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Abstract

In this article, we investigate the information-theoretical performance of a cooperative orthogonal frequency division
multiplexing (OFDM) system with imperfect channel estimation. Assuming the deployment of training-aided channel
estimators, we derive a lower bound on the achievable rate for the cooperative OFDM system with amplify-and-
forward relaying over frequency-selective Rayleigh fading channels. The bound is later utilized to allocate power
among the training and data transmission phases. Numerical results demonstrate that the proposed power allocation
scheme brings between 5 and 19% improvement depending on the level of signal-to-noise ratio and relay locations.

Keywords: Achievable rate, Amplify-and-forward relaying, Channel estimation, Power allocation, OFDM

1 Introduction

Cooperative transmission has been proposed as a power-
ful method to overcome the degrading effects of fading
in wireless channels [1-3]. Exploiting the broadcasting
nature of the wireless channel, cooperative transmis-
sion builds upon the idea of a number of nodes helping
each other through relaying. It extracts spatial diversity
advantages in a distributed manner and brings signifi-
cant improvements in link reliability, spectral efficiency,
and coverage area. Two popular relaying schemes are
decode-and-forward (DF) and amplify-and-forward (AF),
which are sometimes referred to as regenerative and non-
regenerative relaying, respectively. In AF relaying, the
relay node retransmits a scaled version of the received
message without any attempt to decode it. In DF relaying,
the relay node decodes the received message, re-encodes,
and transmits to the destination.

Information-theoretical aspects of cooperative commu-
nications have been investigated by several authors [4-8].
Gastpar and Vetterli [4] have examined the asymptotic
capacity as the number of relay nodes goes to infinity. In
their derivations, they have assumed arbitrarily complex
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network coding over Gaussian relay channels and ignored
the effects of fading. Wong et al. [7] have derived upper
and lower bounds on the capacity for both deterministic
(i-e., fixed channel coefficients) and Rayleigh fading chan-
nels. Optimum resource allocation has been proposed in
[9,10] to optimize the capacity of AF networks. Specif-
ically, Maric and Yates [9] have investigated power and
bandwidth allocations for a large number of relay nodes
assuming that the channel state information is available at
the transmitter. Deng and Haimovich [10] have developed
power allocation strategies to optimize the outage perfor-
mance for a single-relay AF cooperative system. Zheng
and Gursoy [11] have derived achievable rates for AF and
DF relaying with imperfect channel estimation.

A common assumption in the aforementioned works
is frequency-flat fading channel model. Although this
model is sufficient to model narrowband systems, it
becomes unrealistic for broadband communication sys-
tems where the transmission bandwidth is larger than
the coherence bandwidth of the channel. This, in return,
results in a frequency-selective channel, which causes
intersymbol interference (ISI) at the receiver. A widely
used approach to overcome the degrading effects of ISI
is orthogonal frequency division multiplexing (OFDM).
OFDM has already been adopted by various industry stan-
dards such as IEEE 802.11 (WiFi) and 802.16 (WiMax).
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Currently, there has been a growing interest in the appli-
cation of OFDM to cooperative communication systems
[12-16]. In [12], a space—time cooperative protocol with
the transmitter and receiver architecture, frame struc-
ture, and synchronization algorithms are designed for an
OFDM relay system. In [13], power loading is consid-
ered in the frequency and time domains to maximize
an instantaneous rate, assuming channel knowledge is
available at the transmitter. In [14], equalization meth-
ods for cooperative diversity schemes over frequency-
selective channels have been investigated. Ma et al. [15]
have proposed a margin-adaptive bit and power loading
approach for an OFDM single-relay system. Ibrahimi and
Liang [16] have investigated joint power allocation among
the source, relays, and OFDM subchannels for coher-
ent reception. These works are based on the assump-
tion that perfect channel knowledge is available at the
receiver and/or transmitter. In practice, the channel coef-
ficients need to be estimated and made available to the
receiver. Recent research efforts have focused on the anal-
ysis and design of OFDM relay systems with imperfect
channel estimations. Amin and Uysal [17] have inves-
tigated bit and power loading for an AF OFDM relay
systems using bit error rate as the performance mea-
sure. Wang et al. [18] have considered the resource
allocation and relay selection in a DF orthogonal fre-
quency division multiple access-based downlink network.
However, few of the current works address the achiev-
able rates for an OFDM system with imperfect channel
estimation.

In this article, we study the achievable rate for a single-
relay OFDM system with AF relaying and a training-aided
channel estimator at the receivers. We assume no knowl-
edge of channel state information at the transmitter side
realizing an open-loop scheme. Minimum mean square
error (MMSE) estimators are applied to obtain the chan-
nel estimates. In the derivation of the achievable rate of
the OFDM relay system, the channel estimation errors
are considered together with the noise forwarded from
the relay node and noise at the destination. Since the sta-
tistical distributions of the channel estimation errors are
difficult to characterize, a closed-form analytical expres-
sion for the achievable rate is mathematically intractable.
We, therefore, resort to find a lower bound on the achiev-
able rate. Then, we use this bound to allocate power
between the training and data transmission phases.

