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Abstract. A novel hybrid channel estimator is proposed for
multiple-input multiple-output orthogonal frequency- divi-
sion multiplexing (MIMO-OFDM) system with per-subcar-
rier transmit antenna selection having optimal power allo-
cation among subcarriers. In practice, antenna selection
information is transmitted through a binary symmetric
control channel with a crossover probability. Linear mini-
mum mean-square error (LMMSE) technique is optimal
technique for channel estimation in MIMO-OFDM system.
Though LMMSE estimator performs well at low signal to
noise ratio (SNR), in the presence of antenna-to-subcar-
rier-assignment error (ATSA), it introduces irreducible
error at high SNR. We have proved that relaxed MMSE
(RMMSE) estimator overcomes the performance degrada-
tion at high SNR. The proposed hybrid estimator combines
the benefits of LMMSE at low SNR and RMMSE estimator
at high SNR. The vector mean square error (MSE) expres-
sion is modified as scalar expression so that an optimal
power allocation can be performed. The convex optimiza-
tion problem is formulated and solved to allocate optimal
power to subcarriers minimizing the MSE, subject to
transmit sum power constraint. Further, an analytical
expression for SNR threshold at which the hybrid estimator
is to be switched from LMMSE to RMMSE is derived. The
simulation results show that the proposed hybrid estimator
gives robust performance, irrespective of ATSA error.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM)
is a popular method for high data rate wireless transmission
[1]. Wireless standards such as digital audio broadcasting
(DAB), digital video broadcasting-terrestrial (DVB-T), the
IEEE 802.11a local area network (LAN) and the IEEE
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802.16a metropolitan area network (MAN) have adopted
OFDM technology. OFDM is also a potential candidate for
fourth-generation (4G) mobile wireless systems. When
OFDM is combined with multiple-input multiple-output
(MIMO) system, it converts the frequency selective chan-
nel of the MIMO channel into a set of parallel frequency-
flat channels. This decreases the MIMO receiver complex-
ity [2]. Further, MIMO system provides spatial diversity by
having spatially separated antennas [3]. Combination of
OFDM and MIMO aims to increase the diversity gain
and/or to enhance the system capacity [4]. Further, antenna
selection in MIMO-OFDM systems provide considerable
gains while only requiring a small amount of feedback to
convey information to the receiver about the chosen trans-
mit antennas [5—7]. The antenna to subcarrier assignment
(ATSA) is signaled in a control channel from the transmit-
ter to receiver.

In MIMO-OFDM systems, the antenna selection can
be performed based on group-of-subcarriers or on a per-
subcarrier. In bulk selection, one or more antennas are
chosen among the available antennas, based on signal to
noise ratio or based on performance metrics such as capac-
ity or bit error rate (BER), for transmission on all frequen-
cies. This reduces channel state information (CSI) feedback
requirement and number of radio frequency (RF) chains.
The per-tone selection is capable of achieving a much
lower BER as it exploits an additional degree of freedom
that allows the antenna selection to differ across the
utilized bandwidth [8], [9].

In MIMO-OFDM system with per tone transmit an-
tenna selection, channel estimation is the most essential
task in compensating distortion from channels. LMMSE
based channel estimation technique performs well in rapid
dispersive fading channels and it is proved to be robust
against channel power delay profile [10-12]. In [13],
LMMSE channel estimator for a system employing per
tone selection is derived. The performance of LMMSE
based channel estimator in MIMO-OFDM system is
improved by combining with optimal power allocation
[15-18]. Extending this to per tone antenna selection
scheme is not simple as the autocorrelation matrix is non-
invertible due to fluctuations in its rank. This paper pro-
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poses a LMMSE based channel estimation along with
optimal power allocation scheme for MIMO-OFDM with
per tone antenna selection system. An eigenvalue decom-
position (EVD) of the autocorrelation matrix is employed
to obtain a scalar MSE expression such that optimal power
allocation scheme can be applied. A convex optimization
framework is formulated to minimize the channel estima-
tion MSE subject to sum power constraint. The improve-
ment in the performance of LMMSE estimate with optimal
power allocation is validated through MSE and BER
analysis.

