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to the classic two-stage scheme, provided that the SNR is sufficiently
high. For example, given a target BER of 10−5, the three-stage
receiver using SD (Ncand = 32) is capable of achieving a perfor-
mance gain of 2.5 dB over its two-stage counterpart in an uplink
(8 × 4) SDMA/OFDM 4-QAM system. Furthermore, an additional
2-dB performance gain can be attained with the aid of the novel center-
shifting-based SD amalgamated with an IrCC.
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On the Optimality of the Null Subcarrier Placement for
Blind Carrier Offset Estimation in OFDM Systems

YanWu, Student Member, IEEE, Samir Attallah, Senior Member, IEEE,
and J. W. M. Bergmans, Senior Member, IEEE

Abstract—Liu and Tureli proposed a blind carrier frequency offset
(CFO) estimation method for orthogonal frequency-division multiplexing
(OFDM) systems, making use of null subcarriers. The optimal subcarrier
placement that minimizes the Cramer–Rao bound (CRB) of the CFO
estimation was reported by Ghogho et al. In this paper, we study the
optimality of the null subcarrier placement from another perspective. We
first show that the SNR of the CFO estimation using null subcarriers
is a function of the null subcarrier placement. We then formulate the
CFO-SNR optimization for the null subcarrier placement as a convex
optimization problem for small CFO values and derive the optimal place-
ment when the number of subcarriers is a multiple of the number of null
subcarriers. In addition, we show that the SNR-optimal null subcarrier
placement also minimizes the theoretical mean square error in the high
SNR region. When the number of subcarriers is not a multiple of the
number of null subcarriers, we propose a heuristic method for the null
subcarrier placement that still achieves good performance in the CFO
estimation. We also discuss the optimality of the null subcarrier placement
in practical OFDM systems, where guard bands are required at both ends
of the spectrum.

Index Terms—Blind carrier offset estimation, convex optimization,
orthogonal frequency-division multiplexing (OFDM).

I. INTRODUCTION

Orthogonal frequency-division multiplexing (OFDM) is known to
be more sensitive to carrier frequency offset (CFO). For an OFDM
system with CFO, we can write the received time-domain signal in the
following form [1]:

ym = EWP Hmsmej2πφ0(m−1)(1+Ng/N) + nm. (1)

Here, we use superscript m to indicate the OFDM symbol index.
E = diag(1, ej2πφ0/N , . . . , ej2π(N−1)φ0/N ) is a diagonal matrix con-
taining CFO φ0, which we assume to be normalized with respect
to subcarrier spacing 2π/N . In a practical OFDM system, there are
some subcarriers that do not carry any data. They are called null
subcarriers, whereas the data-carrying subcarriers are simply called
data subcarriers. Let P out of N subcarriers be the data subcarriers.
Then, WP is an N × P submatrix that is obtained from the N × N
inverse discrete Fourier transform (DFT) matrix WN . Hm is a diago-
nal matrix containing the channel frequency response, sm is a P × 1
vector containing the transmitted data in the mth OFDM symbol, Ng

denotes the length of the cyclic prefix, and nm is an additive white
Gaussian noise (AWGN) vector.
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Liu and Tureli [1] presented a blind CFO estimation method based
on the received signal on the null subcarriers. Let us define lm =
[lm1 , lm2 , . . . , lmL ] as the null subcarrier indexes in OFDM symbol m
and L = N − P as the number of null subcarriers. It was shown that
the CFO estimate can be obtained from the minimization of the cost
function, which is given as

J (z) =

M∑
m=1

∑
l∈lm

∥∥wH
l Z−1ym

∥∥2
(2)

where M is the total number of OFDM symbols that are used for
the CFO estimation, wH

l is the lth row of the DFT matrix, and Z =
diag(1, z, z2, . . . , z(N−1)). The optimal CFO estimate is normally
obtained through a search over the range of possible CFO values.