The rest of the article is organized as follows: Section
2 introduces the system model and describes the train-
ing and data transmission phases. In Section 3, we
derive a lower bound on the achievable rate, assum-
ing the distintegrated estimation of source-to-relay and
relay-to-destination links. Section 4 presents a power
allocation scheme by maximizing the derived bound. In
Section 5, we investigate the problem of cascaded channel
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estimation for the overall relaying link. Numerical results
are provided in Section 6. Finally, Section 7 concludes the
article.

Notation: Matrices and column vectors are denoted by
uppercase and lowercase boldface characters, respectively
(e.g., A,a). The transpose of A is denoted by AT, and the
conjugate and transpose of A by A™. A vector s of length
N is denoted by s = [s(1),s(2),...,s(N)]. Ix denotes a
K x K identity matrix and O stands for an all-zero matrix of
appropriate dimensions. X (i, ) denotes the (i, j)th element
in matrix X. The ith diagonal element in diagonal matrix
D is denoted by D(i). E[‘] is the expectation operator,
and log(-) represents a logarithm of base 2. The notation
n ~ CN(0,%) means that n is a circularly symmetric
complex Gaussian (CSCG) random vector with zero mean
and covariance matrix X. Matrix Vap denotes a Q X Lap
matrix whose (k, m)th element is given by Vagp(k,m) =
exp (—j2m(k — 1)(m—1)/Q), 1 <k < Q, 1 <m < Lyp.

2 System model
A three-node cooperative system is illustrated in Figure 1.
The relay node R assists transmission from the source
node S to the destination D. Each node is equipped with
a single antenna and operates in a half-duplex mode. The
transmissions and receptions are not carried out simul-
taneously. An orthogonal AF relaying strategy is applied,
whereby the source node first transmits to the destina-
tion and the relay node (broadcasting phase), and then the
relay node forwards a scaled noisy version of the signal
received and the source node is silent (relaying phase).
The underlying channels are modeled as frequency-
selective Rayleigh fading with a uniform delay profile.
To overcome the ISI in frequency-selective channels, we
apply the OFDM scheme to the relay system, which con-
verts the frequency-selective fading channel into a num-
ber of parallel frequency-flat channels free of ISI. An
aggregate channel model consisting of both long-term
path loss and short-term fading effects is considered. The
path loss is proportional to d~7, where d is the prop-
agation distance and y is the path loss exponent. By
normalizing the path loss in the source-to-destination
(S—D) link to be unity, the relative gains from source-
to-relay (S—R), and from the relay-to-destination (R—D)

S hsp Dl
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Figure 1 Relay-assisted transmission model.
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links are defined, respectively, as Ksg = (dsp/dsr)? and
Krp = (dsp/drp)? [19]. The channel impulse responses
(CIRs) for S - R, R — D, and S — D links are given,
respectively, by hsg =[hsr(1), hsr(2), ..., hsr(Lsr)],
hep  =[hrp(1), hrD(2),...,hrp(LrD)], and hgp =
[Asp(1), hsp(2),...,hsp(Lsp)]. The entries in hgg, hgp,
and hgp are independent identically distributed (i.i.d)
zero-mean CSCG random variables with variances of
1/Lsgr, 1/Lrp, and 1/Lgp, respectively. The underlying
channels are modeled as quasi-static Rayleigh fading,
whereas the CIRs remain constant in the duration of one
OFDM block and change to independent values that hold
for another block.

To avoid the inter-block interference for the OFDM sys-
tem, a cyclic prefix of length max(Lsp, Lsr, Lrp) — 1 is
applied. After the cyclic prefix is removed at the receivers,
the length of the OFDM block is denoted by Q (which
is also the number of subcarriers in one OFDM block).
We assume that both relay and destination nodes are
equipped with channel estimators. The relay node obtains
an estimate of the CIR from the S — R link through train-
ing symbols and feed-forwards this information to the
destination. The relay node also transmits “clean” train-
ing symbols so that the CIR for the R — D link can be
obtained at the destination.? In [20], it is proven that the
minimum length of training symbols required for a non-
cooperative OFDM system equals the channel length, and
the optimal placement is that the training symbols are
periodically inserted in each OFDM block. In this article,
we adopt a similar channel training strategy. The number
of training symbols is chosen as the maximum channel
length among the links, i.e, N = max(Lsp, Lsr,LrD),
where N is the number of training symbols. The num-
ber of subcarriers in an OFDM block is chosen as Q =
(M +1)N, with M > 1 being an integer. The training sym-
bols are placed periodically at positions iy = 1 + (£ —
HM+1),£=1,...,N in the OFDM block.

