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ABSTRACT

Transmission of multimedia data is the goal of third gener-
ation (3G) cellular radio systems necessitating high-speed
data links where the multipath delay spread generally en-
compasses many symbol intervals. The channel impulse re-
sponse for each antenna in a prototypical high-speed data
link is many symbol intervals in duration and generally
sparse. In order to reduce the number of parameters that
need to be estimated in order to characterize the channel,
researchers have recently proposed a number of schemes
for direct estimation of the multipath parameters. How-
ever, this approach requires a relatively long observation
interval in order to accurately estimate the complex gain
of each dominant multipath at each antenna. We here
propose an alternative approach based on subbanding and
the Cross-Relation Method (CRM) of Xu, Liu, Tong, and
Kailath. Basically, we apply the CRM in each subband
using basis functions derived from the symbol waveform
and the bandpass filter to blindly identify the frequency
response of each channel in the given subband. A method
is presented for proper phasing of each subband channel
estimate in order to reconstruct the full channel impulse
response associated with each antenna. Simulations are
presented demonstrating accurate identification of multi-
ple channels under adverse multipath conditions, moderate
SNR, and with a relatively small number of symbols.

1. INTRODUCTION: SUBBAND MODEL

Employing linear modulation with a finite alphabet in a
wireless digital communication system, the received signal
at the i-th antenna, ¢ =1, ..., N4, may be expressed as

Np—1

g(t) = D blmlhi(t - mTo) +n(t), i=1,..,Na, (1)

m=0
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where b[m] is the m-th transmitted symbol, N; is the num-
ber of symbols comprising the burst, 1/7, is the symbol
rate, and n.(t) is the (wide-sense stationary) noise pro-
cess at the i-th antenna after front-end matched filtering
with psr(—t), the suboptimal demodulator that matches the
transmit pulse symbol waveform, p.r(t), having a square-
root raised cosine spectrum, for example.

The “channel” impulse response associated with the i-th
antenna, h,(t), may be expressed as

Ri(t) = pre(t) * hrp, (t) )

where “#” denotes linear convolution and p,.(t) = psr(t) *
per(—t) has araised cosine spectrum and is referred to as the
Nyquist symbol waveform with a roll-off factor 8. hrr, (t) is
the RF multipath propagation channel that is approximated

by a sum of @ dominant specular multipaths as

Q
hrr,(t) = Zgzklsa(t—Tk): 3)

k=1

where g;; and 7; are the complex gain and delay, respec-
tively, of the k-th multipath arrival at antenna ¢, and d4(t)
is the Dirac delta function. An upper bound on the de-
lay spread is assumed known and without loss of generality
selected to be an integer multiple of T, /2:
To
max{7} < Tmaz = J? (1)
Note that we are dealing with the wideband case where the
value of J may be large.

For equalization purposes, it is only necessary to accu-
rately determine the frequency response of the RF multi-
path channel associated with each antenna over the signal
bandwidth. In a narrowband setting, we showed in [1] that
this may be achieved by employing a small number of de-
lays equi-spaced across the delay spread, regardless of the
actual multipath delay times. In order to utilize the tech-
niques developed in [1] here for the wideband case, consider
passing the signal received at each antenna through a bank
of M analysis filters, as shown in Figure 1, where each filter
passes a different narrow subband. We initially consider a
uniform filter bank wherein the passband of each filter is
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the same. For reasons to presented later, it is important
that adjacent subbands have significant overlap. Although
the subbanding will be done via digital filtering after A/D
conversion at twice the symbol rate, it will be useful at
times for conceptual reasons to also view the subbanding
operation in continuous time wherein the impulse response
of the £-th bandpass filter is denoted fe(t), £=1,..., M.
The output of the ¢-th bandpass filter, y; ¢(t), at the i-th

antenna may be expressed as

Np—1

e(t)= Y bmlhie(t— mTo) +nie(t), i=

m=0

1,0, Na,

(5)

where the “channel” h, ¢(t) may be expressed as

ht,l(t) = prc(t) * hRF, (t) * fl(t) (6)

Following the lead of [1], for the £-th subband, we would like
to determine a set of channel tap values hf? [k] equi-spaced
across the delay spread ideally satisfying

Q
Zgik5a(t - Tk) * {prc(t) * fg(t)}

k=1

hoe(t) =

Zh“’ [k1a(t = K 722%) % {pre(t) * F2(6)}.(7)

That is, we wish to determine h<°)[k] k =0,1,...,Np, so

that the Fourier Transform of ij"o hfcg [K]da(t — kTpaz) is

ideally equal to the Fourier Transform of Zfﬂ gikba(t —
7) over the passband of the analysis filter f¢(¢). This is
sufficient for our equalization purposes here.

