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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 mukipath 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 iilter 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 mukipath conditions, moderate

SNR, and with a relatively small number of symbols.

1. INTRODUCTION: SUBBAND MODEL

Employing linear modulation with a fide alphabet in a

wireless digital communication system, the received signal

at the i-th antenna, i = 1, .. . . NA, may be expressed as

Nb–l

w(t) = ~ ~[~]k(t- ~~o) +m(t), ~ = 1,...>NA, (1)

Tn.o
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where b[m] is the m-th transmitted symbol, N~ is the num-

ber of symbols comprising the burst, I/TO 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 p,, (—t),the sub optimal demodulator that matches the

transmit pulse symbol waveform, p., (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

hi(t)= p,.(t)*hm, (t) (2)

where ‘k” denotes linear convolution and p,= (t) = p,,(t) *

p., (–~) has a raised cosine spectrum and is referred to as the

Nyquist symbol waveform with a roll-off factor /3. h~~t (t) is

the RF multipath propagation channel that is approximated

by a sum of Q dominant specular multipaths as

Q

hRF, (t)= ~g,k&(t – Tk), (3)

k=l

where gih and I-k are the complex gain and delay, respec-

tively, of the k-th muhipath arrival at antenna i, and da(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 To/2:

(4)

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 muhi-

path charmel 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 mukipath delay times. In order to utilize the tech-

niques developed in [I] 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 l-th bandpass filter is denoted ft(t),1= 1, . . . . M.

The output of the l-th bandpass filter, g~,l(t), at the i-th

antenna may be expressed as

Nb–l

W,l(t) = ~ ~[~]k,l(~– ~~o) + W,l(t), ~ = 1, ....NA.
m= o

(5)

where the “channel” h,,1 (t)may be expressed as

ht,l(t)= p?..(t)*hlwt(t)*ft(t) (6)

Following the lead of [1], for the l-th subband, we would like

to determine a set of channel tap values h~~~[k] equi-spaced
across the delay spread ideally satisfying

Q
ht,l(t)= ~gikda(t – m) * @rC(t)*fl(t)}

k=l

= ~h$@&(t-k=)* @rC(t)* f,(t)}.(7)
kcO

That is, we wish to determine h~~[k], k = 0,1,..., Nh, so

that the Fourier Transform of ~fl~o h~~ [lc]15a(t– k y) is

ideally equal to the Fourier Transform of ~~= ~gi& (t –

7k) over the passband of the analysis filter fl(t). This is

sufficient for our equalization purposes here.

Again, the proposed system operates at twice the symbol

rate. A model for the g,,l[n] = g,,t(nTo/2) under noise-

less conditions may be obtained by substituting nTo/2 into

eqn. (5) and ignoring noise (in order to develop the Cross-

Relation Method).

Nb–l

= ~ tim]hi,,(t- mTo)
?n. o t=nTo /2

Nb–l

= ~ b[rn]hz,~[n- 2rrL] (8)

m.o

where h,,l[n] = h,,/(nTo/2). Consider choosing J and Nh

so that the ratio J/Nh is an integer so that, in turn,

Trnax
— = 1$ where: I = & = integer.

Nh
(9)

Sampling the expression for h,,l(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 l-th subband and z’-th antenna:

= yhfj[wa(t - k%)* {f%”.(t)* f?(t)}

where d[n] is the Kronecker delta function,

and

fu[n] = Prc[n] * ~~[n]

ltcnTO/2

(lo)

(11)

(12)

(13)

Both the model for h,,~[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 g~,l[n] in (8) by a factor of 2.

Y$~[n] = w[znl = ~[nl * ~j~) [~1, (14)

where

hf”j [n] = h;,z [2n]. (15)

For the sake of simplicity, assume without loss of generality

that there are only NA = 2 antennas. Considering z = 1 and

z = 2, eqn. (14) indicates that we have the same input, the

symbol sequence b[m], into two different FIR filters, h$~ [n]

and h$~ [n]. We thus have the cross-relation:

Decimating the model for h,,l[n] in eqn.(11) by a factor of

2 and substituting into the equation above yields

{ }
5&)[k]w[2n- Ik] * gfj[n]=0. (17)
k=O

Invoking the distributive property of convolution, the above

equation may be rewritten as
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The relation in eqn. (27) may be expressed in matrix formwhere

N;khl = Pl[zn – Ikl * !&%], k = 0,1, . . ..ivh. 2 = 1,2,
(19)

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

as

w-y~’lh~)=”1<1 <M, (20)

where

and

d:
yy’) [0] gy [0] . ~. gyp [0]
y$’”) [1] g:)’) p] . . . (O, Nh)[l]9Z,Ey:? =

1

(22)

i = 1, 2, where N. + 1 < N~ is the number of symbols used

to estimate the channels.

