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ABSTRACT

In the actual Orthogonal Frequency Division Multiplexing
(OFDM) systems since guard subcarriers are not used
for transmission, some conventional channel estimators
are not applicable. This paper, based on the criteria of
Least Square (LS), proposes a novel channel estimation
method for OFDM systems with guard subcarriers. The
Discrete Fourier Transform (DFT)-based channel
estimator can cause the aliasing error and high-frequency
distortion when there exist guard subcarriers, but our
proposed method can mitigate this problem and attain the
better estimation performance with fewer pilots.
Furthermore, compared with the conventional LS
estimator, the proposed method has close performance but
lower complexity and can be realized in the actual OFDM
systems. Analyses and simulations demonstrate the
effectiveness of the proposed approach.

1. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
has been applied widely in wireless communication
systems due to its high transmission efficiency and its
robustness against frequency selective fading channels.
Many wireless standards have adopted the OFDM
technique, such as IEEE 802.1 la/g, IEEE 802.16d/e and
HIPERMAN. Undoubtedly, OFDM is promising for 3G
Long Term Evolution (LTE) [1] and Beyond 3G(B3G) [2]
systems.

In order to coherently detect the received signal,
accurate channel estimation is essential. Here we focus on
pilot symbol aided channel estimation. In [3], [4] the
DFT-based method is proposed, which can improve the
accuracy of channel state information (CSI). This method
enables the reduction of noise level relatively from the
time channel impulse response (CIR) and also can be used

The research is funded by Huawei Technology Company
and Nature Science Fund of China (Project NO.60302025)

as an interpolation method. However, in the actual
systems, subcarriers used for guard bands are null to
enable the signal to naturally decay and avoid
interferences between adjacent systems. These subcarriers
at each side of transmission band are named as guard
subcarriers [5]. In this case, the DFT-based estimator will
cause power leakage and result in an error floor due to the
dispersive distortion of estimated CIR after the IFFT [6].
The estimator based on time-domain channel statistics for
OFDM system has been systematically derived in [7], [8]
and [9]. This method can eliminate the error floor
substantially and perform quite close to the situation with
ideal CSI. However, this channel estimation is hard to
realize in hardware for it includes matrix inverse
operation and abundant complex multiplications.

To solve the above problems, this paper proposes a
novel LS channel estimation method for OFDM systems
with guard subcarriers. In our study, comb-type pilot
subcarrier arrangement is adopted. The key point of the
proposed method is imitating the channel frequency
response at the guard subcarriers and the study simplifies
the conventional LS estimator. In addition, we can employ
the proposed channel estimator in Multiple-Input
Multiple-Output (MIMO) OFDM systems.

The rest of this paper is organized as follows. In
section 2, we briefly introduce the OFDM baseband
model in multipath fading channels. In section 3, we then
describe the conventional estimators and mainly derive
the proposed method. In section 4, simulations and
comparisons of these estimators are presented. Finally,
our conclusions are given in section 5.

2. OFDM BASEBAND MODEL

We consider an OFDM system with N = N. + Ng +1 total

subcarriers which consist of N. useful subcarriers, Ng
guard subcarriers at the both edges of transmission band
and DC carrier [5]. Let {S(d) d =-N 2...N 2 -1}

denotes the OFDM symbol where d represents the
subcarrier index and the OFDM symbol index is omitted
for simplicity. In order to avoid the transmitted data being
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distorted by the low-pass filter on the transmitter, the
guard subcarriers are null. The cyclic prefix is added to
every OFDM symbol to avoid intersymbol interference
(ISI) caused by multipath fading channels. Accordingly,
the discrete time baseband samples can be represented as

N12-1
x(n) = I S(d)e j2zndIN

d=-N2
-1 N12-1

Z S(d)ej2zn(d+N)IN + I S(d)ej2zndIN
d=-N12 d=O
N-1

I X(k)e2znkIN
k=O

0<n<N - (1)
where

X(k) J S(k) 0<k<NI2-1
1S(k-N) N12<k<N-1

i .

i i
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.(2

(2)

Eqn. (1) shows that the OFDM transmitter can employ an
inverse fast Fourier transform (IFFT) of size N for
modulation. We will employ the expression of

N-1

x(n) = L X(k)ej2lTnkN in the following and from the
k=O

Eqn. (2), we can see that the guard subcarriers are also
moved from both edges into middle.

We assume that the signal is transmitted over a
multipath fading channel represented by tapped delay line
model:

L-1

h(n) = YY .,(n- -c) (3)
1=0

where Yi is the path complex gain, z1 is the discrete tap
delay samples, and L is the total number of paths.

At the receiver, if we assume perfect OFDM
synchronization, the received signal after OFDM
demodulator can be written as

Y(k) = X(k)LU(k) + n(k) (4)
where n(k) is a white complex Gaussian noise with

variance u2 and H(k) is the channel frequency response
which is obtained by the FFT of h(n).