The null subcarrier placement that guarantees the identifiability of
the CFO estimation method in [1] was studied in [2] and [3]. In [3],
it is reported that the null subcarrier placement that minimizes the
Cramer–Rao bound (CRB) is achieved by placing them with even
spacing across the whole OFDM symbol. In this paper, we study
the optimality of the null subcarrier placement using a very different
approach compared to [3]. We found that the SNR of the CFO
estimation using the method in [1] is a function of the null subcarrier
placement. Therefore, we want to find the optimal placement of null
subcarriers such that the SNR of the CFO estimation is maximized.
We formulate the SNR maximization problem of the null subcarrier
placement and derive the optimal solution from a convex optimization
procedure for small CFO values. We found that when the number of
subcarriers is divisible by the number of null subcarriers, the exact
optimal null subcarrier placement can be found. We also prove that the
SNR-optimal null subcarrier placement is also optimal in minimizing
the theoretical MSE, which is given in [4], of the CFO estimation.
Interestingly, this is the same null subcarrier placement that minimizes
the CRB in [3]. Therefore, the main contribution of this paper does
not lie in the finding of a new optimal null subcarrier placement. This
paper has rather contributed additional theoretical insights on why the
null subcarriers should be placed evenly. We show that the evenly
spaced null subcarrier placement not only minimizes the CRB but also
maximizes the SNR and minimizes the theoretical MSE of the CFO
estimation.

When the number of subcarriers is not divisible by the number
of null subcarriers, it is difficult to prove the optimality of the null
subcarrier placement due to the integer constraint on the optimiza-
tion variables. However, we will show a heuristic procedure on how
to place the null subcarriers where good performance can still be
achieved. We extend the optimization problem to a practical OFDM
system where guard bands are required at both ends of the spectrum. In
this case, if given a few more null subcarriers that can be freely inserted
in the OFDM symbol, we show how to place them to guarantee the
SNR optimality in the CFO estimation. We show that for practical
OFDM systems with guard bands, the introduction of a few extra
null subcarriers leads to much better performance of the blind CFO
estimation.

II. PLACEMENT OF NULL SUBCARRIERS BASED ON THE

CFO-SNR MAXIMIZATION

Given a CFO value of φ0, the received signal on null subcarrier li
of OFDM symbol m can be written as

rm
li

=

N−1∑
n=0,n�=li

hm
n sm

n Cm
n−li

(φ0) + nm
li

= ICImli (φ0) + nm
li

(3)

where hm
li

and sm
li

are the channel response and the transmitted data on
subcarrier li of OFDM symbol m, respectively. ICImli (φ0) is the Inter-

Carrier Interference (ICI) due to the CFO of φ0, and nm
li

is an AWGN
noise. The value of Cm

k (φ0) is given by [5]

Cm
k (φ0) =

sin [π(k + φ0)]

N sin
[

π
N

(k + φ0)
] exp

(
jπ(k + φ0)

(
1 − 1

N

))
× exp (j2πφ0(m − 1)(1 + Ng/N)) . (4)

Using (3), the cost function in (2), which is the summation of the
received signal power over all the null subcarriers, can be equivalently
rewritten as

J (φ) =

M∑
m=1

L∑
i=1

∣∣∣∣∣
N−1∑

n=0,n/∈lm

hm
n sm

n Cm
n−li

(φ0 − φ) + nm
li

∣∣∣∣∣
2

. (5)

Correspondingly, the estimate of the CFO is given by

φ̂ = arg min
φ

J (φ). (6)

Note that the received signal on a null subcarrier li in (3) is the sum of
ICImli and nm

li
. ICImli is the useful signal term that we can use for the

estimation of CFO φ0, and nm
li

is the noise term, which is uncorrelated
with ICImli . Therefore, using (3), we can define an objective function,
so called SNRCFO, as follows:

SNRCFO =

E

(
M∑

m=1

L∑
i=1

∣∣ICImli (φ0)
∣∣2)

E

(
M∑

m=1

L∑
i=1

∣∣nm
li

∣∣2) (7)

where E denotes statistical expectation. Note that the objective func-
tion can be interpreted as the SNR of the CFO estimation. The power
of the ICI on subcarrier li in OFDM symbol m can be written as

E
∣∣ICImli (φ0)

∣∣2 =

{
N−1∑

n=0,n/∈l

E |hm
n sm

n |2 sin2 [π(n − li + φ0)]

N2 sin2
[

π
N

(n − li + φ0)
]
}

.

