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ABSTRACT

A novel channel identification algorithm is presented for
OFDM communication systems in which the signal band-
width is limited severely. Since little information outside the
signal band can be extracted from the received signal directly
in conventional methods, it is usually difficult to identify the
channel dynamics with signal band restriction; as a result,
channel identification remains large uncertainty, which leads
to fragile performance of adaptive systems based on channel
estimation especially outside the signal band. In order to
explore much information, some specified signals are con-
structed and their spectral properties are analyzed by using
the distinctive feature of OFDM guard interval, furthermore
the spectra based identification algorithm is developed. The
main computation can be performed through fast Fourier
transform so the computational complexity is low. The ef-
fectiveness of the proposed approach is demonstrated by nu-
merical simulations of channel identification and coupling
cancellation in an OFDM communication relay system.

1. INTRODUCTION

Persistent excitation (PE) is essentially required in system
identification. To explore the dynamic characteristics of a
system through identification techniques, one should excite
sufficient dynamic modes especially in the frequency band
dominating the system performance. This requirement can
be fulfilled when the PE test signals can be used for iden-
tification. Nevertheless, the user’s freedom in choosing in-
put characteristics may not be allowed in many applications,
e.g., some process industries, communication systems with
specified restrictions on signal band. If the excitations are
not informative enough, i.e., they do not contain sufficient
distinct frequency components, some dynamic modes of the
system cannot be excited; as a result, the identification prob-
lem becomes very difficult [1]. For example, in multi-carrier
communication systems such as OFDM, DMT, some carri-
ers far away from the central band frequency do not convey
any information data in order to simplify the design of fil-
ter circuit and not to interference the adjacent communica-
tion channels, thus the transmitted signal is restricted within
a specified frequency band. When one uses the estimation of
dynamic transmission channel to determine the coefficients
of equalizer or interference canceller [2], some coefficients
are left unaltered since the dynamic modes are not excited
at the carriers that do not convey data, as a result, the confi-
dential performance of the equalizer or interference canceller
cannot be guaranteed [3].
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The solutions to this problem were considered in some
previous works. A straightforward method was proposed to
transmit dummy signal with low power level [4], however,
the dummy signal was undesired in practical systems since it
caused other problems such as increasing power of transmit-
ted signal, requirement of extra circuit to deal with dummy
signal, etc. Alternatively a bandpass filter with very steep
characteristics was used to reduce the affection of the model
uncertainty outside the signal band, but such a filter pro-
longed the channel impulse response to cause inter-carrier
interference. Circulant decomposition canceller design in
DMT receivers splitted the received data matrix into a cir-
cular and a skew-circular part, which leaded to the frequency
domain and partial time domain echo cancelling respectively
[3], however, its slow convergence restricted its practical ap-
plications. A time domain approach to identify the dynamics
outside the signal band [5] was also proposed, it’s compu-
tational complexity was still high for real-time implementa-
tion. Though extrapolation methods or regularization meth-
ods such as Levenberg-Marquardt procedure can estimate the
dynamic characteristics outside the signal band to some ex-
tent, its uncertainty is too large to be used in system design
when the width of outside signal band is not short enough.
Consequently the development of an effective identification
algorithm with low computational complexity and high con-
vergence rate is a challenging work in OFDM systems.

In this paper, a novel channel identification algorithm
is considered for OFDM communication systems. In order
to extract much information of the dynamic modes for the
identification, some specified signals are constructed from
the received signal by considering the distinctive property of
guard interval, and their relation with the channel dynamics
is revealed through Fourier analysis techniques. Then a new
identification algorithm is developed by using the relation.
Compared with conventional methods of band-limited iden-
tification, the algorithm is implemented in frequency domain
mainly through FFT so it has low computational complexity
and can be applied for adaptive processing systems.

