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Abstract— In this paper, we investigate optirnum spatial-
temporal equalization for diversity receiving systems with co-
channel interferences.| We first present the structure of the
optimum spatial-tempopral decision-feedback equalizer and lin-
ear equalizer, and derive closed-form expressions for the equal-
izer parameters and mean-square-error (MSE) for one-antenna
systems. Then, we generalize the results to multiple-antenna
systems through a single channel equivalent model [1]. Finally, we
obtain the general configuration of the minimum MSE spatial-
temporal equalizer for bandlimited systems, and show its ap-
plication by a simulatipn example.

Technical Area: Transmission and access systems
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SYsTEM MODEL

For mobile wireless communication systems with M anten-

nas, as shown in Figure
in vector form as

1, the received signal can be expressed

L oo
x(t) = Z :z hi(t — nT)si[n] + n(2),

{=0 n=z
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Fig. 1. System model.

and
A
n(t) £ [ni(t), - nae (D)7
In the above expressions, T' is the symbol period, z,,(t) is the

received signal from the m-th antenna, hf,”‘) (t) is the com-
bined channel and signal impulse response at the m-th an-
tenna corresponding to the desired data and hgm) (t) is the
combined impulse response of the m-th antenna correspond-
ing to the I-th interferer, and {so[n]} is the desired data from
transmitter and s;{n], [ =1,---, L is the complex data of the
I-th interferer. We will assume that both the transmitted and
the interference data are independent, identically distributed
(ii.d.) complex, zero-mean random variables with variance
ol

In some wireless communication systems, such as IS-136
TDMA systems, the shaping pulse ¢(t) is a square-root raised-
cosine with rolloff parameter 3 between 0 and 1. Therefore,
the combined channel impulse response can be expressed as

R™(E) = e(t) * g™ (1), (1)

where * denotes convolution, and ggm)(t) represents the mul-
tipath fading of wireless channel.

I1I. OpTiMuM DFE AND LE FOR ONE-ANTENNA
SYSTEMS WITH CO-CHANNEL INTERFERENCE

Petersen and Falconer [9], [10] have investigated the struc-
tures and MSE’s of the MMSE-DFE and MMSE-LE in the
frequency domain for strictly band-limited channels. Below,
we obtain closed-form expressions for the parameters and
MSE’s of the MMSE-DFE and MMSE-LE without this re-
striction.

1355



50 [n]

-I
o0

ke1 CkSoln — k]

(a) optimum DFE

®

o
bt CkSo[n —

t=nT

zm(t)

(b) optimum spatial-temporal DFE

Fig. 2. MMSE-DFE for systems with cyclostationary interference.

The MMSE-DFE for a one-antenna system with cyclosta-
tionary interference is shown in Figure 2(a), which is similar
to the MMSE-DFE for systems with stationary interference
[4]. However, the expressions for f(¢) in the two cases are
different although the derivation of the MMSE-DFE in both
environments is similar. Here, we highlight the difference in
the derivations.

Let the receiving filter f(¢) in Figure 2(a) have square-
integrable impulse response f(t). Then the output of the
receiving filter is

y(t) 2 / F(r)e(t - 7)dr.

The output of the equalizer is

i) £ y(nT) - Z cxSo[n — k] (2)
k:
L 0 :
= > > /f(r)h,(lcT— T)drsi[n — k]
=0 k=—o00

+/f(7')w(nT —7)dr - Z cxSoln — k).

k=1

If the decided symbols are all correct, the intersymbol in-
terference caused by sg[k] for £ < n can be eliminated by
selecting

o = / F()ho(kT — 7)dr.

If the data s;[n] are i.i.d. random variables, the MSE of the
equalizer output is

e{f(1)}

He

Bl - s}
= o [ Hho(=ryar = 1P

-1
+0? Z I/f(r)ho(lcT~7')dr|2

k=—00

L oo
+250 S |/f(r)h1(lcT—'r)dT|2

=1 k=—o0

+N, / F()P2. (3)

Using calculus-of-variations, we can show that the f(¢) that
minimizes the MSE satisfies

£0) = = {(aol0] = DAY (=)
+ i aolk)RE(ET — t)
L [eS)
+>0 ) alkh (kT - 1)}, (4)
I=1 k=—o0
where
alk] = / fo(T)M(RT — 7)dr, N, = {‘Y—z— (5)

Multiplying both sides of (4) by hi(nT — 7) and using (5),
we have
-1

~{(ao[0] = Driofn] + D ac[k]rioln — ]

ai[n] =

k=—o0
L %)
+> D ailklrln - ]}, (6)
j=lk=-o00
where )
riifn] 2 —~—/h,~(nT+t)h;~'(t)dt.
Let -
rij(w) = Z rij[n]e 7k
k=—-00

