the k-th relay R is multiplied
by a pre-modulation matrix ITj. The received signal at D is
demodulated as in (7), where X’ék is a unique pilot of node

1—a)NP2 (1—a)NP
k’l = a( D b = D b
Qi) M(aP+ o2y 2@ M(aP 1 02)
ECDir,Rk,S = E?:)“,RkE%rk,s = E;%r,s, W, = diag{FHWRk,l}s
hp r,s = (h%hs ® hiB,m)
tionary product operation.
Assuming that a total of N, pilots are allocated per node
(including the source and the relays) and that the pilot subcar-
riers, i.e., 1, ,0u,, are identical for all the nodes. From
[9], the optimal pilots to mitigate MAI is
[X%k]ﬁ-ﬁ- :e.72ﬂ9i(k7]\71)(2L71)7 1= 17"' 7NP
st. (2L—1)M <N, <N, N/N, = integer;
0;(k—1)(2L — 1)/N # integer, k #I;
92 791 = :eNp *9/\[1)_1 :N/./\/p

cir cir P —
D,RkaERk,SXS -

, and ® represents a convolu-

®)

The matrix II, that satisfies
cir 2
Ep X%, is resolved as

Ag(

cir

Ry,S

cir

I, =Ef )" = F"Eg, sFAFUEL! (F,
(

where Aj is a diagonal matrix with [Ag], .

22760, (k—1)(2L—1) e
e N , and [Ag], = 0 for each [ # 6,. Note that
IT;, does nothing to the data subcarriers.

Since in the AF mode, the channel order for all the S —
R — D channels is 2L — 1. From (8), the condition of (2L —

n the following analysis, we assume that a unique pilot is allocated to
each relay, and each relay knows its own pilot, but how to perform this pilot-
allocation scheme is beyond the scope of this paper.

1)M < N, < N must be satisfied for the optimal pilot design,
and consequently M < |N/(2L — 1)] should be satisfied.

2) DF Mode: In the DF mode, each correct-decoding relay
will retransmit in the second time slot by modulating the pilot
subcarriers with its own pilot but without changing the data
subcarriers. The optimal pilot for Ry, in the DF mode is given
by

2270, (k—1)L

[XZIJ%J 0,0, _ € N J

i=1,---,N,

st. LM <N, <N, N/N, = integer; (10)
0;(k —l)L/N # integer, k #1;
92*91 = :aNp *9./\/?_1 :N/Np

Since the channel order for each R — D channel is L in the
DF mode, from (10), the condition of LM < Np < N must
be satisfied for the optimal pilot design, and we can easily
conclude that M < |N/L].

IV. PAIRWISE ERROR PROBABILITY (PEP) ANALYSIS

In this section, the pairwise error probability (PEP) of
cooperative OFDM by considering both the frequency offset
and channel estimation errors is derived. An orthogonal space-
time signal matrix X g = [Xg(1), Xg(2),-- - , Xg(T)], which
is the N x T matrix, is assumed. The channel remains static
over the code period.

A. PEP for the AF Mode

The probability that X g will be mistaken for another code
Ls is upper bounded by PAF {XS — ES)O <a <1} [10].
In a high SINR regime with 02 — 0, the PEP can be
approximated as in (11), where ¢, is the n-th eigenvalue of
(Xs—Ls) (Xs —Ls)"”

B. PEP for the DF Mode

In the DF mode, by using Py to represent the average
probability of decoding error at each relay, the probability

that m out of M relays successfully decode the received

M

signal is a Binomial distribution, i.e., Pelay,m = (1-—
m P]W —-m

Prelay) relay - We also use Ps_,p to represent the prob-
ability of the decoding error at D in the first time slot.

L1
. 1
Prelay and Ps_.p are given by R‘elay < H = 7
1 + 'YRES,n n
n=0 A

L—1

and Ps_.p < H [ Gosal respectively, where Yg, s.n
n=0 +

represent the SINR of the S’L — Ry, channel in the n-th tap.