2. COMMUNICATION CHANNEL MODEL

For the simplicity of notation, the sampling instants of the
OFDM signals are normalized and denoted as integer k. Fur-
thermore, the normalized discrete instant in the /-th trans-
mission symbol period is indicated as m, the normalized fre-
quency of n-th sub-carrier is @,, ®, = 27tn/M, M is the win-
dow length of the Fourier transform.
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2.1 OFDM Signal Band

In the /-th transmission symbol period, the baseband signal
d(l,m) is generated through the M-point IFFT
M/2

Y, D(n)el, (1)

n=—M/2+1

d(l,m) =

where D(I,n) is the information symbol conveyed on the n-th
sub-carrier, which is given as follows.

for |n| < N}
for |n| > N )

Information data(=£ 0),

)

where N; = (N —1)/2, and N is the number of active sub-
carriers, N < M. It can be seen that the carriers whose dis-
tance from the central carrier is more than N| do not carry any
information data, hence the spectrum of transmitted signal
d(l,m) in an effective symbol period, i.e. m=0,---, M — 1
is limited to |n| < Ny, whereas the spectral density outside
signal band, i.e. for |n| > N;, becomes to 0. It implies
that d(I,m) and its corresponding received signal r(I,m) for
m=20,---,M —1 do hold little information about the channel
dynamics outside the signal band.

Since D(I,n) is the element of a specified constellation,
the following Proposition holds.

Proposition 1 If the information symbol D(l,n) can be
treated as a uniformly distributed random sequence with re-
spect to I, n, then for any integers 1, I, and any active sub-
carrier ny, ny,

L—soo

L
lim %ZD*(lJrll,nl)D(lJrlz,ng)
=1
=D*8(l — )8 (ny —ma) (3)

holds, where D?* is a constant determined by the constella-
tion, |n1| < Ny and |ny| < Nj.

Furthermore, for the purpose of synchronization, the pilot
symbols are assigned at some specified sub-carriers, whose
frequencies are denoted as wp,,. It implies that when the syn-
chronization with the base station is achieved, the source in-
formation symbol carried by P,-th sub-carrier at frequency
Wp,, 1s known as a priori.

2.2 OFDM Guard Interval

In OFDM systems, guard interval is attached at the header
of every transmission symbol period. If the length of guard
interval is mg;, d(I,m) for m = —mg;,---,—1, which is in-
side the guard interval, is equal to the signal for m = M —
mgj,-+-,M — 1 at the tailor of the symbol period respec-
tively. Then, the practical transmission period including
guard interval becomes to M + my;, and the relation between
the normalized discrete time of k£ and m can be given by
k= (I—1)(M+mg)+mg+m,ie.,

d(k):d(lam>a for k = (171)(M+mgl)+mgl+m (4)
2.3 Channel Model

When the communication is suffered from multi-path inter-
ference, the received signal (k) is approximated by

Ly
r(k) =Y hed(k—7)+v(k), (5)
7=0
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Figure 1: Ilustration of signal x(k)

where the additive noise v(k) is often assumed to be a white
Gaussian noise with zero mean and finite variance, and inde-
pendent of the source signal d (k). r(k) and v(k) can also be
arranged in the form of r(I,m), v(I,m) similarly as d(I,m) in
(4). hr is the coefficient corresponding to the 7-th delay in-
terference wave, and the effective tap length is L, 4+ 1. Then
the channel dynamics is expressed by

H(z) =ho+hiz " 4+ hy,z " (6)

3. EXPLORATION OF SIGNAL PROPERTY

Let R(I,n) be the Fourier transform of the received signal
r(I,m) at the n-th carrier frequency in the /-th symbol period
within the FFT window m = 0,---,M — 1. For |n| <Ny, (5)
can be rewritten in the frequency domain as

R(I,n) = H(e/*)D(1,n) +V (I,n). @)

Nevertheless, following the fact that D(I,n) = 0 for |n| > Ny,
the components remaining in the spectrum R([,n) are noise
components and cannot provide sufficient information for
identification, so extra information should be extracted.