When LMMSE channel estimator is used in the sys-
tem employing per tone selection with ATSA error, it re-
sults in intolerable performance at high SNR. This is due to
error introduced in channel frequency correlation [12]. To
overcome this problem in the system with equal power
allocation to subcarriers, a hybrid estimator is proposed in
[13]. This paper extends the design of hybrid estimator
with optimal power allocation to subcarriers. Hybrid esti-
mator requires less knowledge about the channel correla-
tion and robust to ATSA error. It improves the perform-
ance of LMMSE estimator by switching to relaxed MMSE
which is less complex and easy to implement. A closed
form expression for the SNR threshold at which the esti-
mator switches from LMMSE to relaxed MMSE is derived
analytically.

The paper is organized as follows. System model with
per subcarrier transmit antenna selection and maximal ratio
combining at the receiver is presented in Sec. 2. The effect
of incorrect antenna selection in the channel estimation is
analyzed in Sec. 3. The proposed method of estimating CSI
is described in Sec. 4. The performance of the proposed
technique is analyzed by simulations in Sec. 5. Section 6
concludes the paper. In this paper, boldface letters are used
to denote matrices and vectors. Superscript H denotes
Hermitian operations, ® denotes the Kronecker product
and E[ ] denotes the expectation operation. vec(C) trans-

forms amatrix C=[c,¢c,,...,¢,] into a column vector

[cf,cg, . .,ci] , where ¢; is the i column vector of C.

2. System Model

Consider a MIMO-OFDM system with n, transmit
antennas and 7, receive antennas. It is assumed that the
OFDM symbol has N subcarriers. Let g(i, j) be a L x1
channel impulse response vector between the j‘h transmit
antenna and the i" receive antenna. The corresponding
channel frequency response (CFR) between the jth transmit
antenna and the /™ receive antenna at the &™ subcarrier is
given by

L-1

f. (i,j) _ zgl (i,j)eijz”lkw,

k=0,1.N-1. (1)

~

At each subcarrier, one of the #n, transmit antennas is
selected for transmission. The criterion for selecting the /™
transmit antenna is given by

jk=argmax{i|ﬂ(i,j)|2}, k=0,1.N-1. (2)

/'E[l,Z...n,] i=1

This ATSA information is signaled through a binary
symmetric control channel to the receiver. The Nx1 receive
signal vector at the i receive antenna is given by

y(f) —Xh® + w? 3)

where X is a NxN diagonal defined as

., xy_1)and x, =./p, b, . The data on the

matrix,
X= dlag (Xo, X1y -
k™ subcarrier b, is assumed to be a random variable with
zero mean and unit variance and py is power of the ™ sub-

carrier. h” is a Nx1 selected CFR vector at the i receive
antenna, defined as

K" = S, £ 4)

where
1 =[e() £(.2) . A (i) | ©

f(i,j) is the Nx1 CFR vector between the ;™ transmit
antenna and the i™ receive antenna. S, is a NxNn;, selection
matrix given by

soz[ diag(a,) diag(a,) diag(am)} (6)

where a; is Nx1 vector with its k™ element being unity if
the /™ antenna is selected for the ™ subcarrier transmission.
w? is the Nx1 noise vector with mean zero and covariance
matrix oI, of the /" receive antenna.