Notice that the ICI power for the mth OFDM symbol depends only on
the signals in OFDM symbol m and is not affected by other OFDM
symbols. As the noise in OFDM symbol m is also independent from
the noise in other OFDM symbols, the SNRCFO optimization for
M OFDM symbols can be independently performed on each OFDM
symbol. Therefore, the optimization only needs to be performed for
one OFDM symbol. From now on, for ease of notation, we will drop
OFDM symbol index m. In this case, null subcarrier placement l that
maximizes estimation SNRCFO in (7) can be found by

l = arg max
l

(SNRCFO) = arg max
l

E

(
L∑

i=1

|ICIli(φ0)|2
)

= arg max
l

L∑
i=1

{
N−1∑

n=0,n/∈l

E|hnsn|2
sin2 [π(n − li + φ0)]

N2 sin2
[

π
N

(n − li + φ0)
]
}

= arg max
l

L∑
i=1

{
N−1∑

n=0,n/∈l

1

sin2
[

π
N

(n − li + φ0)
]
}

(8)

as E|hnsn|2 = E{|hn|2}E{|sn|2} is independent of the null subcarrier
placement. The numerator sin2[π(n − li + φ0)] is equal to sin2(πφ0)
and is also independent of the null subcarrier placement. In practice,
φ0 is normally modeled as a random variable with a uniform
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distribution between [−θ, θ). In this case, the cost function can be
rewritten as

l = arg max
l

1

2θ

+θ∫
−θ

L∑
i=1

[
N−1∑

n=0,n/∈l

1

sin2
[

π
N

(n − li + φ0)
]
]

dφ0

= arg max
l

{
L∑

i=1

N−1∑
n=0,n/∈l

1

2θ

N

π
f(n − li)

}
(9)

where f(k) is given by

f(k) =
[
cot

(
π

N
(k − θ)

)
− cot

(
π

N
(k + θ)

)]
for

k = − (N − 1), . . . ,−1, 1, . . . , N − 1. (10)

Note that k = n − li �= 0 for n /∈ l. It could be easily shown that
function f(k) is periodic with period N , i.e., f(k) = f(k + N).
Therefore, for the subsequent optimization, we only need to consider
function f(k) over one period, i.e., k = 1, 2, . . . , N − 1. Another
property of f(k) is that it is an even function of k, i.e., f(k) = f(−k)
for any integer k.

Discarding the constants, we can rewrite (9) in the following form:

l = arg max
l

L∑
i=1

{
N−1∑
n=0

f(n − li) −
∑

n∈l,n�=li

f(n − li) − f(0)

}
.

(11)

The third term in (11), i.e., f(0), is independent of l and, hence,
can be dropped. Using the periodicity of f(k), it can be easily shown
that the first term in the summation

∑N−1

n=0
f(n − li) in (11) is

also independent of li. Therefore, the cost function in (11) can be
simplified to

l = arg min
l

{
L∑

i=1

L∑
j=1,j �=i

f(li − lj)

}
. (12)

Notice that the new cost function in (12) depends only on the
spacing, not the absolute positions, of the null subcarriers. Let us
define the spacing between the ith and (i + 1)th null subcarriers
as ki = li+1 − li for i = 1, 2 . . . , L − 1 and kL = N + l1 − lL. We
further define pi,m =

∑m−1

j=0
k[(i+j−1) mod L]+1 for i = 1, 2, . . . , L

and m = 1, 2, . . . , L − 1. Here, we use [i mod L] for integers i and
L to denote the integer remainder of i/L. The subscript i indicates the
k index of the first term in the summation because [(i + 0 − 1) mod
L] + 1 = i. The subscript m indicates the total number of terms in
the summation. Therefore, pi,m is actually the spacing between the ith
null subcarrier and its mth neighboring null subcarrier to the right in
the cyclic sense. Therefore, the contribution to the total cost function
due to a particular null subcarrier i is the summation of f(li − lj)

from all its L − 1 neighboring null subcarriers, i.e.,
∑L

j=1,j �=i
f(li −

lj). As pi,m is the spacing between the ith null subcarrier and its
mth neighboring null subcarrier, we can write

∑L

j=1,j �=i
f(li − lj) =∑L−1

m=1
f(pi,m). Summing this over all the L null subcarriers, i.e., L

possible values of i, the new cost function can be written as

J (k1, k2, . . . , kL)=

L∑
i=1

L−1∑
m=1

f(pi,m)=

L−1∑
m=1

{
L∑

i=1

f(pi,m)

}
(13)

with
∑L

i=1
ki = N .