3.1 Fourier Analysis of Specified Signals

Two signals are constructed from the original transmitted and
received signals as follows:

x(k) = d(k+mgi) —d(k+mgi — M), (8)
y(k) = r(k+mg) — r(k+mg —M). 9)

As an example, the signal x(k) is illustrated in Figure 1,
where K is an integer satisfying mg; < K +mg <M, e.g.,
K = M /2. Moreover, the formulation of x(I,m) and y(,m)
can also be constructed similarly as d(I,m) or r(I,m). From
the feature of guard interval, x(I,m) = 0 holds for —mgi <
m < 0. Then substituting (1) into the expression of x(,m)
yields that

Ni N
x(Lm)="Y D(1,n)el@nm=mgi) _ Y, D(1—1,n)e/ ™
i’li*Nl Vli*Nl
Ny . .
=Y (D(I,n)e /™" —D(I—1,n)) /" for 0<m<K
nszl
(10)

Next consider the signal y(k). Let its component corre-
sponding to tap delay 7 be denoted by y(k), then neglecting
the noise term, y;(k) and y(k) can be expressed by

ye(k) = hex(k— 1), y(k) = 20 ye(k) (an
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Moreover, in the /-th symbol period, y.(I,m) becomes to

N

e} (D(I,n)e ™™ —D(1—1,n)) e/ (m0),
yr(l,m) = n=—N (12)
fort<m<K
0, forO<m< 7t

On the other hand, let the frequency properties of x(/,m)
in 0 < m < K be defined by

K-1

= Z x(1,m)e O™ (13)
m=0
forn=—M/2+1,---,M/2, and similarly y;(I,m), y(I,m)

respectively, then Lemma 1 holds.

Lemma 1 The frequency properties of signals x(k) and y(k)
satisfy the following equation

H(e!™)X(1,n)=Y (I,n)+Y_ he (Ec1(I,n)+E-2(1,n))(14)

where Er 1 (I,n) and E;»(1,n) are distortion terms given by

. M .
Eea(l)=e /% Y, (D(.a)e s —D(I-1.7))
ﬁ;;
*J(wn i) (K=1) _ p—J(@n—wa)K
¢ __¢ (15)
1— e*](wn*wﬁ)
Eca(l,n) = Te 77 (D(z,n)w‘wﬂ%i —D(I—1,n)
+D(1,nfM)e*f‘°nmgifD(zfl,nfM)). (16)
3.2 Spectral Estimation
Let the spectral estimation of XX (/,n) be defined by
1 l
=7, Z URDM(URDE (17)

and similarly XE¢(l,n) and XE>(l,n), then XE¢(l,n)
and they can be determined by Lemma 2.

Lemma 2 If is large enough, XX (I,n) is approximated by

N
Z 1 —cos(®, — wz)K +2K252
ﬁ:_ lfcos(a),, ;)
n—n#0, (18)
for|n| < Ny, and
— o M 1—cos(w,—wz)K
XX (l,n) ~2D -_— (19)
iy, 1—cos(@,—ws)
for Ni < |n| < M /2. Meanwhile, XE (l,n) satisfies
N TP
. 1 — e~ J(@n—wp)K )
XE l )~D — (/7
wi(ln) ﬁ:ZL <lcos((una)ﬁ) (e
"0,

fe*f“’ﬁf)). (20)
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Furthermore, spectral distortion XE (I, n) is

XE.5(l,n) ~2e /DKt 1)
for |n| < Ny, while for Ny < |n| < M /2 it turns to
XE:(l,n) =0. 22)

Following Lemma 1, the relation between spectra of x(k),
y(k)_and the frequency property of the dynamic channel
H(e’®) is summarized in Theorem 1.