3. Optimal Power Allocation
Algorithm

R, is a Hermitian and positive definite matrix with
the eigenvalue decomposition

RV = glIAY (Um )” %)

where U is a unitary matrix and A" is NxN diagonal

matrix with non zero diagonal elements [ ,13"),,11("),.,,,/1,%]

The channel CFR vector h® is assumed to be Gaussian
with zero mean and auto correlation matrix Rh(i) of size
NxN. The LMMSE estimation of selected CFR vector h?”
is given by [19]
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Substituting (3), the statistical average of E[h(i)(y(i))H ]
and E[y" (y")?] are determined as

. A\H .
E{h@ (v7) } = RUX”
. S\ H R
and E[y(') (y@) } =XRVX" +571, )

where R&l’) = E[h(’) (h(’)) } Using (4), Rﬁf) is written as

. . ~N\H .
R:):SOE{f(’)(f(’)) }sj’ =S,RUS” . (10)

Substituting (9) and (10) in (8), the estimation of CFR

vector h is given by

Al . R -1 .
B = RYX (XRYX? 4021, ) ¥ (1)

The MSE in estimating the CFR vector h is defined as

e = Tr(E[Hh“) -ﬁ<”>H2D .

Substituting (11) in (12), MSE is derived as

(12)

. . . A -1
i) = Tr(Rﬁj) ~RUX" (XRS")X” +aj,1N) XRhmj. (13)

Using matrix inversion lemma,

A" -A"B(DA'B+C"') DA"=(A+BCD)" , and

A\ 1
assuming A:(Rﬁ')) , B=X", Cza;le and D=X,

(13) is simplified as
A, = Tr((O'WZXHX+(Rg) )1)1] (14)
On rearranging, (14) is rewritten as
. =Tr (Rﬁj) (o RYXX +1, )1) NGE))

As Rh(i) is a Hermitian and positive definite matrix and
X”X in (15) is a multiple of the identity matrix,

(o-;zRif)XH X+1 N) is also Hermitian and positive definite

matrix. It has the same basis of eigen decomposition as that

of Ry,” [21]. The eigen decomposition of
(o-;zRif)XH X+1, ) is written as

. N — N\ H

(o RYX X 41, )= URY (U0} (16)

where A is NxN diagonal matrix with the 7. number of non

zero diagonal elements [/T()(i),z(i),..., /Tr(i)l ] . The value of

o

lk(’) can be written in terms of /1/5[) as

ﬂ_’k(i)za;zxzxkﬂlgi)—i_l 5 k:(),l,...,l"c—l. (17)

Let p, = x,x,. The vector expression for MSE in (15) is
reduced to scalar expression as

. rel 20
hiske =Zm (18)
Mean square error in (18) can be minimized by
allocating optimal power to r. subcarriers, with the sum
power constraint i p, =P where P is the total power.
Mathematically, th:ooptimization problem is formulated as

r.—1 (l) r.—1
; p) ;
Minimize MSE=)» —* — st Y p.=P. (19)
Pe kZ:(; O'jpk/?.,gl) +1 kzz(; ‘

The equation in (19) is a constrained optimization
problem and can be solved using Lagrangian multiplier
method. The Lagrangian associated with the minimization
problem in (19) is given by

re-l (i)

r.—1
Z . /1/( +lu(2pk_Pj, k:O,l,...,I’C—l
k=0

Liup, )= -
( ’ ) k=0 Gwzpkﬂ’lgl) +1
20)

where u is Lagrangian multiplier.

The optimal power for the k™ subcarrier py is
computed by differentiating (20) with respect to p, and

equating to zero. It is determined as

2 2 i
opt __ Gw _ o-w —
D —( P l,fi)] , k=0,1,...

where ()" =max(y,0). Using (21) and the sum power

,7’2—1

ey

constraint in (19), the expression for Lagrangian multiplier
u is derived as

-2
-1
S
2,2 2
u=og | P+o, ) —| .
[ kZ: A0 j

(3

(22)

Substituting the value of x4 from (22) in (21), the expres-
sion for optimal power for the ™ subcarrier that minimizes
the mean square error of the LMMSE channel estimator is
expressed as

2

P +
O S S W R
' (n =y ﬂi’)j

2 -l
o, 1 o

4. Performance Analysis with ATSA
Error

This paper deals with MIMO-OFDM system in Time
Division Duplexing (TDD) environment. At the transmit-
ter, antenna is selected for each subcarrier based on chan-