The optimization problem in (13) has all variables being integers.
Such integer programming problems are difficult to solve analytically.
Therefore, we first relax the constraints on all ki’s being integers and
assume them to be real positive numbers. This approach has been
commonly used in finding the optimal bit allocations for multiuser or
multicarrier systems (see, for example, [6]). For ease of analysis, we
also assume that θ < 1 so that k − θ > 0 and k + θ < N are satisfied
for all possible values of k. It can be easily shown that if the above con-
dition is satisfied, (d2/dk2)f(k) > 0 for 1 < k < N − 1. Therefore,
f(k) is a convex function for 1 < k < N − 1, and θ < 1. According
to Jensen’s inequality [7], if f(k) is convex for k1, k2, . . . , kL, and
given λ1, λ2, . . . , λL with λ1 + λ2 + · · · + λL = 1, then

f(λ1k1 + · · · + λLkL) ≤ λ1f(k1) + · · · + λLf(kL). (14)

By setting λ1 = λ2 = · · · = λL = (1/L), we have

1

L

L∑
i=1

f(pi,m) ≥ f

(
1

L

L∑
i=1

pi,m

)
= f

(
mN

L

)
. (15)

Here, we make use of
∑L

i=1
pi,m = mN because

∑L

i=1
ki = N . The

equality in (15) holds for a given m when all the pi,m’s for i =
1, 2, . . . L are equal. When k1 = k2 = · · · = kL = N/L, the equality
in (15) holds for all values of m. Therefore, we obtain

J (k1, k2, . . . , kL) ≥
L−1∑
m=1

L
{

f
(

mN

L

)}
. (16)

The right-hand side of (16) is independent of ki’s and is the lower
bound of the cost function. Therefore, this cost function is minimized
when k1 = k2 = · · · = kL = N/L. This means that the null subcarri-
ers should be placed evenly spaced across the whole OFDM symbol.

If N/L is an integer, the null subcarriers should be placed N/L
apart to maximize SNRCFO. Therefore, in system design, when we
can freely choose the number of null subcarriers L, we should always
choose L such that N/L is an integer to ensure the optimality of
the null subcarrier placement. However, for systems where N is not
divisible by L, it turns out to be difficult to prove the optimality of a
particular null subcarrier placement because of the integer constraints
on the values of ki’s. For real number ki’s, we know that, to maximize
SNRCFO, the spacing between the null subcarriers should be the same.
In the following, we propose a heuristic method in placing the null
subcarriers as evenly as possible for integer ki’s.

Let kl = �N/L� and ku = �N/L	, where kl and ku are both
integers. Here, we use �x� to denote the largest integer that is smaller
than or equal to x, whereas we use �x	 to denote the smallest integer
that is larger than or equal to x. We know that to achieve close to even
spacing between the null subcarriers, all the ki values should be chosen
as either kl or ku. Next, we determine how many ki’s should take the
value kl and how many ki’s should take the value ku, and we use nl

and nu to denote the two numbers, respectively. The values of nl and
nu can be obtained by solving{

nl + nu = L
nl × kl + nu × ku = N.

(17)

Now, the problem of placing the null subcarriers is equivalent to
placing these nlkl’s and nuku’s as evenly as possible. It is obvious that
if we place all the kl’s consecutively and all the ku’s consecutively, the
spacing between the null subcarriers is not going to be very even. They
should be alternatively placed in some way. Without loss of generality,
let us assume that nl ≥ nu. If (nl/nu) = q is an integer, we should
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TABLE I
HEURISTIC NULL SUBCARRIER PLACEMENT WHEN N

IS NOT DIVISIBLE BY L (nl > nu)

TABLE II
HEURISTIC NULL SUBCARRIER PLACEMENT FOR

L = 4 TO 11 FOR N = 64 OFDM SYSTEMS

group q kl’s followed by one ku into one group and place nu of
such groups as illustrated in Table I. Otherwise, we let ql = �nl/nu�.
In this case, we should have two kinds of placing groups. The type 1
group consists ql kl’s followed by one ku, and the type 2 group consists
ql + 1 kl’s followed by one ku. The number of type 1 groups gl and
the number of type 2 groups gu can be obtained by solving

{
gl + gu = nu

gl × ql + gu × (ql + 1) = nl.
(18)

These two types of groups should be placed alternatively. A summary
of this heuristic placement method is given in Table I.

