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ABSTRACT

Pair-wise error probability (PEP) is analyzed in the presence of
channel estimation error (CEE) for orthogonal frequency division
multiplexing (OFDM) in a quasi-static Rayleigh fading channel.
Subcarriers in OFDM are grouped in an equi-spaced manner with
the number of subcarriers in a group equal to the number of chan-
nel taps. One group is dedicated for training and the rest are for
data transmission. A linear minimum mean square error (LMMSE)
based channel estimation for coherent detection is considered in
this paper. This enables the signal dependent CEE to be uncor-
related to the data. Since ML decoding employed with perfect
CSI becomes suboptimal in the presence of CEE, an optimal ML
decoding is derived. It is observed from our training-based PEP
expression that the CEE does not reduce the diversity order but
contributes to a loss of coding gain. Moreover, a code design cri-
terion is established. To reduce the loss of coding gain, an optimal
training scheme is developed based on the PEP expression. Loss
of performance due to an imperfect channel estimate is quantified
in terms of bounds on bit error probability (BEP) for high SNR.
Our analytical findings are corroborated by simulation examples.

1. INTRODUCTION

With the increasing demand for high data rates, orthogonal fre-
quency division multiplexing (OFDM) has become an integral com-
ponent of various standards used in applications such as digital TV,
wireless LAN and asymmetric digital subscriber lines (ADSL).
The popularity of OFDM as an effective multicarrier technique for
wireless transmission is due to its ability to transform a frequency-
selective fading channel into parallel flat fading subchannels.

For coherent detection, the receiver needs to acquire the chan-
nel state information (CSI). The acquisition of CSI is convention-
ally performed by using the transmitted training sequences known
to the receiver. The accuracy of the estimated CSI greatly affects
the performance of the receiver. Therefore, it is imperative to as-
sess the effect of channel estimation error (CEE) and to optimally
design the training scheme to enhance the overall performance of
a communication system.

A unified approach for analyzing the BEP performance of var-
ious uncoded OFDM systems using an arbitrary linear pilot as-
sisted estimate of multiplicative channel response (CR) was pre-
sented in [1]. The authors obtained a closed-form BEP expression
that enabled the derivation of the LMMSE type optimal linear CR
estimate. In [2], for uncoded square QAM constellations, the effect
of CEE on BEP was captured in terms of normalized MSE. The av-
erage BEP was approximated in [3] in the presence of intercarrier

The work in this paper was supported in part by NSF Career Grant No.
CCR-0133841 and by Arizona State University.

0-7803-8484-9/04/$20.00 ©2004 IEEE

IV -745

interference (ICI) under the assumption that the estimated CR and
the CEE were almost uncorrelated. For uncoded BPSK transmis-
sion and a receiver equipped with one or several antennas in an un-
correlated scattering Gaussian multipath environment, an analyti-
cal expression for the BER performance was derived in [4] using
the imperfect channel estimates in the decoder. Here, the OFDM
symbol period was assumed to be of a much shorter duration than
the coherence time. One OFDM block was used for channel es-
timation while the rest of the OFDM blocks were decoded based
on the estimated channel. In [5], the BER was estimated using an
analytical method in the presence of CEE that involved truncation
of the union bound for a coded system. Although this method was
demonstrated as being effective for a channel of more than two
paths, there was no expression capturing the effect of CEE on the
pairwise error probability.

Unlike the approaches in the literature, we investigate the ef-
fect of CEE on the coding and diversity gains of (pre)coded OFDM
through PEP analysis. The PEP through the union-Chernoff bound
provides a good approximation for BER at high SNR and is exten-
sively used in performance analyses [6] to provide code design
guidelines such as the order of achievable diversity. In this paper,
the derived training-based PEP provides more insight about the di-
versity order, the loss of coding gain and the code design criteria in
the presence of CEE. Furthermore, an optimal power distribution
between training and data symbols is found, and bounds on the
performance loss in dB due to CEE are derived for equal and opti-
mal power allocation on the basis of our novel training-based PEP
expression. While similar optimal training designs based on the
maximization of a lower bound on average capacity were reported
in [7] and [8] they do not capture the loss in BEP peformance due
to CEE.