108 K. RAJESWARI, S. J. THIRUVENGADAM, OPTIMAL POWER ALLOCATION FOR CHANNEL ESTIMATION IN MIMO-OFDM ...

nel coefficients between each transmit antenna and receive
antenna. The antenna selection information is transmitted
to the receiver through a binary symmetric control channel.
However, when the bandwidth of binary symmetric control
channel is limited, it introduces ATSA error. Convention-
ally, LMMSE estimator is employed at the receiver to
estimate the channel coefficients at the receiver. Although
it performs well at low SNR, it introduces irreducible error
at high SNR in the presence of ATSA error. This section
characterizes the MSE due to ATSA error. Let S,; be
NxNn;, selection matrix with error in the k™ subcarrier. The

resultant CFR vector is h k =S, f . The correlation ma-

SokE{f )(f(’)) }s” -s, RVs”, .

Then, LMMSE channel estimate in (11) is modified as

trix of h” is th

) = RL)kXH(XRL)kXH+o—I ) vy (9

Using simple algebraic metric, the LMMSE estimate
in (24) is modified as [20]

A = RU XX (Rg;')k "

o2 (Xx") 1) Xy (25)
With real data as pilots, (25) is rewritten as,
0 =R (R 4

h,k

7)) X0 e

The mean square error of LMMSE estimator with ATSA
error in the k™ subcarrier is written as

e amaE | 0 -5 |

=E|:(h(i)-ﬁ£i))(h(i))H (n"-B{) (A ) } @7

According to orthogonality principle, the second term
in (27) is zero [19]. Then, )

is given by

MSE k ATSA)

- E{(h([) _ﬁg(f))(h(f) )H} ) (28)

Substituting (26) in (28), ) is determined as

MSE k, ATSA

h(i)

MSE(k,ATSA) =
. i i i 71
{0 o R o) )1, )

(29)

The expression for ) in (29) can be simpli-

MSE k ATSA
fied further using eigenvalue decomposition of the terms
R}, and oR},(XX")+I,. The EVD of R} is

. . A\ H . A
UlAY (UE{')) where U is a unitary matrix and A’

NxN diagonal matrix with its eigenvalues as diagonal ele-
ments. XX in (29) is a multiple of the identity matrix.

Then, (offRﬁf’)kXXH +1 N) is also Hermitian and positive
definite matrix and it has the same basis of eigen decompo-

sition as that of Rfl’)k [21]. Hence, the eigen decomposition

of (0;2Rf:?kXXH +1 N) can be written as
(o R XX 41, )= UPAY (U (30)

where 7\&") is the diagonal matrix with its /" diagonal
element as

2 =o2xx A0 +1, j=01.,5-1 (31

where 7, is the rank of th Substituting (30) in (29),

(1) : :
hMSE(k’ azsay 18 written as
MSE k ATSA Z ﬂ'

~\H
o—szr((U(k’)) RYRY, XU (AY) j (32)
where r, is the rank of R,?. Let
~\H . . . .
(U?) RYRYXX"UY =W (33)

Using (31) and (33), (32) is simplified as
Z i Z —L - (34

With perfect ATSA, replacing Rg)k with R in (29)

and simplifying gives an expression for mean square error
with perfect ATSA in the same format as (34). It is derived
as,

r—1 r—1 (W‘(l) )
AT | 69)
j=0

=0 /1 xx +0,

where Wfi):(A(i))z(U(i))H XX?U"” . When a binary

symmetric channel with the crossover probability of g is
utilized to send the selection information in S,, the prob-
ability of receiving a symbol with no ATSA error is

9 _ [ _ =1
q, T 4,7, _(1 q) and 4. _q(l q)
The probability of receiving a symbol with error at the k™
9,
a9, + g,

