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Adaptive channel estimation based on pilot signals
and transform-domain processing in SISO/MIMO OFDM systems

Song Tiecheng  You Xiaohu Shen Lianfeng Song Xiaojin

(National Mobile Communications Research Laboratory, Southeast University, Nanjing 210096, China)

Abstract: Based on the transform-domain characteristics of pilot signals, a band suppression filter is used as a
transform-domain filter to restrain the interference of noise in channel estimation. The performance effect on
channel estimation for an orthogonal frequency division multiplex ( OFDM) system by different energy
coefficients in the transform domain and the energy coefficient under the different signal-to-noise ratios (SNR)
are also analyzed. A new energy coefficient expression is deduced. It is theoretically proven that dynamically
selecting an energy coefficient can significantly improve the performance of channel estimation. Simulation
results show that the proposed algorithm can achieve better performance close to the theoretic bounds of perfect
channel estimation. The algorithm is adapted to single-input single-output ( SISO) OFDM and multi-input
multi-output (MIMO) OFDM systems.
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Orthogonal frequency division multiplex (OFDM) two algorithms give a band suppression filter to restrain
and multi-input multi-output (MIMO) were proven ef- the interference of noise in channel estimation and
fective in resisting multipath fading and improving sys- present new methods to design the filter in transform
tem capacity. The combination of the two techniques, domain by detecting signal-to-noise ratio (SNR). Sim-
MIMO OFDM, shows even higher performance'". ulation results show that the proposed algorithm can
OFDM has attracted much attention and gained many achieve better performance close to the relevant theo-
research productions. For single-input single-output retic bounds of perfect channel estimation.

(SISO) systems, several channel estimation methods

can be found in Refs. [2 —4], whereas for MIMO sys- 1 System Description

tems, some channel estimation algorithms can be found 1.1 SISO OFDM system model
in Refs. [5 —7]. In allusion to the approach in Ref. The SISO OFDM system model'® with N subcar-
[8], adaptive channel estimation methods for SISO/ riers is shown in Fig. 1. The receiving signal at time z,
MIMO OFDM systems are presented in this paper. The
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output signal Y(k) at tone k can be expressed as
Y(k) =X(k)H(k) + N(k) (2)

where X(k) is the transmitted data at tone k of the [-th
OFDM symbol, H(k) is the channel frequency response
corresponding to tone k, and N (k) is the matching
filter’s output of n(t). At the receiver we can estimate
the channel transfer function and correct the informa-
tion data X(k) according to Y(K).
1.2 MIMO OFDM system model

The MIMO OFDM system model" is shown in
Fig. 2, with N, transmit antennas, N, receive antennas
and N subcarriers.
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Fig.2 MIMO OFDM system model

Suppose the OFDM symbol which is transmitted
from the r-th antenna at time index » is denoted by the
N x 1 vector X" (n). Before transmission, this vector is
processed by an IFFT, and a cyclic prefix of length N,
is added. We assume that N, =L, where L is the maxi-
mum length of all channels. After removing the cyclic
prefix at the g-th receive antenna, we obtain the N x 1
vector y’(n), which can be expressed as

yi(n) = Z,Hfu’FHX'(n) +m'(n) (3)

where F denotes the N x N unitary FFT matrix. We de-
fine HY

H =R Hig Tep (4)
where H{ is a (N + Ngp) X (N + Ngp) matrix represen-
ting the inter-symbol interference ( ISI) between
OFDM symbols from the r-th transmit antenna to the
g-th receive antenna, which can be written as (to sim-
plify notation, we will omit the antenna index » and q)

h(0)

h(L-1)
Hy =

ML-1) ... h(O)
(5)
T, denotes the cyclic prefix add matrix,
T = [ONCPx(N-NCP) INCPXNCP Iy, ] (6)
R, denotes the cyclic prefix remove matrix,
R, = [ONXNCP I1,] (7)
After the eigenvalue decomposition of H?'

cir ?

can obtain
H% =F"diag{/N[h], 0, . ,1"}F (8)

={h, (0),h, (1), ... h, (L-1) " is the
L x 1 vector representing the length L channel impulse
response from the r-th transmit antenna to the g-th re-
ceive antenna.