Let the vectors xg = [xs(l),xg(Z),...,xs(N)]T and
[xr(1), xR (2), ..., xr(N)]T denote, respectively,
the training symbols transmitted from the source
and relay nodes. The data symbols are collected in
vector y = [y(l),y(2),...,y(MN)]T. With the train-
ing symbols periodically inserted, an OFDM block
transmitted from the source node is expressed as
[%s(1), y(1), 5(2), . .., y(M), x5(2), y(M+1), ..., y2M), .. .,
xs(N),y (N — DM +1)...,y(MN)]. Let Ps and
Pr denote, respectively, the available power at the
source and relay nodes. Assuming that the train-
ing symbols are independent of the data symbols,
we define Pg = m(xgxs + E[y"y]), and

Pr = m(x{{xR + E[w{"{wR] ), where wﬁ[ is the sig-
nal vector forwarded from the relay node. The power
allocated in training and data transmission phases at

XR =
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the source and relay nodes can individually be written
as xgxs/N = aPs,E[yy] /(MN) = adPg,le{xR/N =
BtPr, and E[wgwR] /(MN) = B4qPr, where oy, ag, B¢, and
B4 are, respectively, the power allocation factors deployed
at the source and the relay node, and they are related by
ar+Mag =M+ 1and By + MBg =M + 1.

2.1 Training phase
Let the diagonal matrix Gap denote the frequency
response in the link A— B. The gth diagonal entry is given

Lap
by Gag(q) = kZ hag(k) exp(—j2m(k —1)(q — 1)/Q), 9 =
=1
1,2,...,Q, where Lap is the channel length. Since the
training symbols are placed periodically in each OFDM
block at positions iy =14+ (£ —1)(M +1),£ =1,...,N,
the £th frequency response in the training phase for link
A—B is equal to Gap(i¢), and the received vector in the
S— D link during the training phase can be expressed as

zsp(1) Gsp(1e) o - 0 xs(1)
zsp(2) 0 Gsp(2e) 0 xs(2)
zsp(N) 0 Gsp(Np) xs(N)
n(1e)
n(2¢)
+ . (1)
n(Ny)

where n(i¢), ¢ = 1,...,N is the independent CSCG noise
random variable at the destination in the iyth received fre-
quency response. The frequency response matrix in (1)
is also written as, diag[ Gap(1¢), GAB(2¢), . .., GAB(Np)] =
®Gag, and P is a selection matrix of size N x Q [20] with
the ith row equal to the ith row of the identity matrix Io.
Let the diagonal matrix Xs = diag(xs) consist of the train-
ing symbols at the source node; then the received signals
in (1) are further written in a matrix form as

zsp = Xs®Vsphsp + n¢ (2)

where zsp =[zsp(1),2zsp(2),...,zsp(\N)]L, and n; =
[n(1e), n(2¢),. .., n(N)]T ~ CN(0,021y) is the noise
vector at the destination in the channel training for S—D
link. Similarly, the received vectors in the channel training
for S—R and R— D links have the following form

zsR = / KsrXsPVsrhsg + ug (3)
Zrp = v KrpXr®Vrphrp + v¢ (4)

where Xg = diag(xg), u; ~ CN(0,02Iy) is the noise vec-
tor at the relay in the channel training for S—R link, and
vi ~ CN(0,021y) is the noise vector at the destination in
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the channel training for R—D link. We assume that the
MMSE estimator is deployed in the channel estimation.
Inserting Ksp = 1, the estimated CIRs for the A — B link
is given by [21]

hap = vKapVy

-1
X ([(ABXACDVABVI/_-\IBq)TX]ZB + O'2LABI> ZAB
(5)

where {AB} takes the values of {SD, SR, or RD}, and we
have used the fact E[hABhXB] = I1,;/LaB. Let hap =
hap —ﬁAB be the estimation error for the channel gains in
the A— B link. The error covariance matrix is thus given

by
! I+
Lag

2.2 Data transmission phase

In the data transmission phase, the information sym-
bols are first broadcasted to the destination and the relay
node (broadcasting phase), and then the relay node for-
wards a scaled received signals to the destination (relaying
phase). The received vectors at the destination during the
broadcasting and relaying phases are given, respectively,
as

o oTxH

~ ~ KapVEL®@TXHX 0V ,ap\
E[hABhIZB]: ABVaB A NA AB

02LAR

(6)

r; = Ggpqy + ngq (7)
ry = Ay/KrpGRrpdIR + &d (8)
where rg = +/KsrGsrqy + Wq is the received vector

at the relay node during the broadcasting phase, wq ~
(0,02I1y) is the CSCG noise vector at the relay, diago-
nal matrices Ggpqg = PGsp, Gspa = PGsg, and Grpg =
®Gpp designate, respectively, the frequency response for
S — D, S — R, and R — D links in the data transmission
phase, ® is a selection matrix of size MN x Q obtained
by removing the rows in @ from I, A is the amplification
coefficient at the relay node to guarantee that the power
of the signal forwarded from the relay does not exceed