Again, the proposed system operates at twice the symbol
rate. A model for the y, ¢[n] = y.¢(nT,/2) under noise-
less conditions may be obtained by substituting n7,/2 into
eqn. (5) and ignoring noise (in order to develop the Cross-
Relation Method).

vt (n5)
2,4 2

Np—1

= Y b[mlhie(t — mTo)

m=0

Ye,2[n]

t=nTy [2
Np—1
= ) bimlhieln - 2m] (8)
m=0
where h,¢[n] = h,¢(nTo/2). Consider choosing J and Ny
so that the ratio J/N}, is an integer so that, in turn,

Z"J_‘li=[£ where: I=i

N, 5 : N = integer. (9)

Sampling the expression for h,¢(t) (with the substitution
above) at twice the symbol rate yields the following expres-
sion for the impulse response of the channel associated with

the £-th subband and :-th antenna:
To
hie ( 2 )

= Zh(” [KIBalt = RT55) e {pre(1) « £e(8)}

hieln] =

t=nT, /2
= Zh(c) k]f[(t - k[%) *prc(t)
t=nT, [2
Np
k=0
_ {Z W 18T — Ik]} ol s ) (10
= Ehﬁf} (klpe[n — IK] (11)
k=0
where §[n] is the Kronecker delta function,
pre[n] = pre (n%) and  feln] = fe (n%) (12)

and
pe[n] = pre[n] x feln] (13)
Both the model for h,e[n] in eqn. (10) and that in eqn.
(11) will be useful for later developments.
2. BLIND CHANNEL IDENTIFICATION

In order to apply the Cross-Relation (CR) method, consider
decimating y, ¢[n] in (8) by a factor of 2.
y{7 ] = yiel2n] = b[n] + K3 ], (14)
where
R [n] = hief2n]. (15)
For the sake of simplicity, assume without loss of generality
that there are only N4 = 2 antennas. Considering : = 1 and
i = 2, eqn. (14) indicates that we have the same input, the
symbol sequence b[m], into two different FIR filters, hg?} [r]

and hg [n]. We thus have the cross-relation:
yi2ln)« B)n] = 2 [n) x B =0 (16)

Decimating the model for h,¢[n] in eqn.(11) by a factor of
2 and substituting into the equation above yields

{Zh( (K]pe[2n Ik]} * ygoz[ -
{Z R Klpef2n — Ik]} £ y[n] =o.
k=0

Invoking the distributive property of convolution, the above

(17)

equation may be rewritten as

Z h(c) k]y(o K Z h(c)

5% =0 vn, (18)
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where

yP In] = pelzn — Ik« yQnl, k=0,1,..,Nn, i=1,2.
(19)
The relation in eqn. (18) may be expressed in matrix form

as

[Yoi-ve[ne -0 ase<w o

where

0 = [0, . KN AL ) 2

and
yz(oeo)[o] y'(’o(’l)[O] y'(f) Nh)[o]
0,0 0,1 ON
© yiﬂ[] yf,ﬂ[l] AR
Yz,£= :
yff’z”[fvs] SO e i

¥

(22)
1 =1, 2, where N; + 1 < N, is the number of symbols used
to estimate the channels.

Similar to the development in[1], the performance may be
improved by generating additional equations by employing
the other polyphase component of the ¢-th subband output
of the two antennas.

4B [n] = ya,el2n + 1] = bln] * ALY [n]. (23)

where
hf}g [n] = hie[2n + 1]. (24)

Similar to the previous development, we have the cross-
relation:

y{)n] + h{Yn] — )]+ h{)[n] = 0 (25)

The critical observation for improved performance is that
the same coefficients hf:}) [k] characterize both polyphase
components of h; ¢[n]. Decimating the model for h,¢[r] in
eqn.(11) by a factor of 2 starting at n = 1 and substituting
into the equation above yields

Ny
{Zhifl[k]pz[zn +1- Ik]} *y{)[nl—
k=0

{Zh(c) Ipefon +1— Ik]} +y{)[n] =0, (26)

which may ultimately be expressed as

Ny
Z h(C) ) K]yl (1 k)
k=0

where

Zh‘ Kyl =0 Vo, (27)

P ) =

(28)

pel2n+1-IklsyN[n], k=0,1,...,Na, i=1,2.

The relation in eqn. (27) may be expressed in matrix form
as

[Yéfzf—YSZ] h®=0 1<e<M, (29

where
s it B
(1 0) (1 1) (1,¥)
Y(I) — yt, [1] yi, [1] ys, " [1]
2,8 . .
yfle)[Ns] yfle”[Ns] S AN
(30)
Appending eq.(29) to eq.(20) yields
y
Y$) -Y{) ] ©
; L inP =0 1<e<mM  (31)
PR
X (Ns)

In the practical case where the channels are corrupted by
noise, we follow the lead of Xu et al [3] and choose hgc)
as that right singular vector of X,(N,) associated with the
smallest singular value.