Using Eq. (8), and taking the FFT of y?(n), then
Eq. (3) can be written as

where h,

01 X(N-L) ] T} X

Y/(n) =Y diag{/N[h,,
r=1

X'(n) +N'(n) 9)
where N’(n) is the Fourier transform of ?(n).

We take the two-branch transmit diversity with
one receiver''” OFDM system as an example. Assume
that X, and X, are adjacent N x 1 vectors. After the
space-time-block-code process, we obtain the coded
matrix:

o R ]

_Xz X 1
Each line of the matrix is transmitted at different time
index. At the receiver we obtain

Y, =H X, +H,X, +N, 1

Y,= -HX, +H,X; +N2} (b
where H, and H, represent the channel frequency re-
sponse from the transmit antennas to the receive anten-
na, respectively; N, and N, denote the noise vectors at
different time indices.

Based on the decoding method of the two-branch
(1

(10)

transmit diversity with one receiver system' ', we can

obtain the estimate of X, and X,:
%IZHI*YI'FHZY;} (12)
X,=H, Y, -HY,

Using Eq. (11), Eq. (12) can be written as
X, =(H'H, +H;H)X, +HN, +H2N;} )

Xz :(Hl* H1 +H; Hz)Xz _HINZ* +H2*N1
Then, we finally obtain the estimate of transmit
vectors according to the received signals.

2 Adaptive Channel Estimation Methods

2.1 Adaptive channel estimation method of SISO
OFDM system

For simplicity, we start with the adaptive channel
estimation of the SISO OFDM system and then extend
it to the MIMO OFDM system.

From the received pilot signals we can estimate
H(k). Here comb-pattern''"! is adopted. There are in
total N, pilot subcarriers in each OFDM signal. Assume
N/N,; is an integer, and all the pilot signals have an
equal complex value c, then the modulated OFDM sig-
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nal on the k-th subcarrier can be expressed as

Xk =X(m Y 4i) =[¢ £=0
(k) = (’"NP”)‘{data i=1,2,...,N/N, -1

(14)
where 0sm<N, —-1.
Assume that the channel transfer function at the
pilot subcarriers can be expressed as an N, x 1 vector,
H, ={Hy(0), Hp(1), ..., Hy(Np — 1) }T =

T

{H(O),H(Nﬂp),...,HP((NP—l)NﬂP)} (15)

Then the received frequency-domain signal vector
Y, ={Y,(0), Y,(1), ..., Yo(N, —1)}" can be obtained
as

Y, =X,H, + N, (16)
where
X, =diag{X,(0), X,(1), ... X,(N, 1)} =
diag{X(O),X( Nﬁp) x( (N, - 1)Nﬂp)}

X, denotes the signals at the pilot subcarriers and N,
denotes the Gaussian white noise vector at the pilot
subcarriers.

According to Ref. [8], we study the transform-
domain processing of channel frequency response.
Fig. 3 gives an example of \GNP(p) |.
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A new efficient band suppression filtering is
adopted here instead of the traditional lowpass filte-
ring. According to Fig. 3, the cut-off frequency p,, can
be selected as 0, and p_, can be selected with respect

to different values of the energy parameter R'.
Np-1

(6o |* + i G(p)z]/pZ:OG(p)2 =R’

P=Np-pe2
(17)
where the numerator is the energy in passband, the de-
nominator the total energy.

After the filtering, the noise component is re-
duced to p,/N, of its original value. The band sup-
pression filtering can be realized as

Go(p) = {GN,,(p) p :0;{V —PoSpsN-I
0 otherwise
(18)

Then Eq. (17) can be written as
1 +Ngoy/N,

R/
1 +oy

(19)
where N, Np, oy are the length of CP, the number of
pilot subcarriers and the variance of Gaussian white
noise, respectively.

With respect to any different SNR of the receiv-
er, Eq. (19) can be written in another form:
(Np —Nep) /Ny

R =1-
1 +rgw

(20)

where rog = 1/0%.

It is obvious that the proposed method is adaptive
and the cut-off frequency p_, can be dynamically de-
signed according to the SNR of receiver.