MNB4Pr \/ BaPr
[[rr| |2 KspagPs+02’

and ng, g4 ~ (0,02Iyn) are the CSCG noise vectors
at the destination during the broadcasting and relaying
phases. From (7) and (8), the overall received vector at the
destination in the data transmission phase is

the available power, and A =

Gspd ng
= + 9
' ()»«/KSRGSRdGRDd > Y ()»GRDde +8d ) ©)
2, and Jr = =%

!0 = VKA, Js = g

Let the diagonal entries in GABC collect the estimated

— Er
where r [r1 r2
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frequency response in data transmission phase for the
link A — B. The associated estimation error is there-
fore obtamed as GABC = GaBC — GABC, where GABC =
<I>GAB, and GAB is of size Q x Q, its diagonal elements
designated as the estimated frequency response for the
link A — B. From the channel estimate given in (5),
the gth diagonal entry in Gag is given by GAB(q) =

Lap

> hap(k) exp(—2n(k — 1)(g — 1)/Q), ¢ = 1,2,...,Q.
k=1
Organizing the estimation errors and noise components

into one vector, the input—output relation in (9) is rewrit-
ten as

r= ady +v (10)
where G = ( GASDd ~ ), vector v collects the
A+/KsrGsrdGRrDd

channel estimation errors, additive Gaussian noise at the
destination, and noise forwarded from the relay node, and
it has the following form:

(%)
vV =
V2
( GSDd ) y
A/ Ksr (GSRdGRDd+GSRdGRDd+GSRdGRDd)

nq
+ 11
( AGRDAWd + 8d ) (D

3 Lower bound on the achievable rate

In this section, we derive a lower bound on the achievable
rate for the cooperative OFDM system under considera-
tion. The achievable rate for the training-aided system is
given by [20,22],

C = maxI(r, Gg; y) (12)
py)

where p(y) is the probability distribution of y, and
I(r, D y) denotes the mutual 1nf0rmat10n between the
observation r, channel estimates Dng, Gng, and GRDd,
and data vector y. Since the statistical distribution of v
in the received vector is difficult to characterize, we seek
a lower bound on the achievable rate. Following similar
steps in obtaining a tight lower bound on the achievable
rate for a non-cooperative multiple-input multiple-output
system [22,23], a lower bound for (12) can be found by
imposing assumptions that the input data y is i.i.d zero-
mean Gaussian, and vector v is Gaussian distributed with
the same first- and second-order statistics that are speci-
fied by the random vector in (11). The lower bound can
be evaluated as Cj, = éE [log det( —i—Rv GdRyG )]
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where Ry = Elyy"] = ayPsIyy, and Ry = E[vv!’]. The
bound is further evaluated as

1 PN
Cp, = aE [log det (I + aPsR;, ' GspaGhng

+adPS)»21(SRR;21 GSRng{dGRDdGIIde)]
(13)

where the expectation is with respect to the random vari-
ables in GSde GSRd, and GRDd, matrices Ry, and Ry, are,
respectively, the autocorrelation of v; and vy,

v = E[ Gspayy Gl4] +E[ngnf]
= agPsE[ ESDda?Dd] +0 Iy
Ry, = A2KsrataPs (E [GsraGhiqGrodGipg]
+E [GsraGhirgGroaGRipa
+ E [GsraGlhyGroaGihg]) + 02 + 1)U2IA(41N5)

The matrices in (14) and (15) are diagonal. The lower
bound on the training-based achievable rate in (13)
becomes

MN -
1 a4Ps|Gspa (i) >
Cp=—— S E|log (14 2d5sDdOF
b= NM+1) ; [ 8 ( 0)

(16)

o4 PsKsrA2 Dsra(i)|?|Groa (i)
+ ;
Ry, (i)

The ith diagonal entry in GABd is equal to the ith
element in vector ®Vaghap,i = 1,. .,MN. From (6),
the variance of the diagonal entries in GABd is identical
for a specified A— B link. Assuming each training sym-
bol has identical power, the variance of the ith diagonal
entry in Ggpg, Gsrd, and Grpq are therefore expressed,
respectively, as

Lsp

e
E[|Gspa()|*] = @JsN 1 Lsp (17)
~ ) Lsr
E[|G N 18
[1Gsra ()] wsKsxN + Lo (18)
El |Grpa()] =~ (19)
BJRKRDN + Lrp