Similar to the development in[l], the performance maybe

improved by generating additional equations by employing

the other polyphase component of the l-th subband output

of the two antennas.

where

h::; [n] = hi,/[2?a + 1]. (24)

Similar to the previous development, we have the cross-

relation:

The critical observation for improved performance is that

the same coefficients h~~ [k] characterize both polyphase

components of hi,~ [n]. Decimating the model for h,,1 [n] in

eqn. (11) by a factor of 2 starting at n = 1 and substituting

into the equation above yields

which may ultimately be expressed as

where

g$k)[fz] = p~[2n+l–~k]*gj~~[n], k = 0,1,..., Nh, i = 1,2.
(28)

s.y$’o) [0] V$:;l)[0] . . . ?/y) [0]
gy [1]

Y:y = .
9::;1) [1] . . . g$:;~~) [1]

,1

[ d:;”h]d:;$fvs] ~~~ &@bW j
(30)

Appending eq.(29) to eq.(20) yields

X2( N.)

In the practical case where the channels are corrupted by

noise, we follow the lead of Xu et al [3] and choose h~)

as that right singular vector of Xt(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 falter ~l[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~~ [n]*h$~ [n]and g$j [n]* h $) [n] individually zero

for all n (approximately zero in practice.) This occurs when

the matrix Xl (N,) in eqn. (31) has a number of small singu-

lar values and the right singular vector associated with the

smallest singular value yields h~~ [n] and h$~ [n] that are

band-reject filters with respective DTFT’s approximately

equal to zero for wlt < w < QJ21, where (wit, w2i) is the

passband of the analysis filter ~l[n].

We propose a maximum in-band energy post-processing

step to avert this phenomenon. Let V1 be a matrix contain-

ing the K right singular vectors of Xl(N. ) associated with
(c) = V1/31 ba-the K smallest singular values. The vector hl

sically satisfies the cross-relation for any value of the K x 1

vector &.. The proper linear combination ~t is found by

maximizing the in-band energy of ~~~o hf ~~[k]J[n — lk] via

the solution to

E
in-band energy for channel i

corresponding to subband filter ~t [n]

max ‘
~total energy for channel i

(32)
~y)

In mathematical terms,
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where

Yfjk)[nl =PI[2~ – Hc] * gf~[rij, k = 0,1,..., N~, z’= 1,2.
(19)

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

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

where

(C)[o],...,hl,z‘c)[ivd,h2,11 ,t
‘C)[ol’ ““”’ @f’4T

yjj’o) [0] !& [01 ‘ ‘ “ Y8N*)[01
y::;o) [1] !&J) [1] . . . g$’Nh) [1]

?1)

,22)

z = 1,2, where N. + 1 < Nb is the number of symbols used
to estimate the channels.

Similar to the development in[l], the performance maybe

improved by generating additional equations by employing

the other polyphase component of the l-th subband output

of the two antennas.

9::; [~1 = %,l[z~ + 11 = M~] * hpl [~]. (23)

where

h:y[n] = h*,4[2n + 1]. (24)

Similar to the previous development, we have the cross-

relation:

?J:; [~1 * hi:] [~1 – Y$! [~1 * hf:l [~1 = o (25)

The critical observation for improved performance is that

the same coefficients hf~ [k] characterize both polyphase

components of hi,l [n]. Decimating the model for h;,~ [n] in

eqn. (11) by a factor of 2 starting at n = 1 and substituting

into the equation above yields

{
5&)[klP4[2n + 1- Lk]1*Y::; [~1–
k=O

{

5&)[klP4[2n + 1- Nc]
}

* Y[:l [n] = 0, (26)
kcO

which may ultimately be expressed as

~~$~[kld~lk)[~l -~~fl[~lY\~ik)[~l =o Vn, (27)
k=O k=O

where

Y$k)[d = P1[2~+l–lk]*yj:j [n], k = 0,1, .... N/i. i = 1,2.
(28)