The null subcarrier placement for L = 4 to L = 11 null subcarriers
for an OFDM system with N = 64 subcarriers using the proposed
heuristic method is listed in Table II. For the case of L = 5 and 6,
we have verified that the null subcarrier placement using the heuristic
method is the same as the optimal placement that is obtained through
an exhaustive computer search.

Note that our previous derivation is based on the assumption that
θ < 1 to ensure that f(k) is convex for k = 1, 2, . . . , N − 1. This is
a valid assumption for most indoor communication systems that are
operating at the 2.4- and 5-GHz bands, such as wireless local area
network (LAN) systems [8]. According to the IEEE 802.11a standard

[8], the tolerance of the transmit and receive center frequency should
be ±20 ppm. Therefore, the worst case frequency offset is 40 ppm,
which is about 200 kHz for a 5.2-GHz center frequency. This worst
case frequency offset corresponds to the value of θ = 0.66. Moreover,
for indoor applications, due to low mobility and high carrier frequency
(5 GHz for the IEEE 802.11a system), the CFO due to the Doppler
shift is negligible. Therefore, this is a valid assumption in practice,
particularly for indoor wireless LAN-based applications due to the
high-quality oscillators that are currently used.

III. PLACEMENT OF NULL SUBCARRIERS BASED ON THE

THEORETICAL MSE MINIMIZATION

In this section, we prove that the SNR-optimal null subcarrier place-
ment is also optimal in minimizing the MSE of the CFO estimation in
the high SNR region. Let us set Δφ = φ0 − φ̂ as the CFO estimation
error. The linear approximation of Δφ can be obtained as [4]

Δφ =

∂J (φ)
∂φ

∣∣
φ=φ0

∂2J (φ)

∂φ2

∣∣∣
φ=φ0

. (19)

After some algebraic manipulations, the estimation error can be
expressed as in (20), shown at the bottom of the page. Assuming
the noise on different subcarriers to be independent and identically
distributed (i.i.d.), with zero mean and variance σ2

n, we can show that
En(Δφ) = 0. Therefore, the linearized estimator is unbiased. This
also means that the MSE of the CFO estimation is equal to the variance
of Δφ. Let us also assume that transmitted signal sm

k is also i.i.d.,
with zero mean and unit variance, and the channel is appropriately
normalized such that the channel component on each subcarrier has
zero mean with unit variance, i.e., E(hm

n ) = 0 and E(|hm
n |2) = 1 for

n = 0, 1, . . . , N − 1 and m = 1, . . . , M . We obtain that the MSE of
CFO estimation in the high SNR region is given by

En,s,h

[
(Δφ)2

]
=

N2σ2
n

2π2
M∑

m=1

L∑
i=1

N−1∑
n=0,n/∈lm

1

sin2[ π
N (n−lm

i )]

. (21)

Now, let us look at the null subcarrier optimization problem again.
The null subcarrier placement that minimizes the MSE can be
formulated as

l = arg min
l

(
En,s,h

[
(Δφ)2

])

= arg max
l

(
M∑

m=1

L∑
i=1

N−1∑
n=0,n/∈lm

1

sin2
[

π
N

(n − lmi )
]
)

. (22)

If
∑L

i=1

∑N−1

n=0,n/∈lm
(1/(sin2[(π/N)(n − lmi )])) is maximized for

every value of m, i.e., for each OFDM symbol, then the cost function

Δφ = −




⎧⎨
⎩

M∑
m=1

L∑
i=1

N−1∑
n=0,n/∈l

hm
n sm

n

(
nm

li

)∗ exp

[
−jπ

n−lm
i

N

]
sin[ π

N (n−lm
i )]