2. SIGNAL MODEL

Suppose we have an OFDM system with optimum equi-spaced
subcarrier grouping [9]. The input output relationship of the m-
th subgroup can be given by

Xm = DH,,Sm + Wm, m=1,---,M (D)

where M is the total number of groups each having K subcarriers
making for a total of P = M K subcarriers. X, S, and Wy,
are the received, the transmitted and the additive noise subblocks
respectively with each of the vectors having K elements. Dy,
is a diagonal matrix with the é-th diagonal element [Dg,, ] =
H(pm,;), where H(pym,) := 3£ o h(l) exp(—2mlpm, /P). h(l) rep-
resents the [-th channel tap of the underlying L-th order FIR chan-
nel h := [h(0),h(1), -+, h(L)]" and {pm, = (i — 1)P/K +
(m — 1)}{<, denotes equi-spaced subcarrier indices. In general
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sm € S, where S denotes a set of complex numbers of finite
size constituting the alphabet of the constellation points for the
uncoded case. K symbols {s(pm,) <, are grouped together in
Sm to be transmitted through the equi-spaced subcarriers indexed
by {pm; }i=1. We assume that w,,, ~ CA(0,021x) and h ~
CN(0,071141) where I is the identity matrix of size K. K is
assumed to be equal to L + 1 throughout this paper. Note that, for
simplicity, we omit the OFDM time symbol index, as all process-
ing is carried within a particular block. We will consider a scheme
where the ¢-th group is used for channel estimation:

Xt = O—TDHf,St —+ wy (2)
where t € [1, M], o2 denotes the average power of each of the
training subcarriers and thus +tr(s¢s]’) = 1. Also note that s; are
selected from an equi-powered constellation where each member
in the constellation has normalized unit energy, e.g., PSK. This is
because equi-spaced and equi-powered pilot symbols ensure opti-
mal performance of the channel estimator [8],[10]. Also, choosing
the size of the training subblock as K = L + 1 ensures maximum
throughput over the data subcarriers when optimal power alloca-
tion over the training and data symbols is performed [7],[8]. Here,
we chose equi-spaced and equi-powered L + 1 training symbols
whose power will be optimized based on the training-based PEP
expression. The remaining (M — 1) groups are used for the data
transmission and the d-th group can be considered for the analysis
of the performance:

Xqg = 0sDg 84 + Wy 3
where d # t, d € [1, M], 0% denotes the average power at each of
data subcarriers and thus + E{tr(sgs)f)} = 1. The training and
data noise vectors w; and wq are independent and have the same
variance o2,. The transmit power is normalized to satisfy

% [a’ftr (stst ) +05(M -1)E {tr (sds;‘)}]

1
=37 [O’?—‘FO’E(M— 1)]

where the last equality is obtained from the relation P = M K.
We can rewrite (2) and (3) as
Xt = UTDstVth+Wt (5)

0sDs, Vah +wy (6)

Il
—

1(4)

Xd =

where D, and D, are diagonal matrices with the (7, ¢)-th ele-
mentas [Ds,]ii = 5(pe,), [Ds,ii = s(pa,), v* (pe;) and v7 (pa,)
are the i-th row of V; and V4 respectively with v(pm,;) :=[ 1,

exp(—27pm, /P), - ,exp(—2w Lpm;/P)]* . Also note that our
choice of p,,, corresponds to a grouping that periodically inter-
leaves the subcarriers and hence yield V; and V4 that are unitary:
V. VI = VIV, = KIg andalso VoV = VIV, = Klk.