3. MAXIMIZATION OF IN-BAND ENERGY

Recall the cross-relation in (16) and that the output of each
analysis filter fe[n] is maintained at twice the symbol rate.
For the narrowband case, we observed in [1] that oversam-
pling leads to improved performance but also trivial solu-
tions as well in which the cross-relation is satisfied by mak-
ing both y(o) [n]*h(o) [n] and y(o)[ ]*hm [r] individually zero
for all n (approximately zero in practice.) This occurs when
the matrix X¢(N,) in eqn. (31) has a number of small singu-
lar values and the right singular vector associated with the
smallest singular value yields hg?} [n] and hgj}[n] that are
band-reject filters with respective DTET’s approximately
equal to zero for wiy; < w < way, where (wig,w2.) is the
passband of the analysis filter fe[n].

We propose a maximum in-band energy post-processing
step to avert this phenomenon. Let V, be a matrix contain-
ing the K right singular vectors of X(N;) associated with
the K smallest singular values. The vector h( ) =V, ba-
sically satisfies the cross-relation for any value of the K x 1
vector B¢. The proper linear combination B3, is found by
maximizing the in-band energy of EN" h(c) [k]d[n — Tk] via
the solution to

in-band energy for channel ¢
Z corresponding to subband filter f¢[n]
max — (32)
n{9 Z total energy for channel i

1

In mathematical terms,

s
i)

2
dw

-—lek

k=0

(33)

2

(c) k] —3Iwk dw

k=0
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where

y P [n] = pelon — Ik + 4 [n], k=0,1,...,Nu, i=1,2.
(19)

The relation in eqn. (18) may be expressed in matrix form

as
[Y"(’(’)gz - YE(’)Z'] P =0 1<e<M, (20
where
T
B = [0, ., AEUNAL B0, - BEUNA)| (21)
and
(0 0) [0] (0 1) [0] (0 Na) 0]
v — yf"lo) [1] y'(oll) [ - yfo N,,)[ 1]
1, T .
OO SO e

(22)
1 = 1,2, where N; + 1 < N, is the number of symbols used
to estimate the channels.

Similar to the development in[1], the performance may be
improved by generating additional equations by employing
the other polyphase component of the ¢-th subband output
of the two antennas.

y O[] = y.,e[2n + 1] = b[n] « B [n]. (23)

where
h{)[n] = hyef2n +1). (24)

Similar to the previous development, we have the cross-
relation:

)] * BS[n] — )] * B{)[n] = 0 (25)

The critical observation for improved performance is that
the same coeflicients hffg [k] characterize both polyphase
components of h;¢[n]. Decimating the model for h;¢[n] n
eqn.(11) by a factor of 2 starting at n = 1 and substituting
into the equation above yields

{ > b [klpe[2n +1 - Ik]} *y$)n]—

{Zh‘°’ [klpe[2n + 1 — Ik]} xy{"}[n] =0, (26)

which may ultimately be expressed as

Zh(” Kol ] - Zh‘°’ ] =0 o, (27

where

yt(,le’k) [n] = pg[2n+1—lk]*yl 2[n]

(28)

k=0,1,....Np, i=1,2.

The relation in eqn. (27) may be expressed in matrix form
as

[Yg}gz - Yﬂ}] hd=0 1<e<M, (29

where
ys(l 0 [0] y51£1) o - yz(lzNh)[()]
1,0 1,1 N
yw o | W y S iy
[N4 .
yfllo)[ N.] y,(,l ) [N] Z/EIZN")[NS]
(30)
Appending eq.(29) to eq.(20) yields
Yéol? _Y(O) (¢)
Xz(Ns)

In the practical case where the channels are corrupted by
noise, we follow the lead of Xu et al [3] and choose hgc)
as that right singular vector of X¢(/V;) associated with the

smallest singular value.
3. MAXIMIZATION OF IN-BAND ENERGY

Recall the cross-relation in (16) and that the output of each
analysis filter fe[n] is maintained at twice the symbol rate.
For the narrowband case, we observed in [1] that oversam-
pling leads to improved performance but also trivial solu-
tions as well in which the cross-relation is satisfied by mak-
ing both y(o) [n]*hg’)}[ ] and y(o) [n]*hm [n] individually zero
for all n (approximately zero in practice.) This occurs when
the matrix X¢(N;) in eqn. (31) has a number of small singu-
lar values and the right singular vector associated with the
smallest singular value yields hg?z [n] and hgj}[n] that are
band-reject filters with respective DTFT’s approximately
equal to zero for w1y < w < way, where (w1, w2,) is the
passband of the analysis filter fq[n].