By revoking E[ |Gaa()|?] = 1 — E[|Gapa()[*], Gapa (i)
are thus i.i.d. CSCG random variables for all i, due to the
deployed MMSE estimation. We have

oJsN )

—_— (20)
agJsN + Lsp

Gspa(i) ~ CN (o,
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~ ayJsGsrN
G ~C 0, ————— 21
swal@) ~ CN ( aJsKseN + LSR) =
-~ . BJRKrRDN
G ~C 0,— 22
rpd() N( BURKRDN + LRD) 22)
Recall A2 = %. Inserting (17), (18), (19), (21),

and (22) into (15), the covariance matrices of v; and v, are
given, respectively, by

agPsLsp + (aJsN + Lsp)o?

" (asN + Lsp)
T
Ry, = LN
(aJsKsrN +Lsr) (BJRKRDN +Lrp) (Ksrad/s +1)
where

= (KsrKRrp BaJr®dPs) (LsRLRrD + at/sKsRLRDN
+ BURKRpLsRN) + 0% (KrpBaJr + KsrataJs + 1)
(atJsKsrRN + Lsp) (BRKrRDN + Lrp)

The following normalized CSCG random variables are
introduced as

Gspa(i)

[___aJsN
(atJsN+Lsp)

Gspa(i) = ~CN(0,1)

~CN(0,1)

~CN(0,1)

Since G ABd(?) has the same distribution Vi, then Cy, in
(16) is further evaluated by,

M

M+1

where %, y, and z are exponentially distributed, with prob-

ability density functions given by e ™%, e7?, and e~ %, respec-
tively, B; and B, are expressed as
2
awogJSMN
B = &) (24)
(g1oe + &)

a0 JEMN?JRK 2 K20 BeBa

By = -
BB+ @b+ g5

(25)
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and gx,k =1,...,5 are given as

g1 =(MN — Lgp)Js, g2 = (M + MJs + Js)Lsp
8 = — KspKgpaa/g/sLsrN — Kgp/gN (@JsKsgN + Lsr)
g4 = — KsrKrp/radJs (LsRLRD + atJsKsRLRDN)
+ KsrKgpoaJg/sLseN (M + 1)
+ (@JsKsrN + Lsg) (KgpJaN(M + 1)
+MNKrp/rKsrtdJs + MNKrp/R — LrDKRDJR)
g5 =KsrKrp/radJs (LsRLRD + atJsKsrLrpN) (M + 1)
+ (atJsKsgN + Lsr) (Krp/R(M + 1)
+MKsrag/s + M) Lrp
(26)

4 Power allocation

In this section, we aim to find the power allocation fac-
tors between the training and data transmission phases
at the source and relay nodes to maximize the derived
bound on the achievable rate. Since the power allocation
factors in the data transmission phases («; and S4) can be
expressed as functions of the power allocation factors in
training phase (o; and B¢), we can obtain optimal o; and
Bt by solving the following optimization problem

(&, Br) = arg max Cyp (27)

Py

It seems difficult to obtain a closed-form expression for
the integral in (27). However, by noting that the integrand
required for expectation in (23) is monotonically increas-
ing with B; for fixed B, and vice versa, we can resort to a
suboptimal solution by maximizing B; and B, separately.
From (24), B; is not a function of B; and is convex with
respect to oy, which can readily be determined by check-
ing %Btzl < 0. The optimal value for o; to maximize Bj is

then given by

.1
a= (—gz +V& + QoM+ 1))

On the other hand, By is convex with respect to f; ,
4By
dpt
maximize By can be obtained by

(28)

ie., < 0. Inserting (28) into (25), a suboptimal j; to

g5+ @ T GM+ D) (B + 1) + 1)
BM+1)+g

Bro =

=0y

(29)

5 Lower bound on the achievable rate and power
allocation for the case of cascaded channel
estimation

So far, we have assumed that both relay and destina-

tion nodes are equipped with channel estimators and the

Page 6 of 10

channel estimates in S—R and R—D links are obtained,
respectively, by the training symbols sent at the source and
the relay nodes. In this section, we assume that only the
destination is equipped with a channel estimator. There-
fore, it is the duty of the destination to obtain an estimate
of the overall relaying S—R—D link using the training
symbols sent from the source. In describing this alterna-
tive scheme, we try to use the same variables, whenever
possible, as in prior sections, or we use (*) whenever
necessary.