3. PROPOSED CHANNEL ESTIMATOR

To estimate the multipath fading channel, we need to
insert pilots. Since the optimal pilot tones must be
equispaced [9] [10], we evenly insert M pilot subcarriers
into N subcarriers and the interval between two adjacent
pilots is Lp = N M where Lp is a power of 2. The N.
subcarriers used for transmission will contain Mp pilot
subcarriers that are named useful pilots and the other
pilots at guard bands are named virtual pilots. We assume
that N. and Mp are both even numbers. Let T(m) denote
the pilot subcarrier. Thus, we have

DC
F subcarrier
tFim

time

Fig. 1. Pilot arrangement

X(mLp+lF) =T(m)= Je m() m F, 0 <(m)<2T
{O Mpl2<m<M-Mpl2 (5)

(O<IF <Lp)
Set g ={m|{0<m<Mpl2-I}U{M-Mpl2<m<M-1}}
is defined and its elements are the indices of useful pilots.
{T (m)} are the known sequence to the receiver. The pilot
pattern is shown in Fig. 1 and we employ this pilot
arrangement in our study. Null subcarriers in Fig. 1
include guard subcarriers and DC carrier.

3.1. DFT-based Channel Estimator

The DFT-based estimator can be summarized by the
following steps:

1) Obtain the channel frequency response at the pilot
subcarriers by

Y(mLP+ F)
H(mLp +IF) { T(m) (6)

0 Mp/2<m<M-Mp /2

2) Perform a M-point IFFT of H(mLp + IF):
I I

h(n) = IFFT{H(mLp +lF)}M (7)

3) Increase channel samples by padding zeros to

h(n):

[h(n') 0<n'<r1

hFFT (n') 0 1±+1<n<N LtaiL (8)

Lh(n' N+M) N -Ltail <n'<N-1

Ltail is an important value which affects the accuracy of

the channel estimation. Its value changes due to the
variation of the radio channel and the pilot number M.
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4) Perform an N-point FFT of hFFT(n') to obtain the
channel frequency response:

HFFT (k) = ROR {FFT(hFFT (n'))N "IF } (9)

where ROR {*, IF} represents circulative right shift IF

point. The DFT-based method could obtain the accurate
CSI when there are no guard subcarriers ( M=MP ).
However, in the actual hardware, N is larger than N. to
avoid the aliasing occurring at D/A converter. In this case,
the impulse response h(n) in Eqn. (7) would exist over
the whole symbol duration [6] and after operation of Eqn.
(8) the performance would be degraded. In addition, we
can't use the DFT-based estimator when M is smaller than
al. So we need more effective method to solve the above
problems in channel estimation.

3.2. Conventional LS estimator

Then we transform hLS into the frequency domain by

HLS WhLS (14)
HLS is the N x1 column vector representing the channel

frequency response at the whole subcarriers and W is
N x L Fourier transform matrix expressed as

1 1

e-j2zT(N-Dro IN e-j2zc(N-l)Lr'1 IN

(15)

However, this method includes complicated operation
and it's hard to realize in actual system. So we propose an
improved LS estimator.

3.3. Proposed LS estimator

In vector notation the received pilot sequence of one
OFDM symbol can be conveniently expressed as

Yp = TpWph + np (10)

where Yp =[Y(mLp +±F1) m E]
]T

is a colunm vector

representing the received signal at useful pilot subcarriers.
Likewise, Tp = diag lejO(m) m E ]I is a Mp x Mp

diagonal matrix. np = [n(mLp +±F)| m E ]
T

is the white

Gaussian noise vector. h = [y.o * * *, L-1I] is a Lxi
colunm vector with each element representing the
complex channel gain of the Ith path. Similarly,

F e-j2zk0o0 IN e-j2;korL- INI

WP = e-j2;ki7z0 IN

e-j2;ikMp-1 0I N

* e 1 Nei27rkiM -L-1 N

. . . e-j " m -'L1I

(1 1)

is MP xL Fourier transform matrix where

ki {mLP +IFFm EF } represents the index of useful pilot

subcarriers. So Hp =Wph is the Mp xl colunm vector

representing the channel frequency response at the useful
pilot subcarriers.

Provided L < Mp, the LS estimation of the channel
impulse response is

h =((TpWP )HTPWp ) (TPWp P (2
where "H " represents the complex conjugate of a matrix.
The useful pilot tones are assumed to be normalized in
Eqn. (5), so Eqn. (6) can be expressed as

h ((WP)HWP) (TPWP)HYP (13)

To solve the above problems, this section proposes a new
LS estimator. The key of this method is imitating the
channel frequency response at the guard subcarriers.