3. MMSE CHANNEL ESTIMATION AND ML DECODING

Our goal is to derive the PEP when MMSE channel estimation
is performed. Therefore, we will assume that flMMSE is computed
from (5) using the knowledge of s; and use ﬁMMSE in (6) to decode
the unknown data sq. Using the orthogonality relationship, it is
straight forward to show that

2
0 HH Oh
hywse = 0-Vy Dst S o L 2 Trex:
o020 K + 0%,
!
= Kih+ Kow; @)
Ko2o? \/KOQOTJW ’
where K1 = w521+, Ko = 5572 and w; :=
TR+ o207 Kto? ¢
1 H H _
Tion Vi Ds, s;Ds, = Ix. Thus

w) ~ CN(0,1x). Note that hyyse ~ CN(0,071k), with o7 =
KIQJZ + K2. Now let us rewrite (3) as

xq = 05D m, 84 + 05D 84+ Wa, ®)

where ]5Hd = diag(VdflMMSE), and led =Dy,
muting D, with s4, we obtain

— ]de,- Com-

xq = 05D w84+ 0sDs, Va((1 — Ki)h — Kow}) + wa (9)

= Wy

where the term associated with estimation error due to noise at the
training phase and the noise at the data phase are lumped together
and denoted as the signal dependent noise W,. This W, can be
shown to be uncorrelated with 05D g ,Sa using the orthogonality
principle of LMMSE. For a fixed sq, W, is zero mean Gaussian
distributed with covariance matrix

-
R@b,d =F [wsdwsd]

=03((1 - K1)?0i M + K3M)D,, DIt + 07 1.

= K3

In decoding sq, we have at least two options. If there is no CEE,
i.e., the channel is known, the ML decision rule is

ML1: argmin || xq — 05D, Vih ||? (10
Sd

since, in this case h is known and w is white. Hence a possibility
is to use flMMSE as if it were the true channel, i.e, use it in place of h
in (10). However, ML1 is not the ML estimator of s4 unless Rwsd
is an identity matrix. In fact, the true ML estimator is ML2:

= |wai — [Dar,)iisa, |
. 1 K. ‘2+ 121, + di — Hg|ii9d;
arg”éi“{z{‘)g[ slsal” + ow] + e e

i=1
where x4; and sg, are the i-th element of x4 and sq respecti\%gl).
Notice that (11) will yield the same result as (10) if s has constant
modulus entries that would make R, independent of sq. As
ML2 is more complex we will focus on ML1 for PEP analysis in
the presence of CEE.

4. PEP IN THE PRESENCE OF CEE

In the presence of CEE, we have the signal model in (9). There-
fore, using (10) for decoding gives us the following Chernoff bound
for the PEP:

P (sd — s |HMMSE><eXp < o3 VDI DV ghywse )
! Bwse ) < _

4e™M Rws e

<exp
4ﬁ"ldx

MMQE A hMMSE ) (13)

( U& MMSEVHDHD thMM5E>(12)
—exp(

where Omax := [K 3v + o2,] is the maximum eigenvalue of R

v := max {|sq, | }i:l» e = Dy,

si)/ || 05D, (sa—s) |, aunit Vector, and the inequality in (12)

is obtained observing the fact that eHR@Sd e < Bmax. Equality in
2yvHPH

(13) is obtained with AL := W

PEP is bounded as

Ws s

— Dsé,e = UgDHd(Sd —

. Thus the average
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P(sq—sy) < By o [exp (fﬁZ}MSE A hyse )]
f[ R
2y/
paiet 1+ Uh/\i
—r

”
H )Sdi B S;li

i=1

o} K(Kiop + K3)

—2
14
- 4[Ksv + 02 19
N—— —

flor,os)
0'2K -r T 9
~ ) o) T [sa = sk 9)
4o0%, ol v

s
2 ;|2
U(SKSd-_Sd- .
/\gzi’ d 1‘} is the

4[K31/+o'12”}

where 07 = (Kfoj, + K3),
i=1

i-th eigenvalue of AL, r < (L + 1) is the rank of AL, -y is the per-
centage of total power employed for training, i.e., v := 02K /P
and g(v) := v(1 —~v)/(v —v(v + 1 — M)). Equation (15) can
be obtained using f(o,,0s) ~ oi K Mg(y)/402 at high SNR
(62 <« 1) and is derived in Section 5. We include it here to show
that the diversity order is 7 < (L + 1), the rank of A., which is
the same as D.. When there is no CEE, i.e., with flMMSE = h, we
have, K1 = 1, K> =0, K3 - 0 and ?37‘: 1,i.e., (14) becomes

P (sq — sy) < (ZZ[;) Ul |sa; — s, |0 (16)
which is the familiar expression for tﬂg known channel case [6].
Comparing (15) with (16), it is apparent that although the diversity
order r is not affected, there is loss of coding gain in the presence
of imperfect channel estimates. However, the code design criterion
that ensures maximum diversity, i.e, 7 = L 4 1 and minimum loss
of coding gain remains the same and is given by the maximization
of the product distance minys , s/, Hgi‘fl) |sa;, — st;|? . Thus the
design of effective codes requires designing D, such that it has full
rank. Group linear constellation precoder (GLCP) ©, designed in
[9] is a good choice and with which sq4 = ®s,4, where S4 comes
from a finite alphabet of constellation.

