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Spatial-Temporal Equalization for 1S-136
TDMA Systems with Rapid Dispersive
Fading and Cochannel Interference

Ye (Geoffrey) Li, Senior Member, IEEEJack H. WintersFellow, IEEE,and Nelson R. Sollenbergefellow, IEEE

Abstract—n this paper, we investigate spatial-temporal equal- decision-feedback equalization [4]-[6] and linear equalization
ization for 1S-136 time-division multiple-access (TDMA) cellu- are effective techniques to remove intersymbol interference
lar/PCS systems to suppress intersymbol interference and cochan- 54 cochannel interference. System performance can be further

nel interference and improve communication quality. This re- . d if ant bined with th i
search emphasizes channels with large Doppler frequency (up Improved It antenna arrays are combined wi € equalizer.

to 184 Hz), delay dispersion under one symbol duration, and The structure and mean-square error (MSE) of the optimum
strong cochannel interference. We first present the structure diversity combiner and decision-feedback equalizer (DFE)
of the optimum spatial-temporal decision-feedback equalizer or linear equalizer (LE) have been derived in [7]-[9] for

(DFE) and linear equalizer and derive closed-form expressions cnannels with additive white Gaussian noise. For channels

for the equalizer parameters and mean-square error (MSE . . . . .
for the Caqse of kngwn channel parametersq Since the éhann)elw'th both additive Gaussian noise and cochannel interference,

can change within an 1S-136 time slot, the spatia~temporal many researchers [2], [10]-[12] have investigated the optimum
equalizer requires parameter tracking techniques. Therefore, diversity combiner and DFE or LE from different points of
we present three parameter tracking algorithms: the diagonal view. In particular, for systems with one antenna, Peterson and
loading minimum MSE algorithm which uses diagonal loading £5iconer [11], [12] have studied the minimum MSE (MMSE)

to improve tracking ability, the two-stage tracking algorithm - g -
which uses diagonal loading in combination with a reduced DFE and LE for strictly bandlimited channels. In this paper, we

complexity architecture, and the simplified two-stage tracking analyze the performance of the MMSE spatial-temporal DFE
algorithm, which further reduces complexity to one M x M (MMSE-STDFE) and LE (MMSE-STLE) for antenna array
and one 3 x 3 matrix inversion for weight calculation with M gystems with cochannel interference and derive closed-form

antennas. For a four-antenna system, the simplified two-stage ; ; ;

tracking algorithm can attain a 10~2 bit error rate (BER) when teri(.press,:qnts. for the equalizer parameters and MMSE without
the channel delay spread is half of the symbol duration and the 'S_ restriction. o .
signal-to-interference ratio (SIR) of the system is as low as 5 dB, ~ Since the channel can change within an 1S-136 time slot, the

making it a computationally feasible technique to enhance system spatial-temporal equalizer (STE) requires adaptive algorithms

performance for IS-136 TDMA systems. to track the equalizer parameters. Blind channel equalization
Index Terms— Interference suppression, spatial-temporal algorithms [13]-[17] have poor performance in IS-136 TDMA
equalization, time-varying channels. systems because of their slow convergence. Hence, training se-