Appending eq. (29) to eq. (20) yields

[,

+0) _y(o)

y~$ _yy/
,1

h:)=o l<l<IW (31)

Xl(N, )

In the practical case where the channels are corrupted by

noise, we follow the lead of Xu et al (31 and choose h~).-
as that right singular vector of Xl (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 ~l[n] is maintained at twice the symbol rate.

For the narrowband case, we observed in [I] 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~~ [n]* h$~ [R] and g$~ [n]* h$~ [n] individual y zero

for all n (approximately zero in practice.) This occurs when

the matrix Xl (N.) in eqn. (31) has a number of small singu-

lar values and the right singular vector associated with the

smallest singular value yields h$j [n] and h.$”~[n] that are

band-reject filters with respective DTFT’s ~pproximately

equal to zero for Ulz < w < Wzl, where (wlz, W2Z) is the

passband of the analysis filter ~l[n].

We propose a maximum in-band energy post-processing

step to avert this phenomenon. Let V4 be a matrix contain-

ing the K right singtiar vectors of Xl(N, ) associated with
“) = Vl~l ba-the 1{ smallest singular values. The vector hl

sically satisfies the cross-relation for any value of the 1( x 1

vector @. The proper linear combination PI is found by

maximizing the in-band energy of ~~~o hf~ [k]J[n – Ik] via

the solution to

x
in-band energy for channel i

corresponding to subband filter ~1[n]

max ~

x

(32)
&) total energy for channel z’

t

In mathematical terms,
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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 z~,t+l = [zI,l+IIO],....21,/+,[iVcy]]T and ZI+I,l =

[Z1+I,l[O], . . . . zl+l,l[N~]]~, the cross-relation for Ne succes-

sive values of n may be cumulatively expressed as

[
Ze,t+l~~,t+l = O, where: Ze,e+l = zt+I,~: – z~,e+l

1
(44)

w?+ 1 is thus mmwted = the the right sing~ar vector of

Zl,l+ 1 associated with the smallest singular value.

The reconstructed signal is formed as in Figure 1 as

(45)

where el[n], 1 = 1, . . . . M, represent a bank of synthesis fil-

ters designed so that

‘TFT{E’’[n]*e’[n]}=l‘or’w’<wr“’)
where DTFT denotes the Discrete Time Fourier Trans-

form. The reconstructed signal ~[n] is an estimate of

y[n] = ~~=;l b[?n]prc(n - D – 27n); 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 1S-136 standard, it is only

about one-t enth 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 withh the space limitations.

Three-ray multipath was simulated. The multipath sig-

nals arrived at the angles 0°, 5°, and –5°, with complex

amplitudes at the first antenna of 1, 0.9eJ ’14, and 0.8e~2r’3,

respectively, and corresponding time delays of O, 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=Z

antennas were separated by three wavelengths. The symbol

alphabet was QPSK. The symbol rate was 100 KHz so that

To = 10 ps. The symbol waveform had a square-root raised

cosine spectrum with /3 = 0.35. The analysis filters, f~[n],

t = 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 NS
= 70 symbols at an SNR of 25 dB. Figure 2(c) plots the

magnitude of the DTFT of

Pl[n] = hl,l[n] * dl,l[n] + h2,1[~l * b2,#[~l,

using the actual values of h 1,/ [n] and hz,1 [n] and the esti-

mated values of gl,1 [n] and gz,e [n] 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 hl ,~[n] * gl ,t[n] + hz,~[n] * gz,~[n], P~[~l equal

to p,c[n] * ~l[n] is also plotted in each of the figures. The

estimated results #l[n], 1 = 1, 2,3, were combined via the

synthesis filters, et [n], and estimated coefficients, tit, as

‘1
firc[nl = ~ ~ii[n] * edn].

e= I

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.

[1]

[2]

[3]

r
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Fig. 1. Block Diagram of Space-Time Equalizer.
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