Theorem 1 Spectra of x(k), y(k) and the channel satisfy

H(e/*)XX (I,n) ~ XY (I,n)

+th(ﬁf’l(l,n)jtﬁr,z(l,n)). 23)

In (23), XX (I,n) and XY (I,n) can be estimated from x(k)
and y(k) directly. On the other hand, from Lemma 2, the
spectral distortion terms XE 1 (I,n) and XE;(l,n) can be
calculated beforehand without any observation data and the
information of channel dynamics. Consequently, it is possi-
ble to estimate the channel property outside the signal band
from signals x(k) and y(k) if XY(l,n) is compensated by
XE:1(l,n) and XE»(1,n). Though XX (I,n) can also be pre-
calculated by (18) and (19), the approximation error is large
for small / so the estimation of (17) is used especially in the
first several iterations when [ is small.

On the other hand, when H(e/®") is time-varying, a for-
getting factor A, where 0 < A < 1, can be used to estimate
XX(I,n) and XY (I,n)

XX(I,n) = AXX(I—1,n)+X*(l,n)X (I,n), 24)
XY (I,n) = AXY(I—1,n)+X*(l,n)Y (I,n) (25)
respectively.

4. ALGORITHM IMPLEMENTATION

4.1 Identification Algorithm

Provided that the scattered pilot symbols are assigned at P,-th
sub-carrier with normalized frequency wp,. Then the infor-
mation symbol D(I,P,) at the pilot sub-carrier P, is known
from the information of pilot symbols, consequently

R(L,P,)

H(ejwpﬂ) = m
i n

(26)

is obtained at pilot carrier frequency @p,. As for the chan-
nel dynamics at non-pilot sub-carriers inside the signal band,
interpolation is an effective choice since the scattered pilot
symbols are distributed within |n| < N; uniformly. To sim-
plify the computation, a linear interpolation is considered as
follows.

H(el™) = A (/1)
_P L L
+ Pinz ! : (A 2) A, @)
n, n,

where P, and P,> are the number of two adjacent pilot
sub-carriers, P, 1 < n < B,>. Moreover, the source symbols
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D(1,n) can be given by

R(l,n)
H(eion)
0,

for |n| <N

)

D(1,n) (28)

)

for N; < |n| < >

then d (1,m) can be calculated by IFFT easily.
By the virtue of Theorem 1, the estimation of channel
model outside the signal band can be deduced iteratively.

AT (efony = A(er™)+ Y WD A(1,n) (29)
T

where iz(ri) is the coefficients of IFFT of H()(e/®), and
H(e/®), A¢(I,n) are given by

H(el) = HO)(eion) Pl(ejwn)’ In| < N (30)

- =3 XY(l,n 5
ﬁ((lﬂ)), |I’l| >N

A-;(l,n) _ XET71(1,I/Z)+XET72(1,I/Z). 31)

XX(I,n)

4.2

The main numerical computation in the proposed algorithm
is just FFT to estimate the signal spectra XX (I,n), XY (I,n)
of x(k) and y(k); division of (XE<(l,n)+XE>(l,n)) and
XX (1,n), while the former two terms are pre-calculated, divi-

sion of XY (I,n) and XX (,n), IFFT to calculate 7. Further-
more, the computational complexity does not increase too
much even though the interference delay taps get longer. So
the proposed algorithm can be implemented easily.

Computational Complexity

5. APPLICATION TO COUPLING WAVE
CANCELLATION

Consider an application of the proposed channel identifica-
tion algorithm to coupling wave cancellation in OFDM relay
station to enlarge the service area. Since the carrier frequency
for transmission is the same as that of the received signals at
the relay station, the radio wave from the transmitter antenna
couples into the receiver antenna leading to coupling wave
interference, which degrades the quality of the signal trans-
mission, even causes the serious oscillation problem. Hence,
the coupling cancellation schemes should be developed to
reduce the coupling effects [6]. The diagram of the relay
station with coupling interference is illustrated in Figure 2,
where C(z) denotes the model of coupling interference, W (z)
is the time domain canceller, g is the amplifier gain, whereas
s(k) is the re-transmitted signal.