guences are used to determine the initial setting of the STE and
then the decided (or sliced) signals are employed to track the
equalizer parameters. Even though for time-invariant channels
NTENNA arrays can be used in mobile wireless systemth additive white Gaussian noise the maximum-likelihood
to mitigate rapid dispersive fading, suppress cochanngdquence estimator (MLSE) is superior to the DFE and LE, the
interference, and improve communication quality. For flat fagig_SE becomes extremely complicated for multiple-antenna
ing channels with antenna arrays, ttlieect matrix inversion systems with cochannel interference if spatial and temporal
(DMI) [1], [2] or the diagonal loading DMI(DMI/DL) [3]  correlations for both the desired signal and interference are
algorithm can be used to enhance desired signal receptigfed. Hence, to reduce computational complexity, the MLSE
and suppress interference effectively. In this paper, we stuigh[18] and [19] uses temporal correlation for the desired signal
spatial-temporal equalization for dispersive fading channejgly, which degrades its performance. On the other hand,
with antenna arrays. Our investigation focuses on equalizgith reasonable complexity, the STE uses spatial and temporal
parameter tracking for 1S-136 time-division multiple-accesgorrelation for both the desired signal and interference and
(TDMA) cellular/PCS mobile radio systems with rapid fadingherefore may provide superior performance with lower com-
and strong cochannel interference. plexity. Therefore, we investigate the STE for 1S-136 TDMA
For slow fading or time-invariant dispersive channels, wheggstems.
the channel parameters are available or easily estimatedrhis paper is organized as follows. Section Il briefly de-
scribes our mathematical model of mobile radio systems
Manuscript received February 12, 1997; revised May 28, 1997. with antenna arrays and some statistical properties for mo-
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and
m-th antenna
F--TTTT ST oSS TS oSS TTTTmo TS a A T
X : m (1 n(t) = [ni(t), - nm ()] (6)
: Y. so[n]é(t — nT! hém)(t) ‘Q : zm(t) 1
om(t) In 1S-136 TDMA systems, the shaping pulse is a square-
: 5t — nT i root raised cosine with rolloff parameté&r = 0.35, which is
L i nl8( UL ooy ; a real and symmetric function
E E = [ apery ™
'S sp[nlé(t = nT) o) | o
L Rt .
: L O ! where
| nn(t) |
e ; VI _0<|f|<(1-p)/2T
. T ) f-1/2T
Fig. 1. System model. c(f) = \/5 [1 — sin <7I'TT>:| (8)
. N . 1-08)/2T < <A+ p)/2r
tial-temporal equalization. Next, Section IV develops param- 0, (othe/r\)/\{ise. sll=a+p/

eter tracking algorithms for the STE, including tldéago-

nal loading MMSE(DLMMSE) andtwo-stage tracking algo- Therefore, the combined channel impulse response can be
rithms Finally, Section V presents computer simulation resuligpressed as

of the performance of the STE in various environments.

h(m) £) = ef#) + (m) + 9
Il. SYSTEM MODEL i) =ct)x g () ©)

For mobile wireless communication systems withanten- \yhere* denotes convolution ang™ (t) represents the mul-
nas, as shown in Fig. 1, the received signal atrtlik sensor, tipath fading of wireless channel.

zm(t), can be expressed in baseband form as For a two-path Rayleigh fading channel model

T (t) = nzoo h§™ (t —nT)so[n] +vm(t) (1) g™ () = alP6(t) + P8 (t — ta). (10)
where{sq[n]} is the desired data from the transmitﬂeg’f’) (¢) Inthe above expressioty is the delay spread between the two
is the combined channel and signal impulse response at fiaghs, which is usually less th&hin 1S-136 TDMA systems.
mth sensor corresponding to the desired data, Anid the We assume tharyéi'l’)(t) and ag”'})(t),l =1,---,Landm =
symbol period. In 1S-136 TDMA systems, the baud rate i, -- -, A are narrow-band complex Gaussian processes, which
R, = 24.3 ksymbols/s and’ = 1/R;. v,,(t) in (1) includes are independent for differeiis andm’s. They have the same
stationary and nonstationary interference, which can be writtelative power spectral density [20]
as

oo pa(f) 1
vm® =Y 3 (= nD)sin] + nm(t). () pa(0) 1= (J/]a)? (11)
=1 n=—o0

In (2), n.m(t) is the additive complex white Gaussian nois&here fq is the Doppler frequencywhich is related to the
with two-sided power spectral density,, s;[n], I = 1,---,L Vehicle speed: and the carrier frequency. by
is the complex data of th&h interferer, andhgm)(t) is the
combined impulse response of thegh sensor corresponding to fa= vfe (12)
thelth interferer. We will assume that both the transmitted and ¢

t_h_e dlnterferelnce data anedepeczjndent, !dglntlcal_l% d'St_r IbUtedWhere ¢ is the speed of light. For systems with carrier
(iid) complex zero-mean random variables wi variange requencyf. = 2 GHz, the Doppler frequency can be as large
The received signals from the antenna arrays can be a

. Ofd = 184 Hz when the user is moving at 60 mi/h.
expressed in vector form as

The two-path Rayleigh fading channel model is the stan-

L o dard channel model specified for 1S-136 TDMA system and,
z(t) =Y > h(t—nD)si[n] +n(t) (3) furthermore, is considered as the worst case model. Hence,
=0 n=-—o0 we have considered the two-path Rayleigh fading channel
with model for the results in this paper. However, the optimum STE
/ resented in Section Il and the parameter tracking approaches
a(t) 2 [1(t), o () @ b g 9 3PP

/ presented in Section IV do not rely on the specific channel
hi(t) 2 [hgl)(t), - -,hEM) OF (5) model and, hence, are applicable to any channel.
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Fig. 2. MMSE-DFE for systems with cyclostationary interference.