2.2 Adaptive channel estimation method of MI-
MO OFDM system

We now consider the adaptive channel estimation
of the MIMO OFDM system and the optimal pilot de-
sign. Based on the study of the MIMO OFDM sys-
tem, we take the two-branch transmit diversity with
two-receiver OFDM system as an example. The coded
matrix is

(21)

oo 5]

-X, X/
Y, ,, denotes the signal of the j-th receive antenna
at time m, and H, ; is the channel frequency response
of the k-th subcarrier from the i-th transmit antenna to
the j-th receive antenna (for simplicity, we omit the
frequency index k). At the receiver we can obtain

o e il S A

Y. X, X,11H N
S R [P R
Y24,2 _XZ Xl HZ,Z N4
We take receive antenna 1 as an example. Using

Eq. (22), we can obtain the least-square (LS) estima-
tion of {H, ,, H,, RS

{Ij.,l}:[ X, X, ‘{Y.,l}:
HZ,I _XZ* Xl* Yl,Z

(ol {oa ) (v e

To simplify Eq. (24), the optimal pilot sequences
can be designed by choosing disjoint sequences, i. e. ,
zeros in one pilot sequence, with equal complex value
X in another one, and vice versa. Then Eq. (24) can
be written as (assume X, =X, X, =0)

Hl,l X 0 ]_1 Y1,1
o t=lo x] 1l

1
o0
S M
ol L[V
Xe
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Based on the above consideration, pilot sequences
can be designed as
X, ={X,, data, X, data, ..., X, data} %6
X, ={0, data, 0, data, ..., 0, data} } (26)
where X, X, are N x 1 vectors (N, pilot subcarriers) .
The variance of pilot signals does not affect the chan-
nel estimation complexity.

Using Eq. (25), we can obtain the rough estimate
of H ,, H, , thus, the LS estimate from the transmit
antennas to the receive antennas can be expressed as
two P x1 vectors ﬁ:,n flm. The proposed method
based on pilot signals and adaptive transform-domain
processing is depicted in Fig. 4. We take the LS esti-
mate H . as an example (from the g-th transmit an-
tenna to the r-th receive antenna), and give three key
points as follows:

1) The transform-domain representation of the
N, x 1 vector FAIW is

G, =F,H, (27)
where F,, denotes the N, X N, unitary FFT matrix.

2) After transform-domain filtering, we can ob-
tain G .- The filter design is realized in a similar way
of SISO OFDM system. The cut-off frequency p?” is
adjusted by energy parameter R, , with respect to the
following formula:

N, N,
1+ CPa_iI p + CPO’;
/ Npp Ny
R, = = 5 (28)
1 +*0'2N ptox

where p denotes the fixed power dedicated for pilot
sequence, N, is the length of CP, N, is the number of
pilot subcarriers, and ¢y is the variance of Gaussian
white noise. According to the SNR of the receiver,
Eq. (28) can also be written in another form:
_ (NP _NCP)/NP

l +7rgw

R, =1

q,r

(29)

where rgp = 1/0%.
3) After zero padding, we take the N-point IFFT
of G, and finally obtain H,,.
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Fig.4 Adaptive transform-domain processing of A or

3 Simulation

In our simulation, the MIMO OFDM system is
equipped with two transmit antennas and two receive

antennas. Space-time-block-code with BPSK modula-
tion is used in the system. The entire channel band-
width is 20 MHz. The total number of all subcarriers
in each OFDM symbol is 256, and the number of pilot
subcarriers is 32. The length of cyclic prefix is 0.5
ws, and we assume the channel delay is 0.3 ps. The
average power distribution of a time-variant multipath
channel model''” is given as follows:
h=1{1,0.7071,0.3253,0.127 3,0,0,0. 049 5}
(30)
Fig. 5 and Fig. 6 show that the adaptive channel
estimation methods have offered a better performance
gain in the SISO/MIMO OFDM systems than the tra-
ditional transform-domain processing methods.
100 —

N Perfect channel
107" [~ Transform process with fixed R
-e- Adaptive transform process

-4 1 1 1 1 1 1
10 -5 0 5 10 15 20 25
SNR/dB

Fig.5 Comparison of BER in SISO OFDM system

Probability of symbol error

|
30 35

10°1
—— Perfect channel
’g‘ 10! —o- Transform process with fixed R
e —— Adaptive transform process
‘é 10°?
s
£ 107
3
£ 107
1073 I 1

5 10 15 20 25
SNR/dB
Fig.6 Comparison of BER in 2120 OFDM system

4 Conclusion

In this paper, we have presented adaptive channel
estimation methods for SISO/MIMO OFDM systems.
By adjusting the energy parameter according to the
SNR of the receiver in order to improve the filtering
effect, the proposed channel estimation methods based
on optimum pilot-aided and transform-domain filtering
have been seen to significantly outperform the tradi-
tional transform-domain processing in SISO/MIMO
OFDM systems. Simulation results have demonstrated
that the adaptive channel estimation methods can
achieve better performance close to the theoretic
bound of ideal channel estimation.