[13], where g,

subcarrier is . Then, the average mean square
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error of LMMSE estimator with crossover probability g of -l U]
. . . h(;) _ l(i) _ i 40
binary symmetric channel is given by MSE(R) ; T (40)
P = XX, + 0,

(@) __ 49 (i)
h - q, +lqz,». hMSE(L‘) * 4, +q2 Z::hMSE k,ATSA) -(36)

Substituting (34) and (35) in (36) and replacing x jx;

by the optimal power p, derived in Sec. 3, hf\;)SE(q) is given

by
r—1 r—1 (Wc(l )
=q, /1 = ||t
=0 =0 /1,- p;,+o,
[/ r.—1 () -1 W/EI))
2 ﬂ’j - /1(,) - (37)
k=1| j=0 =0 &P + 0
where 7, =—— and g, = —2
q, + 9,1, q, T 491,

Multiplying each element within summation in second term
and fourth term of (37) by (/1}") » —aj,) and (/1“ p - 2)

respectively and ignoring the term o to get high SNR

approximation results in

) S0 _-% (W) o (W)
i — i — i = 2
Mise(q) = @ A =4 @ ~+40, — 5+
Jj=0 j=0 ﬂ// p/ j=0 (lj(l)p/)
_ r. r-l (1) _ r, n—l (Wlil))jj _ ., r, -1 (WJEI) i
2 le —4q, 20 +4,0, )\
k=1 j=0 k=l j=0 Ay D; k=1 j=0 (Akijpj)
(38)

5. Proposed Hybrid Estimator with
Optimal Power Allocation

The performance degradation of LMMSE estimator
due to the error in selection information can be overcome
only if the correlation matrix R, is independent of selec-
tion matrix. If suppose, the LMMSE estimator is relaxed to
use the identity matrix instead of correlation matrix Ry,
then the performance degradation can be minimized sig-
nificantly [22]. In (11), substituting R,"= al, the relaxed
MMSE estimate is derived as

By = X" (XX" +021,) "y, (39)

By minimizing E(“h(z‘) —h)

2
j , mean square error of

the relaxed estimator is derived as

Replacing xjx; by optimal power p, derived in

Sec. 3, (40) is rewritten as

_ 71 -1 A0
0 _ 0 _$_ Pt
hMSE(R) - ~ /1j ~ p/_ + Gj . (41)

Multiplying and dividing the term ( p; —o-i) inside
the summation of the second term, and ignoring the term

(o*i_ )2 , (41) becomes

i)

() A

U _ J

hMSE(R)_GWjZ(; p. :
- J

(42)

It is observed that A"

MSE(R) is larger compared to hMSE

of LMMSE estimator at low SNR, as it depends only on
diagonal elements of the correlation matrix. Its value de-
creases with increasing SNR, where LMMSE estimator
gives irreducible error. Combining the merits of both
LMMSE and RMMSE estimators, a hybrid estimator is
proposed. It performs as LMMSE estimator till the noise
dominates the effect of ATSA error. The proposed estima-

tor switches to RMMSE estimator when hMSE of LMMSE
=AY

estimator becomes o-j,z;. The receive SNR per-sub-
J=0 Fj

carrier at which hybrid estimator switches from LMMSE to
RMMSE is determined from

(43)

1 Aj( - 1 2(1) 16 ’ () 2 22211(1)
j=0 j=0 'j pj Jj=0 (/’Lj’ pj) k=l j=0
W) W)
_—2 0 JJ + ‘720-37 .112 — O—j- J (44)
k=1 j=0 ﬂk,jpj k=1 j=0 (lf’}pj) j=0 D,
Replacing o by 1/8 and solving for § results in
SNR,, = = = : qlC4__ 9o (45)
q,¢ 14,6,
where
-1 () r.—1 (le)) r.—1 () r. -l (W/EI)) .
1=Z/7~,- _Z 40 S 6= CZ% _Z 0 -,
770 i Ap, =0 = AP,
1 70) 1 (WY oo (WY
v A 1( (')// 1( k)jj
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6. Results and Discussion

In this section, simulations are carried out to analyze
the MSE performance of the proposed hybrid channel
estimator with optimal power allocation in the presence of
ATSA error in MIMO-OFDM system with per-subcarrier
antenna selection. The simulation parameters are listed in
Tab. 1.