Inserting the training symbols periodically (similar
placement as in prior discussion), the OFDM block
transmitted at the source node is written as d =
[xs(l),y(l),y(Z), e y(M),x5(2), y(MA+1), ..., y2M), . . .,
xs(N),y ((z(f — DM+ 1) o ,y(MN)], where x5 (0), i = 1,

...,N are the training symbols. The power con-

. . _ 1 H
straint at the source is Ps = GLIDN (xgxs + Ely"y]),

xgxs/]([ = aPs, E[yHy] /(MZ(]) = agPs. To remove
inter-block interference, a cyclic prefix is added at the
beginning of the transmitted vectors at the source node.
Let dy.p denote the transmitted vector with cyclic prefix,
the length of which is é + L¢p, where é = M+ 1)]<[ is
the total length of training symbols and data information
(length of vector d), L is the length of the cyclic prefix,
and “wcp” stands for “with cyclic prefix” The received
signal at the relay can be expressed as +/Ksrhsg ® dyep, in
addition to the noise at relay, where ® denotes the opera-
tion of convolution. Scaling the received signal by factor
A= Z

(Q+LCP)(I<5R (Na¢+MI<[ad)Ps+02)
the signal to the destination. The received signal at the
destination is, therefore, A«/KS[J(RDhRD ® hsg ® dwep
and subject to the noise forwarded by the relay and noise
at the destination.

The overall convolution channel in the relaying link
S—R—D is hsgp = hsr ® hgrp, the length of which is
Lsgp = Lsr + Lrp — 1. The minimum length for the
cyclic prefix in order to avoid inter-block interference is
min(Lcp) = max(Lsp, Lsrp) — 1. Removing the cyclic pre-
fix and taking FFT, the received OFDM block (including
training and data transmission phases) at the destina-
tion is Av/KsrKrpGsrpd, plus the noise forwarded from
the relay and noise at the destination, where Gsgrp is the
diagonal matrix of frequency response, and the gth diag-

, the relay forwards

Lsrp
onal entry Gsgp(q) = Y. hsrp (k) exp(—j2m(k — 1)(g —
=1
1)/Q), ¢ =1,2,...,Q.The estimate of the overall relaying
channel is
hsep = 1v/KsRigy, Vikp ¥ T XY

-1
X (T]ZI(SRXS \I’VSRDRSRDVgRD\I’TX? + GZI> ZSRD
(30)
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where = /KgrpA, Rhgp = E[hSRDthD] zsrp = Yd,
WV is the selectlon matrix collecting ¢; = 1+ (£ — 1)(M +
D,i =1,. N rows from Ié Let hSRD = hsgp — hSRD
denote the channel estimate error for the relaylng link.
The error covariance matrix Ry o = E[hSRDhSRD] is
diagonal with the ith diagonal entry given by

Rpggy, (9)
1+ nZI(SRNOl,;]SJZRhSRD (D)

() = (31)

RﬂSRD
where Rjg, (i) is the ith diagonal entry in Rpg,. Orga-
nizing the channel estimate errors and noise components

into vector f, the received signals at the destination is
written as

aSDd
= f 2
(r) KsrGsrpd ) v+ 32
where
= (8) = (vrcton )7 s ves )
KsrGsrpd NGRDAWd + &d
(33)

Since the overall cascaded channel is no longer Gaus-
sian, the derivation of a lower bound on the achievable
rate for the system in (32) is intractable, as discussed in
[24]. However, an approximate lower bound can be found
by imposing similar assumptions as in [22,23]. Specifically,
assuming that the input data y are i.i.d zero-mean Gaus-
sian, and vector f is Gaussian distributed with the same
first- and second-order statistics specified by the random
vector in (33), we obtain an approximation of the bound

as follows: Clb ~ é]E [log det (I + R;ladRyagl>], where
Ry = Elyy"]= a4Pslyn, and R¢ = E[ff7]. Expand-
ing the determinant, the approximation of the bound is
further expressed as

i ~ ”6 E [log det (1 + aqPsRy; GspaGihg

+agPs UZKSRREZIGSRDdag{Dd)] . (34)

The matrices in (34) are all d1agonal with Ry, =
Ry,,Rg, =1 KSRadPSE[GSRDdGSRDd] +(n* + 1)o1. The
bound thus becomes

Cp = ZE |:10g (1 n adPslleGg(li;(l)l

@aPsnKsr|Gsrpa (i)
Re, ()

) -

where R, (i) = “dPStr(RﬂSD)¢ Re, (i) = nZI(SROldpstr
(RhSRD) + (n®> + 1)0?, and tr(-) denotes the trace opera-
tion. Note that @SRDd(i) is Gaussian and E[ |65RDd(i) 2] =
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tr(Rpggp,)
Gsrpd (i) =

- tr(RESRD). Introducing random variables

1

G i), we have
\/tr Roc) (R srpd (2)

)

hsrp

aaPs (tr(Ragy) ~tr(Ri, ) ) 1Gopa (i)
agPstr(Rg ) + o2

1 MN
Cp = EZE log| 1+
i=1

aaPsiPKsw (r(Rngep) — tr(Ri, ) ) Gspa (i) ﬂ

_|_
adPsn*Ksrtr (R ) + (0% + 1o?