Il1l. OPTIMUM SPATIAL—TEMPORAL EQUALIZERS and
In this section, we study thminimum MSE STEMMSE- AL A o T
STE) for channels with known statistical characteristics. Wgz(w) = @)l and r(w) = frio(w), 7L0(w)215)

first introduce the MMSE-DFE and MMSE-LE for single-g,qn, he appendix, thef(¢) for the MMSE-DFE in Fig. 2(a)
antenna systems with cyclostationary interference and then

generalize the results to wireless systems with multiple an-

tennas through aingle-channel equivalent modé@l. We also 1 . 0 .
investigate the general configuration of the MMSE-STE. folt) = A 5=t = Y aolklhg(KT — 1)
k=—oc
A. MMSE-DFE and MMSE-LE for Systems =3 > wlklhGT —t)} (16)
with Cyclostationary Interference I=1 k=—oo

Petersen and Falconer [11], [12] have investigated tAad the MSE of the MMSE-DFE is
structures and MSE’s of the MMSE-DFE and MMSE-LE -
in the frequency domain for strictly bandlimited channels. {7 (t)1 = 52 exp{_i / In{r(w) +1} dw} (17)
Below, we obtain closed-form expressions for the parameters ' 2r ) . '
and MSE’s of the MMSE-DFE and MMSE-LE without thisW
restriction. With bandlimited channels, our expressions appear
different from, but are numerically equivalent to [11] and [12]. r(w) = roo(w) — T (w)[R(w) + 1] r(w). (18)
The MMSE-DFE for a one-antenna system with cyclosta-
tionary interference is shown in Fig. 2(a), which is similaThe parameteal[n] in (16) can be calculated in frequency
to the MMSE-DFE for systems with stationary interferencgdomain by
[6]. However, the expressions fgf(¢) in the two cases are
different although the derivation of the MMSE-DFE in both 1 A

ere

0

environments is similar. We highlight the difference in the ao(w) =1~ M(—w)7 ao(w) Z agln]e™ (19)
derivations in the Appendix. T
Define and
1
a(w) = [R(w) + 17 r(w) (20)
i M(-w)o
a 1 w n (W N
rijw) = N, T Z_: H7(% B T)HJ (27r T) (13) A - j—nw
n=—00 al(w) = Z CL[[TL]C
w2 [ hmesra 820 14) L .
—oo 75 a(w) = [a(w), - ar(w)]" . (21)
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M(w) in the above expression is a stable one-sided Fourdgsired signal channel impulse resporiggt), interference

transform channel impulse responsés(t),: = 1,---, L, and additive
' noisen(t) is equivalent to the\/-antenna system.
= Z e T (22) From the results established in the previous sectionf the
for the MMSE-DFE and MMSE-LE can be expressed as (16)
which is uniquely given by and (25), respectively. Let
M(w)M(~w) = r(w) +1. (23) F@&) 2 [A®), - fm®) (31)
Yo is given by Hence, by virtue of (29), thg(t) for the MMSE-STDFE in
1 7 Fig. 2(b) is
2 =exp {2— / In[r(w) + 1] dw}. (24)
Us
" 1 * *
Following a similar derivation, thef(t) and MSE for the f.(t)= N_O{hO(_t) = > aolklhG(kT —1)
MMSE-LE are L T
L =)
1 £ - ai[klh] (KT —t (32)
fo(t):N { =3 > alklk kT—t)} (25) ;k; 1[K]A7 ( )}
0 =0 k=—oo
and The f(¢t) for the MMSE-STLE is
A M 26 L) by
Afolt)} =5 Bl (26)  r.(t) = * hy(—t) = > a[kh (KT —t) 3. (33)
o =0 k=—oc