Sl Parameters Values
No
No. of transmit antennas (n,) 2
No. of receive antennas (n,) 2
Sampling frequency 30.72 MHz
Channel power delay profile Uniform,

Extended Pedestrian-A,
Extended Vehicular-A
4 (Uniform)
14 (Extended Pedestrian-A) [22]
78 (Extended Vehicular- A)

No. of subcarriers (V) 16
64 (Extended Pedestrian-A)
128 (Extended Vehicular- A)

Length of channel (L)

Tab. 1. Simulation parameters for MIMO-OFDM system with
per-subcarrier antenna selection with optimal power
allocation.

The effect of ATSA error in average MSE is studied
by plotting the normalized error, which is defined as

n= h(i) _ h(i) /h(")

— |''MSE(c) MSE(q) MSE(c)
ATSA error in LMMSE estimator for the control channel
crossover probabilities of 0.1 and 0.01, in a 2x2 MIMO-
OFDM system with per-subcarrier transmit antenna selec-
tion. The number of subcarriers in the OFDM symbol is
16. With the crossover probability of ¢ = 0.1, # is 0.2592 at
SNR of 10 dB and it increases to 7.417 at SNR of 30 dB.
Similarly, when ¢ =0.01, # increases from 0.02985 at
10dB to 0.8685 at 30 dB. As the normalized error in-
creases with increase in SNR, performance of LMMSE
estimator decreases as SNR increases.

Figure 2 shows the MSE performance of LMMSE
estimator with perfect ATSA, when the proposed optimal

. Figure 1 shows the effect of

Nermalized Error

SNR [dB]

Fig. 1. Effect of ATSA error in the performance of LMMSE

estimation with optimal power allocation.

& —5— LMMSE (Perfect ATSA, Equal Power)
; —&— LIMMSE (Perfect ATSA, Optimal Power)

___________

20 .

e

MSE [dB]

" S S S S S N
0

5 10 15 20 25 30 35 40
SNR [dB]

Fig. 2. MSE performance of LMMSE estimator with optimal
and equal power allocation.

power allocation is applied at subcarrier level in 2x2
MIMO-OFDM system with per-subcarrier transmit antenna
selection. It is assumed that the number of subcarriers in
the OFDM signal is 16. The length of the channel is L = 4.
The performance of the estimator is compared with MSE
performance of the LMMSE estimator with equal power
allocation. It is observed that the LMMSE estimator with
optimal power allocation requires 1.2 dB less SNR com-
pared to LMMSE estimator with equal power allocation at
the MSE of -30 dB.

Figure 3 shows the MSE performance of the proposed
hybrid estimator with optimal power allocation. The MSE
performance of the proposed hybrid estimator is compared
with MSE performances of LMMSE estimator with perfect
ATSA, LMMSE estimator with ATSA error and RMMSE
estimator with optimal power allocation. It is assumed that
the crossover probability of binary symmetric channel is,
g =0.1 which introduces ATSA error. The number of
subcarriers used in OFDM signal is N = 16 and the channel
length is taken as L =4. The performance of RMMSE
estimator is better than that of LMMSE with ATSA error,
at high SNR. As the proposed hybrid estimator is designed
such that it combines the merits of both LMMSE and

MSE [dB]

=@ LMMSE with Perfect ATSA
-38 1 —&— LMMSE with ATSA Error
—+— RMMSE

-40 | —8— Hybrid

-------------------------------

- | i | i i
20 -10 0 10 20 30 40
SNR [dB]