Adaptive channel estimation based on pilot signals and transform-domain processing in ... 253

References

[1] Boleskei H, Gesbert D, Paulraj A J. On the capacity of
OFDM based spatial multiplexing systems [ J]. IEEE
Transactions on Communication, 2002, 50 (11): 225 —
234.

[2] Kang Seog Geun, Ha Yong Min, Joo Eon Kyeong. A com-
parative investigation on channel estimation algorithms for
OFDM in mobile communications [J]. IEEE Transactions
on Broadcasting,2003,49(2): 142 —149.

[3] Song Won-Gyu, Lim Jong-Tae. Pilot-symbol aided channel
estimation for OFDM with fast fading channels[J]. IEEE
Transactions on Broadcasting, 2003, 49(4):398 —402.

[4] Coleri S, Ergen M, Puri A, et al. Channel estimation tech-
niques based on pilot arrangement in OFDM systems|[ J] .
IEEE Transactions on Broadcasting, 2002, 48 (3): 223 —
229.

[5] Geoffrey Li Y. Simplified channel estimation for OFDM
systems with multiple transmit antennas [J]. IEEE Trans-
actions on Wireless Communications, 2002, 1(1):67 —75.

[6] Shin Myeongchoel, Lee Hakju, Lee Chungyong. Enhanced
channel-estimation technique for MIMO OFDM systems
[J1. IEEE Transactions on Vehicular Technology, 2004, 53
(1):261 —265.

[7] Geoffrey Li Y, Winters Jack H, Sollenberger Nelson R.
MIMO OFDM for wireless communications: signal detec-
tion with enhanced channel estimation[J]. IEEE Transac-
tions on Communications,2002,50(9): 1471 —1477.

[8] Zhao Yuping, Huang Aiping. A novel channel estimation
method for OFDM mobile communication systems based
on pilot signals and transform-domain processing [ A]. In:
Proceedings of IEEE VTC [ C]. Phoenix, AZ, USA, 1997.
2089 —2093.

[9] Barhumi Imad, Leus Geert, Moonen Marc. Optimal train-
ing design for MIMO OFDM systems in mobile wireless
channels [J]. IEEE Transactions on Signal Processing,
2003,51(6): 1615 — 1624.

[10] Alamouti S M. A simple transmit diversity technique for
wireless communications [ J]. IEEE Journal on Selected
Areas in Communications, 1998,16(8): 1451 — 1458.

[11] Hoeher P, Kaiser S, Robertson P. Pilot-symbol-aided
channel estimation in time and frequency [ A]. In: The
Sixth Communication Theory Mini-Conference Conjunc-
tion with IEEE GLOBECOM’97[ C] . Phoenix, AZ, USA,
1997.90 —96.

[12] Saleh A, Valenzuela R. A statistical model for indoor
multipath propagation[J]. IEEE Journal on Selected Are-
as in Communications, 1987,5(2):128 —137.

BT S5 E s SISO/MIMO OFDM # % B i& M (5 & fh it

Rekk  LH K

wiEF RBEE

(FAXFHFERARELERT, HF 210096)

B B FIE T AT RRP O asr L, B R A0 T HIRIER BRI R AL A ZAFEREL R
“Ar PRI B EME R KT RILE MG T, oM T EHRBETAK T R A EA T RO Y
0, AT T I A B SR A X BRI T RSB AR MOR AR M B 69 1R L B 3E SRR B AT L
BEREREAT M. T ASREAN REGEEST L ABSF M, E—F B HE LT
VAR T AAZ HAE T 09 M4, iE A T SISO OFDM % % 4= MIMO OFDM % %t.

KHEIFE: B i€ BAZHE AR BRI 2 A (OFDM) ; £ 5t 4 %

mhE 42 . TN914. 3