⎫⎬
⎭

M∑
m=1

L∑
i=1

N−1∑
k=0,k/∈lm

N−1∑
n=0,n/∈lm

hm
k (hm

n )∗ sm
k (sm

n )∗
π exp(−jπ k−n

N )
N sin( π

N (k−lm
i )) sin( π

N (n−lm
i ))

(20)
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in (22) is maximized. Therefore, the optimization problem over M
OFDM symbols is equivalent to the optimization in one OFDM
symbol, which is given by

l = arg max
l

(
L∑

i=1

N−1∑
n=0,n/∈l

g(n − li)

)
(23)

where g(k) = (1/(sin2[(π/N)(n − li)])). It is straightforward to
show that g(k) is also periodic with period N . Using a similar
approach as we have done in Section II, the optimization problem in
(23) can be simplified to

l = arg min
l

{
L∑

i=1

L∑
j=1,j �=i

g(li − lj)

}
. (24)

It can also be shown that g(x) is a convex function of real number
x for 1 < x < N − 1. Therefore, the optimization problem in (24) is
essentially the same as the optimization problem in (12), as g(x) and
f(x) are both convex. This means that the optimal solutions to the
two optimization problems are the same. Thus, we have proven the
following.

Proposition: The null subcarrier placement that maximizes the
SNR of the CFO estimation defined in (7) also minimizes the MSE
of the CFO estimation in the high SNR region given in (21).

IV. PLACEMENT OF NULL SUBCARRIERS BASED ON

PRACTICAL CONSIDERATIONS

For practical OFDM systems, it is usually necessary to consecu-
tively place some null subcarriers at both ends of the spectrum as guard
bands. These are called the guard null subcarriers. In this section, we
show that, given the fixed positions of the guard null subcarriers, if
there are a few null subcarriers to freely place in the OFDM symbol
for the purpose of CFO estimation (we call these null subcarriers as
free null subcarriers), how should we place them to achieve optimality
in the SNR sense?

Let us study an OFDM system having two guard bands with L1 and
L2 null subcarriers, respectively, at both ends of the spectrum. Suppose
that we have Ln free null subcarriers that we can freely place between
subcarrier −N/2 + L1 and N/2 − L2 + 1. The whole set of all the
null subcarriers becomes

l = [l1, l2, . . . , lL1 , lL1+1, . . . , lL1+Ln , lL1+Ln+1, . . . , lL]

where L = L1 + L2 + Ln is the total number of null subcarri-
ers. Again, we define ki = li+1 − li as the spacing between the
li+1th null subcarrier and the lth null subcarrier, and pi,m =∑m−1

j=0
k[(i+j−1) mod L]+1 as the spacing between the ith null sub-

carrier and its mth neighboring null subcarrier to the right in the
cyclic sense. Following the similar procedures as in Section II, we
could obtain the cost function for the OFDM system with the guard
band as

J (kL1 , kL1+1, . . . , kL1+Ln) =

L∑
i=1

L−1∑
m=1

f(pi,m) (25)

subject to
∑L

i=1
ki = N . Comparing (25) with (13), we can see

that the summation is still taking over all the L null subcarriers,
including the guard and free null subcarriers. However, for this prob-
lem, we would not be able to reach the same optimal solution as in

TABLE III
SNR-OPTIMAL FREE NULL SUBCARRIER PLACEMENT FOR

IEEE 802.11a SYSTEMS

Section II because that solution requires the ki’s to be equal for
all i = 1, 2, . . . , L, which means that the null subcarriers should be
evenly placed across the whole OFDM symbol. This is impossible
for our problem, as we do not have the freedom to freely place
all the null subcarriers due to the fixed positions of the guard null
subcarriers. As a result, the closed-form optimal solution for (25)
is difficult to find. However, in practice, the number of free null
subcarriers Ln must be kept small to minimize the loss of the trans-
mission data rate, as they occupy the useful spectrum of the data
subcarriers. Therefore, it is usually possible to resort to a computer
search to find the optimal placement of these subcarriers offline.
Table III shows the optimal placement of Ln free null subcarriers with
different Ln values for an IEEE 802.11a compliant system, which
is obtained by the computer search. In such a system, there are a
total of N = 64 subcarriers. Subcarriers [−31:−27, 27:32] are used
as guard bands, i.e., L1 = 5 and L2 = 6. Here, the θ value used
is 0.5. We can see that the placement is close to the evenly spaced
placement.