Fig. 3. MSE performance of estimators for ¢ =0.1 and N=16
with optimal power allocation.
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RMMSE estimators, the MSE performance of the proposed
hybrid estimator is same as LMMSE estimator up to 2 dB
SNR. At 2 dB, the performance of LMMSE estimator starts
degrading. Further, MSE of LMMSE estimator becomes
irreducible and almost constant from the SNR of 12 dB.
The proposed hybrid estimator switches to RMMSE esti-
mator at 12 dB. The threshold SNR, SNRry is calculated
using (45) for various crossover probabilities of binary
symmetric channel assuming that the number of subcarriers
is N=16 in a 2x2 MIMO-OFDM system with per-subcar-
rier antenna selection and with optimal power allocation.
They are summarized in Tab. 2. At the threshold SNR, the
proposed hybrid estimator switches from LMMSE estima-
tor to RMMSE estimator to improve the MSE performance.

Crossover
probability, | 0.1 | 0.09 0.07 0.05 0.03 0.01
q
With optimall
power
allocation

SNR 12 12.5 13 14 16 18 26
threshold
SNRu(dB)
With equal

power
allocation

SNR
threshold
SNRu(dB)

0.001

16 16.3 16.7 17 18 23 31

Tab. 2. Threshold SNR for different crossover probabilities ¢
with optimal and equal power allocation.

Figure 4 shows the MSE performance of the proposed
hybrid estimator for ¢ =0.01 for N=16 and 128 with
optimal power allocation among subcarriers. The hybrid
estimator switches to RMMSE estimator at SNR of 18 dB
and 22 dB with 16 and 128 subcarriers per OFDM symbol
respectively.

Figure 5 shows the MSE performance of LMMSE,
LMMSE with ATSA error, RMMSE and hybrid estimators
for extended pedestrian-A power delay profile. The cross-
over probability of binary symmetric channel is assumed as

MSE [dB]

—— LMMSE with ATSA Error (N=128)
"1 x  Hybrid (N=128)
—%— LMMSE with ATSA Error (N=16)
$  Hybrid (N=16)

35 I I I
-20 -10 0 10 20 30 40

SNR [dB]

Fig. 4. MSE performance of estimators for ¢ =0.01 with
optimal ower allocation for different number of
subcarriers N.

q =0.01. With use of 30.72 MHz sampling frequency, the
length of extended pedestrian-A channel is 14. Number of
subcarriers is to be higher than the length of the channel.
Hence 64 subcarriers are used per OFDM symbol. The
hybrid estimator switches to RMMSE estimator at SNR of
30 dB.

MSE [dB]

A LMMSE with Perfect ATSA
[| —#+— LMMSE with ATSA Error
l| O Hybrd
—&— RMMSE
35 i i i i i
-20 -10 0 10 20 30 40
SNR [dB]

Fig.5. MSE performance for extended pedestrian-A for
¢ =0.01 and N = 64 with optimal power allocation.

WSE [dB]

20 k- & LMMSE with Perfect ATSA

& LMMSE with ATSAEror | |
—e— RMMSE
250 IS L
O  Hybrid
30 i i
20 10 0 10 20 30 0
SNR [dB]

Fig. 6. MSE performance for extended vehicular-A for
q=0.01 and N = 128 with optimal power allocation.

¥ —a— LMMSE with Perfect ATSA (Optimal Power)
—6— LMMSE with Perfect ATSA (Equal Power)

10 5 0 5 10 15 20 30
SNR [dB]

Fig. 7. SER performance of LMMSE estimator for ¢ = 0.1 and
N = 16 with optimal and equal power allocation.



112 K. RAJESWARI, S. J. THIRUVENGADAM, OPTIMAL POWER ALLOCATION FOR CHANNEL ESTIMATION IN MIMO-OFDM ...

Figure 6 shows the MSE performance of LMMSE,
LMMSE with ATSA error, RMMSE and hybrid estimators
for extended vehicular-A power delay profile. To simulate
the MSE performance, an OFDM symbol with 128 subcar-
riers is considered. The crossover probability of binary
symmetric channel is assumed as ¢ = 0.01.The hybrid esti-
mator switches to RMMSE estimator at SNR of 24 dB.