Using the Poisson sum formula[11], we have

1
N,T

) = =— Y Hilo ~ DH; (o= - 7)

n=——o
with
Q0
Hi(f):/ hi(t)e™?2 It dt,
— 00
Denote the Fourier transform of the one-sided sequence

ao[r](n < 0) and the two-sided sequences a;[n], i = 1,---L,
respectively, as

0 (o}
aow) 2 Y aglkle™r, aw)= Y ikl
k=—o00 k=-o00
Then (6),i =1, -+, L can be written in the frequency-domain

as

L
ai(w) = ={(ao(w) — Drio(w) + Z aj(w)ri;(w)},
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or in vector form as |
a(w) = ~{(@o(w) - Dr(w) + R(w)a(w)}.
Therefore,
a(w) = (11— ao(w))[R(w) + [~ r(w), (7

where I is an L x L identity matrix and

a(w) - [al(w)! Tty aL(w)]T,
r(w) =+ [T’lo(w), Ty TLO(“’)]T1
R(w) = (rij())?=1-
Hence, a;[n], i = 1,---, L can be expressed in terms of aop[n]

in the time-domain as

a;[n) = b[n) = > bi[n — klao[k], (8)

where the Fourier trarsform of b;{n] is the i-th element of the
L x 1 vector function
b(w) = [R(w) + I 'r(w).

When i = 0, (6) implies that,

-1

aoln] = —{(ao[0] = Drooln] + > aolklroo[n — k]
k=00
L o]
+3° 3 alk]raln - K]} 9)
j=lk=x—co

for n < 0. By means of (8),

Q

z r[n ~ k]ao[k] = r[n],

ki=—o0

ao[n] +

where
r[n] = roo[n] — v[n],

L
] 2 Y roifn] # bifn] = 7 e (@)[R(w) + 17 e()}

Denote

r(w) £ Z rlk]e ™™ = roo(w) — v (W)[R(w) + I 'r(w).

n=—o
From Appendix A of [4],

1

ag(w) =1- —m,

(10)

where M(w) is a stable one-sided Fourier transform

o0
M(‘d) = Z 7ne_ana
n=0

which is uniquely determined by
Mw)M(-w) = r(w)+ L.

The dc component v in M(w) can be found by

2 1 /"
’70‘-—"”(1){2—7;[_1r

Substituting (10) into (7), we have

In[(r(w) + 1]dw}.

1

a(w) = M[R(w) + 1" r(w).

Multiplying both sides of (4) by fo(¢) and integrating, from
(3), the MSE of the MMSE-DFE is

e{fo(t)} = o?(1—aof0))
- o'zexp{—Q—ITr— In{r(w) + 1}dw}.

-

(11)

Following a similar derivation, the f(t) and MSE for the
MMSE-LE are

L o0
fo(t>=-§;{h;<—t>—z ST alkbGT -1}, (12)

=0 k=~00
and I )

O, s
e{fo(t)} - -2—71"/_._,‘, r(w)+ 1dw

The parameter a;[n] for the MMSE-LE is given by

r(w) r(w)
1+ r(w)’ 1+ r(w)

(13)

ap(w) = a(w) = [R(w) + I]" tr(w).
where the definitions of a;(w), [ =1,---, L, and a(w) are the
same as before, except that ag(w) is the two-sided Fourier

transform defined as

oo

ao(w) = Z ag[n]e™ ™.

NnN=—00

IV. OptimuM STDFE anND STLE FOR MULTIPLE
ANTENNA SYSTEMS WITH CO-CHANNEL
INTERFERENCE

Using the single channel equivalent model developed in [1],
we can easily extend the above results to multiple-antenna
systems to derive the MMSE-STDFE and MMSE-STLE with
cyclostationary interference.

For an M-antenna system, we first define the compounded
channel impulse responses hi(t) and the compounded channel
additive noise n(t), respectively, as

m-—1

hi(t) = VMA™(nT + M(t = nT - —=T)),  (14)
n(t) = VMnp(nT + M(t = nT ~ TA;_IT))' (15)
for nT+'"A—71T <t < T+ HT, 1 =0, 1,--,L,

m = 1,---,M, and n = 0, £1, £2,--.. According to
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[1], a single-antenna system with desired signal channel im-
pulse response hg(t), interference channel impulse responses
hi(t), | = 1,---, L, and additive noise n(t) is equivalent to
the M-antenna system.

From the results established in the previous section, the
f(t) for the MMSE-DFE and MMSE-LE can be expressed as
(4) and (12) respectively. Let

£(t) 2 [fit), -, Fmn (1

Hence, by virtue of (14), the f(¢) for the MMSE-STDFE in
Figure 2(b) is

0

L1 = < {h( ~t)—= 3 aolklhy(kT - )
k=—o00
L oo
=3 alkhi(:T - 1)} (16)
=1 k=—o0

The f(t) for the MMSE-STLE is

f(t)-—“{ho( t)—z Z ai(kJhi (kT —1)}.