V. SIMULATION RESULTS

Computer simulations were performed for an OFDM system with
64 subcarriers and a length-16 cyclic prefix. According to the speci-
fications that are given in IEEE 802.11a, there are 11 null subcarriers
that are consecutively placed from subcarriers 27 to 37 [8]. To achieve
a fair comparison, we are also using 11 null subcarriers in our simu-
lations. We only use one OFDM symbol for the CFO estimation, i.e.,
M = 1. We use channel model A of the HiperLan II channel models
[9] in all the simulations. It is a multipath Rayleigh fading channel
with an exponential power delay profile and a root-mean-square delay
spread that is equal to one modulation symbol interval. To assess the
performance of the proposed null subcarrier placement, we define the
estimation MSE as

MSE =
1

Ns

Ns∑
i=1

(φ0 − φ̂)2 (26)

where φ̂ and φ0 represent the estimated and true CFOs, respectively,
and Ns denotes the total number of Monte Carlo trials.

A comparison between the MSE that is obtained through simula-
tions and the theoretical MSE that is obtained from (21) is depicted in
Fig. 1. The SNR on the x-axis is the SNR of the received signal and
not the CFO estimation SNR that we are trying to optimize. The CFO
value that we use in the simulation is uniformly distributed between
−0.5 and +0.5. We compare the theoretical MSE and the MSE that is
obtained from simulations for both the consecutive null subcarriers that
are placed from 27 to 37 according to IEEE 802.11a, and the proposed
null subcarrier placement according to Table II. From the comparison,
we can see that the theoretical MSE approximates the actual MSE
very closely for the proposed scheme for an SNR that is larger
than 10 dB.

Fig. 2 shows the performance of the blind carrier offset estimation
using the method in [1] with null subcarriers that are placed with
different spacings. The proposed scheme places the null subcarriers
according to Table II. We can see that with the proposed null subcarrier
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Fig. 1. Comparison between the theoretical MSE and the MSE that is obtained
from simulations.

Fig. 2. MSE performance of the CFO estimation using different null subcar-
rier placements.

placement, the CFO estimation accuracy is improved significantly.
The performance gain, compared to the consecutive null subcarrier
placement, is as large as 10 dB. We can also see that the further
apart the null subcarriers are placed, the better the MSE performance
will become. Although we could not prove the optimality of the null
subcarrier placement that is obtained from the heuristic method in
Table I, from the results, we can see that it still leads to very good
performance in the CFO estimation. The symbol error rate (SER)
performance is shown in Fig. 3 for quaternary phase-shift keying
modulations. From the SER performance, we can see a performance
gain of 3.5 dB compared to the consecutive null subcarrier placement.

Fig. 4 shows the improvement in the CFO estimation that is achieved
by introducing a few optimally placed free null subcarriers besides the
guard null subcarriers. The system follows the IEEE 802.11a specifi-
cations with 11 guard null subcarriers. The CFO value that we used
in the simulation is, again, uniformly distributed between −0.5 and
+0.5. We can see that, by introducing two extra free null subcarriers,

Fig. 3. SER performance of systems using CFO estimation with different null
subcarrier placements.

Fig. 4. MSE performance of the CFO estimation for OFDM systems with
guard bands and a different number of optimally placed free null subcarriers.

the performance of the CFO estimation could be improved by 5 dB
compared to using guard null subcarriers alone. The performance can
be further improved by introducing more free null subcarriers. The
gain, on the other hand, becomes smaller as the number of free null
subcarriers increases.