Eqn. (13) can be simplified as
hLS 1/ME(TpWp)HYP (16)

when there are no guard subcarriers. In this case, Mp is

equal to M and

Wp =

{mO<m'M-IM . Thus,

e-j21ko0r0 IN

e-j27;7km0 IN

e-j2kkM-l 0 IN

e-j2zrko-L 1 N

e-j2Zi7kmTL- 1 N

e-j271kMlTL-1 IN

(17)

is M x L Fourier transform matrix where km = mLP +/F
(m 0,... ,M -1 ) represents the index of pilot subcarriers,

Tp= diaglejiO(m) m =0,...,M -1] is a MxM diagonal

matrix and Y= LY(mLp +F) m 0,.. .,M _1] is the

received signal at the pilot subcarriers.
In the actual system, guard subcarriers are needed and

we can't use Eqn. (16) but we could make use of the
Eqn. (16) to propose a new method.

Firstly, assume there are no guard subcarriers
(Mp =M ). Accordingly,

Y= u+ YvY' Y'±Y (18)
where

Ym{(m) m < M
Y(){0 Mpl2<m<M-Mpl2 (9

and



f 0 me
Yj(m) 1Yj(m) Mp 2<m<M-M

M
2 (20)

are the received useful pilot tones and virtual pilot tones
respectively. Similarly,
H' =Wp'hLh H' +±H'~1p MW(Th)Y ± Mu +Wv (21)

= /MFWp, (TpW, H YU + I1/ MF]W, (T,W, H YV

is the channel frequency response at the M pilot
subcarriers.

Actually, guard subcarriers aren't used for
transmission, so we can't get the vector

Hv 1 M p(TpWp)HY (22)

Table 1 Simulation parameters
parameters values
Number of total subcarriers (N) 1024
Number of useful subcarriers (N.) 850

Number of guard subcarriers (Ng) Left=87,
right=86

CP size 64
System bandwidth 10MHz
Carrier frequency 2GHz
Discrete tap delay samples [0 2 6 18 27 57]

Then let us neglect it and we have
H = 1/MFW (TW )HYJ (23)

where H' is the imprecise channel frequency response at
the Mpilot subcarriers.

Secondly, we imitate the channel frequency response
at the virtual pilot subcarriers by
Hv (m) = a(m)HuI (m) (Mp /2 < m < M - Mp / 2) (24)
where Hv (m) is the channel frequency response at the
virtual pilot subcarriers. From computer simulations at
various vehicular speed, we find a(m) varies in a small
range, so we assume a(m) is a fixed value and Eqn. (24)
can be simplified as

Hv(m) =aEDu(m) (Mp 2<m<M-Mp 2) (25)
where a can be obtained approximately as follows:

1) Assuming that
m=O(m) m CZ

Yu"(n Mp12<m<M-Mp12
(26)

0 mE
Yv (m) =Tp'(m) Mp 2<m<M- Mp 2

2) Calculate H" and H' by substituting Eqn. (26)
into Eqn. (22) and Eqn. (23). Accordingly,

Hv= 1 M p(TWpV)Y (27)

H = I /MFW, (T,W, )HY
3) a can be given by

1 M-Mv / 2-1

a = 3(m) (28)
M -Mp m= l 2

where

((m) = I + H', MP 2<m<M -MP 2 (29)

Then based on Eqn. (25), the received virtual pilot
signal can be obtained by

0{ mec
X(m (30)
v(m) TpJ(m).Hv(m) Mp>2<m<M-Mp12

Next, we get the channel impulse response by
h s = 1/ MF(TPWp)H (YU +YV) (31)

CO)

-A-DFT (Lp=8)
--- Proposed (Lp=32)
-O) Proposed (Lp=8)
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Fig. 2. MSE vs. SNR(dB)

where Yu is the original received signal in Eqn. (19) and

Yv is obtained by Eqn. (30).
Finally, we obtain the channel frequency response at

the whole subcarriers by Eqn. (14).

3.4. Complexity Consideration

Obviously, ((Wp)HWp)-'(TWp )H is the main operation
in conventional LS algorithm and includes matrix inverse
operation and abundant complex multiplications. Thus,
conventional LS channel estimation is hard to realize in
hardware, however, our proposed algorithm only includes
complex multiplications and additions, and could be
realize in practice.

4. SIMULATIONS AND DISCUSSION

In this section, computer simulations are given to verify
the proposed method. Table 1 shows the system
parameters. In the simulations, we assume that the
synchronization is perfect.

Fig.2 compares the Mean Square Error (MSE)
performances between the proposed LS method and the
DFT-based method. Obviously, the proposed method
achieves the better MSE performance even with larger
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method for OFDM system with guard subcarriers. This
method can use fewer pilots to achieve significant
performance improvement over the DFT-based channel
estimation when there are guard subcarriers. Compared
with the conventional LS estimator, the proposed method
has lower complexity and can be realized in the actual
OFDM system. a in Eqn. (25) is an approximation and
could be further investigated to improve system
performance. In addition, we can employ the proposed
channel estimator in MIMO-OFDM systems.
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