5. OPTIMAL TRAINING AND LOSS OF PERFORMANCE

We assume that the transmitter can allocate different power to
training symbol and data, i.e., the o2 and o7 may not be equal.
From (15), it is apparent that the loss in coding gain due to error in
channel estimates can be optimized by choosing v which allocates
the total power to training and data. Thus, for a fixed total bud-
get of power for an OFDM symbol, the power allocation among
the training and data subgroups affect the BER significantly. If
we allocate too much power for training, CEE will be reduced but
detectability of the data will be susceptible to noise due to weak
data SNR. On the other hand, lower power for training deteriorates
the estimated channel quality that results in poor detection even at
high data SNR. From (14), it is evident that PEP can be minimized
by maximizing f(o-,os) with respect to o and os. Thus, the
following optimization problem can be formulated to obtain the
optimal value of o and o5.

2 2 2 2
_ o5 K(Kioj, + K3)
(o) = s s (P72 an
flor,05)
with the power constraint of (4). By using
2 _ P 2 1-—yP
= — = — 18
Or K y 0§ (M — 1)K7 ( )

f(or,05) can be maximized over 0 < ~ < 1 and the optimal
Y = 7o can be obtained. This can be done numerically. However,
a closed form approximate expression of -y, for high SNR can be
obtained. With the assumption 02, < 1 we get K1 ~ 1, Ko &

UT"—“’\/?, Ks =~ % Thus,

Ko+ F) ook
4 (";27—6‘;—51/ n aa) T 402 (;éz/ n 1)
and using (18) in (19), we get f(v) ~ o7 K Mg(y)/402,, where

g(v) =~v(1 —~)/(v —~v(v +1— M)). Differentiating g(-y) the
following expression of v,, at high SNR denoted as v is ob-

tained: ND

19)

f(UT7U§) ~

. . ’yf)c \/;JF\iMTl' . o
This expression of optimal power allocation at high SNR turns out
to be identical to the one in [7],[8] with v = 1, e.g., uncoded
OFDM with unit energy PSK constellation, although their opti-
mality criterion was a lower bound of average training-based ca-
pacity.

Comparing (15) and (16), we can quantify the loss of perfor-
mance due to CEE for a particular value of ~ at high SNR.

My(l—v) 17
v—yv+1-M)
21

Therefore for equal power allocation, i.e., for y = ﬁ, with Uf =
0% = 1, we have the following bound.

P(sq — sy)] . r

[ ( d d)}psnsc[ < 1 (22)

[P (54 — s)] Vi1

[P(sqa — s’d)}perfecl Ug ' = [
[P(sa — )]

— 02
imperfect —Sv+1
UT

imperfect
Similarly, for v.., we reach the following bound.

Thus, using the union bounds on BEP, (22) and (23), it can be
shown that channel estimation incurs no more than 10log,, (v +

1) dB and 10log,o(M (/v + VM — 1)_2) dB loss with equal
power and optimal power allocation respectively from the perfor-
mance when the channel is perfectly known. Notice that for un-
coded PSK constellations, v = 1 and the loss is about 3 dB for the
equal power training.