VI. CONCLUSION

In this paper, we have formulated the null subcarrier placement
problem for blind CFO estimation in an OFDM system using the
SNRCFO maximization criterion. We have showed that for small
CFO values, this leads to a convex optimization problem, and the
optimal placement is achieved by placing the null subcarriers evenly
across the OFDM symbol. We have proved that this optimal null
subcarrier placement also minimizes the theoretical MSE, which is
an accurate approximation of the MSE of the CFO estimation in the
high SNR region. For systems where the number of subcarriers is
divisible by the number of null subcarriers, this optimal placement
can be achieved. Otherwise, based on a heuristic procedure, we have
showed how to place the null subcarriers such that good performance
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in the CFO estimation can still be achieved. We have also studied the
optimal free null subcarrier placement problem for practical OFDM
systems with guard bands. We have demonstrated that the proposed
null subcarrier placement significantly improves the performance of
the CFO estimation.
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Performance of Variable-Power Adaptive Modulation
With Space–Time Coding and Imperfect

CSI in MIMO Systems

Xiangbin Yu, Shu-Hung Leung, Wai Ho Mow, Senior Member, IEEE,
and Wai-Ki Wong

Abstract—The performance analysis of multi-input–multi-output
(MIMO) systems with M-ary quadrature amplitude modulation (MQAM)
and a space–time block code (STBC) over flat Rayleigh fading channels
for imperfect channel state information (CSI) is presented. In this paper,
the optimum fading gain switching thresholds for attaining maximum
spectrum efficiency (SE) subject to a target bit-error rate (BER) and
an average power constraint are derived. It is shown that the Lagrange
multiplier in the constrained SE optimization does exist and is unique
for imperfect CSI and for single-input–single-output (SISO) systems
under perfect CSI. On the other hand, the Lagrange multiplier will be
unique if the existence condition for MIMO under perfect CSI is satisfied.
Numerical evaluation shows that the variable-power (VP) adaptive
modulation (AM) with STBC provides better SE than its constant-power
(CP) counterpart.

Index Terms—Adaptive modulation (AM), multi-input–multi-output
(MIMO) system, space–time coding, spectrum efficiency (SE), variable
power (VP).

I. INTRODUCTION

Adaptive modulation (AM) is a powerful technique for improving
the spectrum efficiency (SE), which can take advantage of the time-
varying nature of wireless channels to transmit data at higher rates
under favorable channel conditions and to maintain the bit error
rate (BER) by varying the transmit power and symbol rate under
poor channel conditions [1]–[3]. The multiple-antenna approach is
another well-known SE technique with diversity and/or coding gain.
In particular, space–time coding in a multiantenna system provides
effective transmit diversity for combating fading effects [4], [5]. There-
fore, the effective combination of AM and multiple-antenna technique
has received much attention in the literature [6]. Most of the above
systems, however, employ constant-power (CP) AM schemes. This CP
approach restricts the systems performance because the freedom of a
variable power (VP) has been ignored.

VP in AM has been considered in [7]–[9], which are mostly single-
input–single-output (SISO) systems. For the optimization of the SE
for most of the aforementioned schemes, the Lagrange multiplier
technique is used to integrate constraints to the optimization problem.
However, the existence and uniqueness of the Lagrange multiplier have
yet to be studied in the literature. Furthermore, no practical algorithm
for computing the Lagrange multiplier has been developed.

The notations we use throughout this paper are as follows. Bold
uppercase and lowercase letters denote matrices and column vectors,
respectively. The superscripts (·)H , (·)T , and (·)∗ denote the

Manuscript received March 21, 2007; revised April 15, 2008, May 26, 2008,
and July 1, 2008. First published July 25, 2008; current version published
April 22, 2009. This work was supported in part by the China Postdoctoral
Science Foundation under Grant 2005038242 and in part by CityU under Grant
7001851. The review of this paper was coordinated by Dr. C. Yuen.

X. Yu was with the City University of Hong Kong, Kowloon, Hong Kong. He
is now with the Nanjing University of Aeronautics and Astronautics, Nanjing
210016, China (e-mail: yxbxwy@nuaa.edu.cn).

S.-H. Leung and W.-K. Wong are with the City University of Hong
Kong, Kowloon, Hong Kong (e-mail: eeeugshl@cityu.edu.hk; eewkwong@
ciytu.edu.hk).

W. H. Mow is with the Hong Kong University of Science and Technology,
Kowloon, Hong Kong (e-mail: ecewhmow@ece.ust.hk).

Digital Object Identifier 10.1109/TVT.2008.2002543

0018-9545/$25.00 © 2008 IEEE

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on February 19,2010 at 07:38:17 EST from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