The parameteu;[n] for the MMSE-LE is given by .
The expressions of the parametesn] and MSE for the

ao(w) = 7‘(w) MMSE-STDFE and MMSE-STLE are the same as those in
0 . . .
1 +7(w) the previous section except that (w) is replaced by
(w) -1 oo
o) =y B+ 17w, @) ) & TG

where the definitions of;(w), I =1,---, L anda(w) are the NT m=1 n=—o00 ar T
same as before, except thaj(w) is the two-sided Fourier CH (_ _ ﬁ) (34)
transform defined as ! 2r T

A S o where

a(w) = > aonle 7. (28) o
el HO () = / B (£)e2 5 g (35)

B. MMSE-STDFE and MMSE-STLE for Systems

with Cyclostationary Interference Sinceh;(t),l = 0,1, ---, L usually differ, the concept of the

) ) ) . matched filterfor stationary interference systems is not valid
Using thesingle-sensor equivalent modgtveloped in [9], here. Note that, if there is no cyclostationary interference, then

we can easily extend the above results to multiple-antenji@ £ (¢) and the minimum MSE are the same as those in [7].
systems to derive the MMSE-STDFE and MMSE-STLE with

cyclostationary interference. C. General Configuration of the MMSE-STE
For anM-antenna system, tlmmpounded channel |mpulsefor Bandlimited Systems

responseis defined as N ) )
For systems with only additive noise, the optimum MMSE-

h(t) = ,/_thm) <nT—|—M<t—nT— m= 1T>> STE [7], [21] can be implemented using matched filters

M followed by a (discrete)-spaced equalizer. Since the concept
m—1 m of a matched filter is not applicable for the systems with
T+ ——T<t T+ =T 29 . . .
b M st<nit M (29) both additive noise and cochannel interference, a new struc-
ture has to be used. Hence, we investigate the configuration
and thecompounded channel additive noiae pf the MMSE-STE for bandlimited systems with cochannel
interference.
n(t) = VMn,, <nT+ M<t I AL 1T)> Let s(t) be any 1/T-bandlimited filter response whose
M spectrum satisfies
r+ i cnrs Mp (30) 1 If] < 1+ B)/2T
n — 1 < n — < +
M M _ ) > 0
sw={a {0 (59
where [ = 0,1,---,L, m = 1,---,M, and n = whereg, is the spectral flatness parameter. Note thgf),

0,£1,+£2,---. According to [9], a single-antenna system witi{1 + 3,)/27 < |f| < 1/7 can take any value that is square
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decision
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Fig. 3. General configuration of MMSE-STDFE for systems with cyclostationary interference.

integrable. Here, we sef, = 73, where 8 is the rolloff

parameter of the shaping pulse (8), which is 0.35 in 1S-136.
Since s(¢t) is 1/T bandlimited,c(t) * s(t) = ¢(¢). Hence,

fori=1,---,Landm =1,---,M

™ () = c(t) * g™ (1)
=c(t) = s(t) % g™ (£). (37)

Using thesampling theoremwe have

0™ = Y b (107 )

=s,(t) * { Z gl(m) [n]6 <t — n%) }
where
i G [ s(ng-r)dMm e @
a2 sin(@nt/T)
o= =T omjr
sin=rlsmy={y 4515 @
Hence
h(m)( t) =c(t) * s,(t) * { Z gl(m)[n]6<t _ ng)}
=c(t) * { Z gl(m)[n]6<t — n%) }

m T
{n_z_:oog( ) [2n]6(t — nT)} + c<t — 5)
{ ST g™ 20+ 160t - nT)}. (41)

n=—oo

Substituting the above identity into (32), we have

F(E) =c(t) *{ > fl,m[ﬂ]5(t—ﬂT)}

n=—oo

+c<t—z> {Z fgmn]é(t—nT)}

T (42)

where

Fmaln] = ;{ o™ =20

aolk]gy™" [2k — 2n]

NE

+
k

ade o)

Mh

+

ST alklg™ 2k - 271]}

=1 k=—o0

and

1

fm,m:ﬁ{ g™ [=2n + 1]

0
+ 37 aolklgs™ 2k — 2n + 1]
k=—oc
L (a9}

+3° 3 alklg™ 2k - 20+ 1]}.

=1 k=—occ

Hence, the MMSE-STDFE in Fig. 2(b) can be implemented
as in Fig. 3, where,, ; for m =1,-.-,M and¢ = 1,2 are
discrete filters with parameter§,, ;[n]. It can be shown that
the MMSE-STLE has a similar structure to that in Fig. 3, but
without the decision-feedback filter.