6. SIMULATION EXAMPLE

We demonstrate the effect of channel estimation and optimal power
allocation with GLCP-OFDM [9] and uncoded OFDM. Here, the
parameters are P = 16,L = 1, K = L + 1 [9]. The channel
is complex Gaussian with o7 = 1/(L + 1) and are fixed for one
OFDM symbol. Both s; and S4 are chosen from the normalized
unit energy QPSK constellation. The precoder ® is obtained from
Table I in [9] and normalized such that tr{ ®®"*} = K. Through
simulations, v is found to be 1.7071 for each of the code words, sq,
in GLCP-OFDM. f(v) = f(or,0s) in (17) and simulated BER
graphs are plotted as a function of v and shown in Fig. 1 for differ-
ent SNR values. We observe that BER graphs are minimum around
~Yoms Where f(y) is maximum. Thus, the effectiveness of the pro-
posed optimal power distribution based on training-based PEP is
verified. From (20) we get 7. = 0.3306 that matches closely the
o Obtained numerically for different SNR validating the expres-
sion in (20). Fig. (2) shows the BER performance with respect to
SNR, using the ML1 in (10) and ML2 in (11) for different values

IV - 747



T T T
legend for f(y)
-+ SNR5dB, 7, =0.337
<=+ SNR10dB, 7, =0.333
— SNR20dB, 4, =03308 |~ ~
- - SNR30dB, v, = 03306 N

1(y) and BER
3

BER, SNR 10 dB

BER, SNR 20 dB

Fig. 1. f(v) and BER (marked with arrow) vs. ~ for GLCP-
OFDM

. perect CSI N
. perfect CSI with o2 = 0.765 aty_= 03306

107 E:1 ™ 4 =0.3306, 0% = 0.765, o°=2.64 (ML1)
j v, =0.3306, c% =0.765, o =2.64 (ML2)
=0 125, 5;:52:1 (ML1)
R 0.125, ;=0-=1 (ML2)

10 o " 0.08125, 62=1.1071, 6°=0.25 (ML1)
o V7003125 61=1.1071, 67=0.25 (ML2)
e 170875, o§=u 1429, 6?=7(ML1) i

o 1=0875,03=0.1429 0{:7(ML2)

10° L L L L
0 5 10 15 20 25
SNR per bit

Fig. 2. Effect of channel estimation and power allocation on
GLCP-OFDM

of 7. We observe that training with higher values as well as lower
values of ~ results in high BER. Training corresponding to oo
yields the near-optimal performance. Comparing with the perfor-
mance having perfect CSI, it is evident that the cost of acquiring
CSI with optimally powered pilot is about 1.13 dB and the inaccu-
rate CSI further incurs about 1.8 dB loss. Therefore, the total loss
with optimal training is about 2.9 dB and for equal power training
the loss is about 3.9 dB. The derived bounds in (22) and (23) give
us about 3 dB and 4.3 dB loss respectively. Thus, the bounds are
tight. It is also evident that at high SNR the true ML gives slight
improvement over ML1 when channel estimate is relatively poor,
e.g., with v = 0.03125. For good quality channel estimates, e.g.,
with v = 0.875, performance of ML1 and ML2 are similar. Fig.
3 illustrates the case of uncoded OFDM where v = 1 and con-
sequently 7o, = 0.274. Both ML1 and ML2 perform the same
when sy has constant modulus entries. There is about 2 dB loss
for optimal power allocation, whereas about 2.8 dB loss for equal
power allocation. The bounds for these power allocation schemes
as obtained from (23) and (22) are 2.2 dB and 3 dB respectively,
demonstrating the tightness of the bound.

7. CONCLUSION

We have considered PEP analysis for OFDM in the presence of
channel estimation error. It is observed that the use of LMMSE
channel estimator does not reduce the diversity but causes loss of
coding gain. For a given power budget, this loss is reduced, by
optimal power allocation between equi-spaced pilot symbols and
equi-spaced data symbols based on the upper bound on average
training-based PEP expression. Also upper bounds of SNR (in
dB) loss due to training are obtained for optimal and equal power

. periect CST S
perfect CSI with o2 = 0.8207 at y_=0.274

v =0274, ni =0.83, cfzz 19
10° ¥=0.125, 6% = 6’=1
— CP 5
7=0.03125,62=1.1071, 6?=0.25
¥=0.875, 62=0.1429, 0°=7
- 5 5

10

L L L L
0 5 10 15 20 25
SNR per bit

Fig. 3. Effect of channel estimation and power allocation on un-
coded OFDM

allocation at high SNR.
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