Figure 2: Schematic diagram of relay station
Then the channel model can be approximated by

r(k) = H(z)(d(k) +v(k)), s(k) = gr(k) (32)
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where

1

HO = Trwi o)

Obviously H(z) is a transfer function of closed-loop model,
hence its poles must be located inside the unit circle to guar-
antee the stability of the cancellation system when updating
canceller W(z). Accordingly the dynamic characteristics of
H(z) over the full frequency band is required not only for
updating W (z), but also for the system stability.

When the estimate H (/) is obtained, the canceller up-
dating in the frequency domain can be given by

AW (/) = g (1 - (33)

where u is the step size. To guarantee the stability, following
the small gain theorem, it should be satisfied that

|AW (/" )H ()

<a (34)

where 0 < o <1 is a constant. Then p can be determined by

L)

Since the channel identification can be executed for every
symbol period, the canceller updating can also be performed
iteratively. Thus, when the channel model H(e/“") outside
the signal band cannot be obtained, neither AW (e/®") nor
U can be calculated so the cancellation stability might lose
during canceller updating.

U = min #
n g’H(eJ“’")—1|

(35)

6. NUMERICAL SIMULATIONS

In the example, the OFDM information symbols D(/,n) are
64QAM, the FFT/IFFT length is M = 2048, the guard inter-
val is mg; = M / 4. Let the number of active sub-carriers be
N = 1201, which implies that the signal band is only about
3/5 of the full band width. There are 6 symbol transmission
periods per sub-frame, and 200 scattered pilot subcarriers are
distributed uniformly in the first and fourth symbol periods
[7]. Let K be chosen as K = M/2, the signal-to-noise ratio is
15dB.

6.1 Channel Identification

The true frequency property of H(e/®) and its estimate af-
ter 50 iterations are plotted in Figure 3. It illustrates that the
estimate is very close to the true one even outside the sig-
nal band, though the transmitted signal d(k) has severe band
limitation. As a comparison, the channel is also identified
by conventional methods using RLS or LMS, and the results
show that both RLS and LMS cannot provide satisfactory
identification outside the signal band.

As shown in Figure 4, the signal x(k) has spectral power
density of 1073 outside the signal band. Compared with the
original spectrum of d(k), the information over the entire fre-
quency band can be extracted from x(k) though the spectral
power density outside the band is a little lower than the in-
side one. It means that it is possible to identify the dynamics
of channel even outside the signal band. On the other hand,
since the nonlinear distortion of HPA increases the out of
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band noise, some predistortion methods can be used to guar-
antee the channel identification performance.

The estimation errors outside the signal band under vari-
ous noise environments are illustrated in Figure 5, where the
error is evaluated by

L |AEe)-HE)|
N1<‘i’l‘<%

Enou = 36
o (oo o

N1<\n\<%4

It can be seen that even for low SNR, the estimation error
successfully reduces lower than 10! just by tens iterations.

A—A—A SNR=15dB
G—8—H SNR=20dB
O—0—< SNR=25dB
G—6—6 SNR=30dB
*—x—x SNR=35dB

E H,Out

0 100 200 300 400 500
Iteration number

Figure 5: Estimation error vs. different SNR
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6.2 Adaptive Coupling Cancellation

Let the canceller W(z) is an FIR filter with 100 taps and its
initial value is 0. The true channel model H(z) for W(z) =0
is the same as that in Figure 3.

The ratio of desired and undesired signal powers (DU)
for 100 iterations is shown in Figure 6. The DU converges
to noise level after 25 iterations and the DU ratio is much
better than that of the conventional method without using the
estimation outside the signal band, whereas the later falls into
instability sometimes.

Proposed method

Conventional method
O—8—H8 without identification
outside signal band

. . . Lth
20 40 60 80 100
Iteration number

Figure 6: Convergence performance of cancellation

7. CONCLUSIONS

The algorithm for OFDM channel identification with
severely limited signal band has been developed. By using
the special properties of guard interval and pilot symbols,
the approach to extraction of important information from the
band-limited signals for channel identification is analyzed.
The proposed algorithm is implemented in the frequency do-
main by the fast Fourier transform, consequently it has low
computational complexity.
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