In 1S-136 TDMA systems;3 = 0.35. Hence, s(¢) in (36)
can have many different values, which give multipfé")[n].
Therefore, the parameter sets ;[n] for the MMSE-STE are
not unique. For some pathological parameter sets, a small
perturbation in the parameters can cause large performance
degradation, and, therefore, the STE will not be robust in this
case.

In the above discussion, we have assumed that the channels
are time invariant. However, the derivation is also applicable
to time-varying channels if the channel fade durativyf,) is
much larger than the length of the channel impulse response,
which is true in IS-136 TDMA systems.

IV. PARAMETER TRACKING OF
SPATIAL—TEMPORAL EQUALIZER

Once the channel parameters are known, the MMSE-STE
can be implemented as in Fig. 3. As stated before, since the
channel can change within an 1S-136 time slot, the channel
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parameters must be estimated. In this section, we investigate

the parameter tracking of the STE. x(t) 1ot
e combT

A. MMSE-STE with Diagonal Loading T

As shown in Fig. 3, in our MMSE-STDFE, a square-root %e}Sy :
raised-cosinecontinuousfilter filters the received signal at . wiln] 5o[n] So{n]
each antenna, and then discrete filters enhance the signal and ; 2nd fina decision
suppress interference. Practical communication systems use e comb - fom !
only finite length forward filters,,, ; and feedback filter. The delay T ; T
parameters of the forward and feedback filters are updated by | /2" | : ; «
decision-directed algorithms. wa[n] o wn] }

Let u[n] denote theobservation vectomt timet = nT, ; 3rd ; :
consisting of oversampled outputs from the square-root raised- - >f comb E :
cosine continuousfilters and the previous decided symbols T e
50[k] for k < n, andw[n] denote theparameter vectoat time |
n consisting of the forward and feedback filter parameters. ws[n]

The MMSE algorithm is a direct algorithm, which finds th

L (:T':i . 4. Two-stage STE for systems with cyclostationary interference.
w(n] that minimizes 9 9 y Y i

1 X . ) regularization factor. From (47), direct calculation yields
Clw[n]) = — w [nluln — k] — sgln — k 43 _
(wirl) = 35 2wl = K = soln = KI*} - (43 win] = (R ] AT Lrs o] 49)
whereX is the window length. In 1S-136 TDMA systems, thel N€ regularization factor in (48) is a positive parameter that'
training sequence contains 14 symbols. Hen¥eis usually depends on the delay spread and the strength of the noise

less than or equal to 14. and interference, but good performance is typically achieved
Direct calculation yields that thearameter vectomw[n] that [0 @ between 0.001 and 0.01. The above algorithm is called
minimizes C(w[n]) is the diagonal loading MMSE (_DLMMSE).aIggnthnwhlch is
one form of DMI/DL for spatial processing in [3]. Note that
wn] = R, [n]r.s[n] (44) if the interference-to-noise ratio is knownpriori or can be
determined, better performance can generally be obtained with
where ~ determined by [3, eq. (31)], rather than (48).
N
R,[n] 2 % > ufn — kluln -k} (45) B. Two-Stage Tracking Algorithms
=t The DLMMSE algorithm requires inversion of a matrix
and which has a length given by the total number of spa-
1 X tial-temporal parameters and therefore can be computationally
Touln] 2 N Zu[n — k|}35[n — K] (46) intensive. For example, if the forward filter at each antenna
1 has two taps and the feedback filter has one tap in Fig. 3, then

r{g)r four-antenna systems, a>99 matrix inversion is required

In order for the STE to accurately track fast fading cha 8 . o
y 9 compute the filter parameters, which can be difficult for

nels, the length of the window cannot be too long. Hence, i ol tati
the MMSE algorithm will have some estimation error. If if €a-ime implementation. . .
In [22], a space—time decomposition algorithm has been

converges to a pathological parameter set, small paramete|n . :
estimation error can cause large performance degradatith.’poseOI for the STE to reduce the computational complexity

Therefore, the MMSE algorithm is not robust in all cases when interference is not present. With interference, we propose

To keep the equalizer parameters from converging to patH”'omOdiﬁed version of the STE of [22] as shown in Fig. 4, and

logical sets, we consider the use of diagonal loading, Whi&qmbine it with the DLMMSE algorithm.