We propose a maximum in-band energy post-processing
step to avert this phenomenon. Let V, be a matrix contain-
ing the K right singular vectors of X¢{N,) associated with
the K smallest singular values. The vector hgc) = V3¢ ba-
sically satisfies the cross-relation for any value of the K x 1
vector B¢. The proper linear combination (3 is found by
maximizing the in-band energy of EN" h(c) [K]8[n — IK] via
the solution to

in-band energy for channel i
Z corresponding to subband filter f;[n]
max : 32
h§°) Z total energy for channel ¢ (52

?

In mathematical terms,

> [
/_W

2

dw

(c) —]Iwk

33
(C) (33)
dw

Zh(c) [k] —yIwk

k=0
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Note that it is important for the subbands to have
substantial overlap or the result of each of the
above two convolutions will be negligible. Defin-
ing Zeerr = [zee41[0] s zeep1[Na]]” and zeg1e =
[2241,¢[0], ... ze41,¢[No]], the cross-relation for N, succes-
sive values of n may be cumulatively expressed as

Zeer10pepr =0, where: Zgoy; = [Ze+1,z: — Ze,t+1]

(44)
@041 1s thus computed as the the right singular vector of
Z;,04+1 associated with the smallest singular value.
The reconstructed signal is formed as in Figure 1 as

M

dln] =Y 2-vs + edln), (45)

£=1

where e¢[n], £ = 1, ..., M, represent a bank of synthesis fil-
ters designed so that

DTFT {Z fe[n] * ee[n]} =1, for w| < L _’2_ '87r (46)

£=1

where DTFT denotes the Discrete Time Fourier Trans-
form. The reconstructed signal §[n] is an estimate of
y[n] = EZ‘;}I b[mlprc.(n—D—2m); D is some integer delay.

6. SIMULATIONS

We here present a very simple proof-of-concept simulation
for illustrative purposes. Although the RF bandwidth of
the signal simulated, 135 KHz, is 4.5 times that of the cur-
rent TDMA signal based on the [S-136 standard, it is only
about one-tenth of the 1.6 MHz bandwidth proposed for
third generation cellular based on a high-speed version of IS-
136. The smaller bandwidth was chosen so that it could be
well-encompassed by three overlapping subbands of width
roughly equal to 60 KHz depicted by the passbands of the
three analysis filters plotted in Fig. 2(a). The use of only
three subbands averted “cluttered-looking” plots and eased
the explanation of results within the space limitations.
Three-ray multipath was simulated. The multipath sig-
nals arrived at the angles 0°, 57, and —5°, with complex
amplitudes at the first antenna of 1, 0.9¢’ ©/4 and 0.8¢727/2,
respectively, and corresponding time delays of 0, 5, and 10
micro-seconds. The magnitude of the frequency response of
the respective multipath channels associated with each of
the two antennas is plotted in Fig. 2(b); the dashed ver-
tical lines demarcate the baseband bandwidth. The Na=2
antennas were separated by three wavelengths. The symbol
alphabet was QPSK. The symbol rate was 100 KHz so that
T, = 10 pus. The symbol waveform had a square-root raised
cosine spectrum with 8 = 0.35. The analysis filters, fe[n],
¢ = 1,2,3, were of length 33 at the sampling rate of 200
KHz and were designed via the Parks-McClellan algorithm.

The subbanding based blind multi-channel identification
algorithm presented herein was applied to a block of N,
= 70 symbols at an SNR of 25 dB. Figure 2(c) plots the
magnitude of the DTFT of

Pe[n] = hue[n] * G1,e[n] + hoeln] * §2.e[n],

using the actual values of hi¢[n] and hz,[n] and the esti-
mated values of gi,¢[n] and gz,¢[rn] for the center subband
obtained for a typical trial run. The corresponding results
for both the left and right subbands are plotted in Figure 2
(d). For each subband, the magnitude of the DTFT of the
ideal value of hy ¢[n] * g1,e[n] + h2.e[n] * g2,¢[n], pe[n] equal
to pre[n] * fe[n] is also plotted in each of the figures. The
estimated results pg[n], £ = 1,2,3, were combined via the
synthesis filters, e¢[n], and estimated coeflicients, &, as
21
Breln] = Z 3 Peln] eeln].

The result is plotted in Fig. 2(e) and is observed to match
well with the ideal raised cosine spectrum. The 70 recon-
structed symbols are plotted in Fig. 2(f) and are observed
to cluster about four points commensurate with QPSK.
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Fig. 1. Block Diagram of Space-Time Equalizer.
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