In the second time slot, the m relays with correct decoding
will retransmit. The PEP that X g will be mistaken for another
codeword Lg is upper bounded by

1

L—1
DF * T
P {Xs — LS‘O <a< 1} < H | Aommals  Torals
4

n=0

, (12)
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Fi2g. 2. lgEP of the proposed cooperative transmission with L = 2 and  Fig. 3. PEP of the proposed cooperative transmission with L = 16 and
02 =103, o2 =103

where YpRr,m,» represents the SINR of the R — D channel
in the n-th multipath tap. Therefore, the averaged PEP of the
DF mode is upper bounded by

M
PEP™ < Ps_.p Y Peetay.mPPr, {Xs - ES)O <a< 1} :

m=0
(13)

V. NUMERICAL RESULTS
Uniform power-delay profiles are used between any pair of
nodeS‘ ie., E{|th7s(l)|2} = 1/L and E{|hD,Rk(l)|2}
|hDS |l\} Ly/L, wherel =0,1,2,--- | L—1.We also
assume that N = 128.

The PEP performance of the proposed cooperative transmis-
sion in the presence of both the frequency offset and channel

estimation errors is 111ustrated in Figs.2-5. All the eigenvalues
of (XS — LS) (XS — LS) are set to 1.

The PEP performance is compared between the AF and the
DF modes for L = 2 and 02 = 1073 in Fig.2. Since the DF
spatial diversity gain is proportional to the number of relays
M, a larger number of active relays results in a lower PEP. In
contrast, a larger number of AF relays results in a worse PEP
performance. This difference can be explained as follows: In
the AF mode, interference and noise accumulate in each relay,
and this interference cannot be averaged out by using more
relays. However, the DF mode eliminates the accumulation
of interference and noise in the relays. For fixed o2 = 1073
but the channel order increasing to 16, the PEP performance
is shown in Fig.3. In this case, increasing the channel order
always degrades the PEP performance in the DF mode because
this mode can obtain only a L-order multipath diversity gain.
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Fig. 4. PEP of the proposed cooperative transmission as a function of o2
with L =4, 8.

The PEP performance as a function of o2 is shown in Fig. 4,
which considers (L =4, M = 16) and (L = 8, M = 8). For
given relays, the DF mode always outperforms the AF mode
for a small 2, although both modes approach the same PEP
performance for large o2.

The PEP performances as functions of SNR are shown in
Fig.5 for L = 4, M = 16, 02> = 1072 and 10~3. The PEP
performance of the DF mode is about 9 dB better than that of
the AF mode at an error rate of 5 x 1073. As o2 increases
to 1072, the performance increases to about 11.3dB; i.e., the
DF mode has a higher interference-mitigation capability than
the AF mode.

VI. CONCLUSIONS

Optimal channel estimation in a cooperative AF or DF
OFDM in the presence of frequency offsets has been con-
sidered. For a given channel order L, the spatial diversity
gain was much easier to obtain in the DF mode than in
the AF mode. The PEP performance of an orthogonal space-
time code in the proposed cooperative transmission was also
evaluated by taking into account both the frequency offset
and channel estimation errors. For both relaying modes, a
larger channel order always implies a higher interference and
noise in relays, and this higher interference and noise degrades
the SINR. Since a (2L — 1)-order multipath diversity gain
can be obtained in the AF mode, a better PEP performance
may be obtained as the channel order increases, provided
that the channel order is not too large. Unlike the effects of
increasing the channel order in the AF mode, increasing the
channel order in the DF mode will always degrade the PEP
performance. Interference will increase if more relays are used
in the AF mode, resulting in degradation of performance. The

N=128N, =N;L =107 L=4;M=16
10° 4 T T T T T

PEP

—o—AF:oZ=10"
—x— AF: o2 =10"°
—8—DFio?=10"

—o—DF:c?=10"

18 22 24 26 28 30

20
SNR (dB)

Fig. 5. PEP of the proposed cooperative transmission as a function of SNR
with L =4, M = 16 and 02 = 1072,1073.

interference-mitigation capability of the DF mode brings a
higher performance improvement to the DF mode by using
more relays, and when the channel order is not too large, the
DF mode always outperforms the AF mode in terms of PEP.
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