1=0 k=—0o0

The expressions of the parameter a;[n] and MSE for the
MMSE-STDFE and MMSE-STLE are the same as those in
the previous section except that r;j(w) is replaced by

M (o]
1 m), W n m)*, W n
) gr 3 3 A G- G- )

m=ln=—o0

where

o0
HM(f) = / R{™ (t)e~72 " dt.

Since hy(t), I = 0, 1,---, L, usually differ, the concept of
the matched filter for stationary interference systems is not
valid here.

Note that, if there is no cyclostationary interference, then
the £,(t) and the minimum MSE are the same as those in [5].

V. GENERAL CONFIGURATION OF THE MMSE-STE FOR
BANDLIMITED SYSTEMS

Let s(t) be any 1/T band limited signal whose spectrum
satisfies < (1 48)/2
_J1 <1+ T
sn={5 HEUF"T

Note that S(f), (1+ 8)/2T < |f| < 1/T, can take any value
to make it square integrable. Since s(t) is 1/T-band-limited,

(17)

e(t) * s(t) = c(t). Hence, for{=1,--- Land m=1,.-- | M,

B(8) = (1) » ™ (1) = oft) * (2) # 9™ (1).

Using the Sampling Theorem, we have
(m) — (m) =
sty x g™ (1) = Z g™ [nls,(t = n ) (18)
n=-o0
> T
= s +{ 30 g -3

n=-00

where T e T
ROEE / s(ng — T)gi™ (r)dr,

solt) 2 %?ﬂ‘;—fr%:ﬂ and F{s0(t)} :{ : H‘} < }ﬁ .
Hence,
M) = elt)+ solt) {}:mg“") Js(t~nz)} (19)
= w3 - g
= o)+ _f:m o™ am)s(t — nT)}
+c(t—§)*{ i o{™[2n + 1)6(t — nT)}

Substituting the above identity into (16), we have

) = * { Z fi,m[n]é(t — nT)} (20)
(t——) {Z f2,m[n}é(t — nT)},
where
fmpln] = 1—5—0—{—95”‘)‘{—2@
0
+ 3 aofklel™ 2k — 2n]
k=—o00
L oo
+3°% arlklel™[2k - 2n}},
I=1 k=—0c0
and
fmaln] = N.i{_gf'">*[—2n+1]

16™" 2k — 2n + 1]},

Hence, the MMSE-STDFE in Figure 2(b) can be imple-
mented as in Figure 3, where F,, ; are discrete filters with
parameters fn, ;[n].

It can be shown that the MMSE-STLE has a similar struc-
ture to that in Figure 3, but without the decision-feedback
filter.

VI. A SimuraTioN ExampLE oF STE

The performance of the STE has been evaluated through
computer simulation, which focused on its application in IS-
136 TDMA systems. The simulation uses the system model
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Figure 4 shows the 1
ferent length DLMMS
dB and different t4’s. 1
both the 5-tap DLMMS

0.5 10
normalized delay ((WT)

LMMSE-STDFE and DLMMSE-STLE: re-
10~2 versus t4 with f; = 184 Hz and

equired SIR for a BER=10"? of dif-
E-STE’s for channels with SNR= 20
'rom the figure, without delay spread,
sE-DFE and 4-tap DLMMSE-LE, i.e.,

spatial processing only, operate up to -2.5dB SIR. With in-
creasing t4, the equalizer’s interference suppression ability is
reduced. As t4 increases, the equalizer performance is gen-
erally improved by increasing the number of taps. However,
for rapid dispersive fading channels, a too long equalizer does
not necessarily have good performance because the parame-
ter tracking performance degrades with increasing equalizer
length, even through the longer equalizer always performs
better than the shorter one with the optimum equalizer pa-
rameters. Hence, in Figure 4, the 5-tap DLMMSE-DFE and
4-tap DLMMSE-LE have the best performance if ¢4 < T/8,
while the 13-tap DLMMSE-STDFE and 12-tap DLMMSE-
STLE have the best performance if t4 > T/2. Usually
ts < T/2 in 1S-136 TDMA systems [12], therefore, the 9-
tap DLMMSE-STDFE and 8-tap DLMMSE-STLE are two of
the best STE’s

VII. CONCLUSIONS

In this paper, we derived the structures and the MSE
of optimum diversity combiner and decision-feedback/linear
equalizers for diversity receiving systems with both additive
stationary noise and cyclostationary interference. For ban-
dlimited systems, we obtained a general configuration for the
MMSE STE. As shown by a simulation example, the MMSE
STE can be used in wireless mobile systems to mitigate in-
tersymbol interference and suppress co-channel interference.
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