Figure 7 shows the symbol error rate (SER) perform-
ance of LMMSE estimator with perfect ATSA with opti-
mal and equal power allocation in 2x2 MIMO-OFDM
system with per-subcarrier antenna selection. The number
of subcarriers in the OFDM signal is considered as 16. The
length of the channel is L =4. It is assumed that 16-QAM
modulation is used. It is observed that the LMMSE esti-
mator with optimal power allocation requires 1 dB less
SNR compared to LMMSE estimator with equal power
allocation at the SER of 107,

Figure 8 shows the SER performance of LMMSE
estimator with perfect ATSA, LMMSE estimator with
ATSA error, RMMSE estimator and proposed hybrid
estimator when the crossover probability ¢ =0.1, N=16
and L =4 with optimal power allocation. LMMSE
estimator gives 1 dB SNR improvement over RMMSE
estimator at SER of 10"'. The performance of RMMSE
estimator is better than that of LMMSE with ATSA error,
at high SNR. As the proposed hybrid estimator combines
the merits of both LMMSE and RMMSE estimators, the
SER performance is same as LMMSE estimator for low
SNR. SER of LMMSE estimator becomes irreducible after
12 dB. The proposed hybrid estimator switches to RMMSE
estimator at 12 dB exactly.

Figure 9 shows the SER performance of the proposed
hybrid estimator for crossover probability ¢ =0.01 with
number of subcarriers N=16 and 128. 16-QAM
modulation is used. The hybrid estimator switches to
RMMSE estimator at SNR of 18 dB with 16 subcarriers
per OFDM symbol. The hybrid estimator switches to
RMMSE estimator at SNR of 22 dB with 128 subcarriers
per OFDM symbol.

SER

J| —+— RMMSE
| —8— Hybrid

107 i i i
-10 5 ] 5 10 15 20 25 30

SNR [dB]

Fig. 8. SER performance of estimators for ¢ =0.1 and N= 16
with optimal power allocation.
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Fig. 9. SER performance of estimators for ¢ = 0.01.
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Fig. 10. SER performance for extended pedestrian-A PDP for
q=0.01 and N = 64.
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Fig. 11. SER performance for extended vehicular-A PDP for
q=0.01 and N=128.

Figure 10 shows the SER performance of the pro-
posed hybrid estimator with optimal power allocation for
extended pedestrian-A power delay profile. It is assumed
that the number of subcarriers in the system is N = 64 and
the crossover probability of binary symmetric channel is
q=0.01. The SER performance with optimal power allo-
cation is compared with SER performances of LMMSE
estimator, LMMSE estimator with ATSA error and
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RMMSE estimator. The hybrid channel estimator switches
to RMMSE estimator at SNR of 30 dB.

Figure 11 shows the SER performance of LMMSE,
LMMSE with ATSA error, RMMSE and hybrid estimators
for extended vehicular-A power delay profile. To simulate
the SER performance, an OFDM symbol with 128 subcar-
riers is considered and the crossover probability g is
q =0.01. The hybrid estimator switches to RMMSE esti-
mator at SNR of 25 dB.

7. Conclusion

In this paper, a hybrid channel estimator along with
optimal power allocation for per-subcarrier transmit an-
tenna selection in MIMO-OFDM system in the presence of
ATSA error is proposed. A scalar MSE expression for the
channel estimation is derived to overcome the non inverti-
bility of the autocorrelation matrix of CFR. A convex
optimization problem is formulated with an objective to
minimize the channel estimation MSE with a sum power
constraint. The proposed hybrid channel estimator switches
from LMMSE estimator to relaxed MMSE estimator ex-
actly at the SNR where ATSA error dominates. An analyti-
cal expression for SNR threshold with optimal power allo-
cation is derived. The SER performance of the proposed
hybrid channel estimator is also found to be improved.
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