(36)

There seems no analytical solutions to the power alloca-
tion factors a; and agq to maximize (36). The solutions can
be obtained by maximizing the bound numerically.

6 Numerical results

In this section, we present numerical results to elabo-
rate the derived bound on the achievable rate and the
possible improvements through the proposed power allo-
cation schemes. Unless specified otherwise, the plots are
obtained for the disintegrated channel estimation scheme
described in Section 2.1. For simplicity, the angle between
links S — R and R — D in the relay system is chosen as
0 = 60°, and the relay is located at equal distance from the
source and the destination, except for the case where the
effect of relay locations is considered. The following power
allocation schemes for the training and data transmission
are considered:

e The proposed power allocation (Proposed-PA)
strategy, with the values of & and f; given,
respectively, in (28) and (29).

e Uniform power allocation (Uniform-PA) with
ar=p=1

e Numerical power allocation (Numerical-PA), with
the values of «t and B¢ obtained by a numerically
exhaustive search to maximize the lower bound on
the training-based achievable rate in (23).

6.1 Performance of power allocation schemes

Table 1 lists the power allocation factors at the source
and relay nodes by the Proposed-PA and Numerical-PA
for different SNRs. The channel lengths are as follows:
Lsp = 4,Lsg = Lrp = 3. The OFDM block length is Q =
N(M + 1) = 164, with N = 4, M = 40. Figure 2 plots the
bounds on the achievable rate for different power alloca-
tion schemes. As a benchmark, we also plot the achievable
rate of a genie-aided coherent OFDM relay system with
perfect channel state information, which is obtained from
(13) by inserting o = 0,42, = A*|,_, ¢.Ry
CN(0,0%1), and Ry, ~ CN (0,6%(2% | GrpaGRpy + DI).
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Table 1 Comparison of the power allocation factors for Proposed-PA and Numerical-PA

SNRindB Proposed-PA & Numerical-PA oy Proposed-PA ,ét Numerical-PA B¢
0 742 7.36 6.6 6.31
6 6.15 631 543 526
12 574 526 5.07 5.26
18 5.63 5.26 4.97 5.26
24 5.60 5.26 4.95 5.26
30 5.60 526 4.94 5.26

The achievable rate of coherent OFDM relay system is
thus given by

(M + 1)Ps
CCOh =K |:10g det (I + W

2
(M + 1)KrDPs).2

H
GSDdGSDd

Mo?
X GsrdGipg (oon GRDAGRDg + D)™ GrDaGRpy) ]

(37)

where a ratio (M + 1)/M is applied, because it is not
necessary for the genie-aided coherent relay system to
allocate power to the channel training. From Figure 2, we
observe that the SNR gap between the Uniform-PA and
coherent case is about 2.8—3 dB, and the achievable rate of
the coherent transmission is 0.7-1.1 bits/s/Hz or 12-37%
higher than that of the Uniform-PA. The Numerical-PA
scheme reduces the gap by about 1.6dB and provides
0.3—-0.6 bits/s/Hz or 5-16% improvement for the bound
on the achievable rate over the Uniform-PA scheme. It is
also observed that the performance of the Proposed-PA
scheme is almost identical to that of the Numerical-PA
scheme.

—<— Coherent
9if —*— Numerical - PA : P!
—6— Proposed - PA yd
8{| —=— Uniform - PA P
—P>— Numerical - PA (cascaded estimation) g
7]l —<— Uniform - PA(cascaded estimation) 1

Lower bound on achievable rate (bit/s/Hz)

0 i i i i i
0 5 10 15 20 25 30

SNRin dB

Figure 2 Comparison of Numerical-PA, Proposed-PA, and
Uniform-PA schemes (Q = 164).

To demonstrate the performance in the case of cascaded
channel estimation described in Section 5, we obtain the
power allocation factors by numerically maximizing the
bound derived in (36) and plot the maximized bound. As
shown in Figure 2, the curve is marked by “Proposed-PA
(cascaded estimation).” In this case, the number of train-
ing symbols is N = max(Lsp,Lsg + Lrp) — 1 = 5,
and the OFDM block length is chosen as 205. The bound
in (36) with uniform power allocation o = 1 is also
included, marked by “Uniform-PA (cascaded estimation)”
It can been observed that, with appropriate power allo-
cation factors, the lower bounds on the achievable rates
remain almost the same, regardless of whether the chan-
nel gains in the relaying link are estimated as two separate
channels or as one overall channel.

In the following, we demonstrate the impact of some
practical parameters such as OFDM block length, relay
location, and channel lengths on the bound of the achiev-
able rate.

6.2 OFDM block length
In Figure 3, we investigate how the length of OFDM
block impacts the derived bound on the achievable rate

w
o

@«
~

—<— Coherent ]
—%— Numerical - PA
—6— Proposed - PA . Y
—=— Uniform - PA P

©
()

w

Lower bound on achievable rate (bit/s/Hz)
n
(o]

261 el

24t J

22 ]
20 56 160 150 260 250

Total block length

Figure 3 Effect of block length on the bound of achievable rate
(SNR= 10dB).
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for SNR =10 dB. Plots indicate that the Proposed-PA and
Numerical-PA schemes are consistently better than the
Uniform-PA scheme regardless of the block lengths.

6.3 Relay location

In Figure 4, we investigate the effect of relay location on
the derived bound. The level of SNR is fixed at 10dB.
The ratio Ksgp = Ksr/Krp (in dB) is introduced to
reflect the relative relay locations. The more negative this
ratio in dB, the closer the relay is placed to the des-
tination. On the other hand, positive dB values of this
ratio indicate that the relay node is closer to the source.
The plots in Figure 4 suggest that the cooperative system
achieves higher lower bounds when the relay is close to
the destination. The Proposed-PA scheme can provide an
improvement of 17-19% on the bound, in comparison to
that of the Uniform-PA scheme depending on the relay
location.

6.4 Channel lengths

In Figure 5, we investigate the effect of channel lengths
on the achievable rate. We consider the following three
scenarios:

® Scenario 1: Lsp = 30, Lsg = 3, Lrp = 3
e Scenario 2: Lsp = 3, Lsg = 30, Lrp = 3
® Scenario 3: Lsp = 3, Lsg = 3, Lrp = 30

For these channel configurations, the number of pilot
symbols increased to N = max(Lrp, Lrp, Lrp) = 30. We
choose the block length Q = 30(M + 1) = 150 with
M = 4, and SNR =10dB. It can be observed that the sys-
tem achieves almost the same bounds for Scenarios 2 and
3, and a little less for Scenario 1. These can be explained
through the values of B; and By. One can observe from

-~
N

—<— Coherent
—%— Numerical - PA 4
—©6— Proposed - PA
—+&— Uniform - PA

S
T

ol
o
T

w
)
T

Lower bound on achievable rate (bit/s/Hz)
w
B

3.2
3t ]
H- = 5 —H1
281 2 Pz «
26 i N = e e = i
-30 -20 -10 0 10 20 30
KSRD indB

Figure 4 Effect of relay location on the bound of achievable rate.
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=
o

9| —&— Coherent
—*— Numerical - PA|
—oO— Proposed - PA
—+&— Uniform - PA

Scenario 2,3

Lower bound on achievable rate (bit/s/Hz)
[4)]

0 5 10 15 20 25 30
SNRin dB

Figure 5 Bound on achievable rate for different channel length
combinations.

(24) and (25) that By and B; capture, respectively, the
equivalent SNR in the direct link and in the relaying link
with imperfect channel gains. In Scenarios 2 and 3, B;
and B, yield identical values, resulting in a similar per-
formance for the mutual information. On the other hand,
for Scenario 1, the value of B; drops by 89% while B,
increases by 32%. The larger drop in B; results in a little
more decrease of the bound in Scenario 1.

6.5 Channel estimate and power allocation

To illustrate the performance of the Proposed-PA scheme
on channel estimates, we examine the mean square error
(MSE) in the channel estimate with and without power
allocations. Figure 6 plots the MSE of channel estimate

—H— Proposed - PA
Uniform - PA

MSE of channel estimate

0 5 10 15 20 25 30
SNRin dB

Figure 6 MSE of channel estimate.
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for the S— D link using the Proposed-PA and Uniform-PA
schemes. The number of training symbols is N = 4, and
the OFDM block length is Q = 164. Plots indicate that
the Proposed-PA scheme provides about 7dB SNR gain
over the Uniform-PA scheme. Smaller errors in the chan-
nel estimate help improve the training-based achievable
rates for the Proposed-PA scheme.

7 Conclusion

In this article, we have investigated the achievable rates
for a single-relay OFDM system with imperfect channel
estimation. We first obtained a lower bound on the achiev-
able rate and then used this bound to optimally allocate
power between the training and data transmission phases.
Since the optimum solution does not yield a closed-form
expression, we proposed a suboptimal scheme by sequen-
tially maximizing the terms in the integrand of the lower
bound. Monte Carlo simulations demonstrate that the
proposed power allocation scheme brings improvements
of 5-19% depending on the SNR and relay locations in the
bound on achievable rate, depending on the relay location
and level of SNR.

8 Endnote

2 In Section 5, we will further consider an alternative
scheme in which only the destination is equipped with
a channel estimator and therefore the overall cascaded
channel is estimated.
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