finds thew[n] that minimizes the following cost function: In this .STE’ (nT n T/2), &(nT), and fi(”T + T/Q)
are combined at the first, second, and third combiners, re-

1 X y ) spectively. The weighting vectap;[n] is estimated for each
Clwln]) = N Z lw" [nJuln — k] — so[n — k]| combiner by the DLMMSE algorithm using(nT" + (i —
k=1 2)T'/2) as the observation vector arid[n]| as the reference
+ yllwln]||? (47) signal. That isaw;[n] is calculated by
where w;i[n] = (B[n] +~1)~ (ri[n] (50)
v = o tr{Ru[n]}. (4g) Wwhere
N
1
Here, tr{R,[n]} denotes the trace aR,[n], which is the R;[n] =% Z z(nT — KT+ (i —2)T/2)

summation of the diagonal elements Bf,[n], and o is the k=1
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(T — kT + (i — 2)T/2) (51) " —
;X / s
ri[n] = 1N kz::l E(nT — kT + (i —2)T/2)85[n — k]. (52) '4{/' j/../
5
Hence, the output of the first stage combiner is s B
yiln] = wl lE(nT + (i - 2)T/2). (53) _
m
The weighting vectotiw[n] at the final combiner is calculated g P
by S o—--99-mz DFE
. 0 o-—-0 {3-tap DFE
wln] = (R[] +71) *r[n] (54) //// s
#-——# [2-tap LE
where 4
Rii[n] Rialn] Risn]
Ry [n] Ran] Rasln] (55) 00 05 )
Rgl[ R32 7’L] Rgg [71] normalized delay (td/T)
A N . Fig. 5. Performance of DLMMSE-STDFE and DLMMSE-STLE: required
= — Z Hn)znT — kT — (i — 2)T/2] SIR for BER= 10 2 versust, with f; = 184 Hz and SNR= 20 dB.
N
[”T KT = (5 = 2)T/2}w;[n]) (56)  the training sequence, and after the training period, they are
and tracked using decided (sliced) symbols. DQPSK modulation
- is used with coherent detection. The four-antenna system
7[n] _(7’1[”]77’2[”]77’3[”]) (57) has white Gaussian noise and a single cochannel interferer,
A whose powers are given by the signal-to-noise ratio (SNR)
T = 7 Z l[nla&nT — kT and the signal-to-interference ratio (SIR), respectively. The
channels use the two-path model with the same average power
+(L - 2)T/2]30[” — k. (58) for each path, the same delay spread for both desired and

interference channels, anfl, = 184 Hz, unless otherwise

Hence, the output signal is given b o . . o
uiput signat s giv y specified. The signal received by each antenna is first passed

y1[n] through a square-root raised-cosine filter and then oversampled
Soln] = w'[n]| waln] |. (59) at the ideal sampling time at a rate 8f7 for the STE.
y3[n] The desired signal and interference are time aligned for the

results presented in this section (note that the relative timing
oes not significantly affect the performance of the STE). One
g?dback tap is used for the STDFE. To give insight into the

average behavior of the STE in various environments, we have

We call the equalizer that uses the abawe-stage tracking
algorithmatwo-stage STLEDecision-feedback can be used
either the first stage combiners or the second stage combi
Hence, we refer to these equalizers as fits-stage STDFE
and thesecond-stage STDFEespectively. averaged the performance over 1000 time slots.

For an M -antenna system, a two-stage STLE requires two F|g_ > fsgtlszs th? req;ljlred S”; foSr a b':c errcr)]r ratel (BE:?)
M x M and one 3x 3 matrix inversion, sinceR;[n] = _ = 107 of different length DLMMSE-STE'’s for channels wit

R3[n — 1]. However, the computation in the two-stage STLI:SNR = 20 dB and d|ffer_enttd s. From the figure, without
can be further reduced if we calculaig[n] by delay spread, poth the flve-tap DLMMSE-DFE and four-tap
DLMMSE-LE, i.e., spatial processing only, operate up to
waln] = 1 [(Rs[n] +~I)~' + (Rs[n— 1]4+~+I)"'|r2[n] (60) —2.5-dB SIR. With increasing,, the equalizer’s interference
suppression ability is reduced. Ag increases, the equalizer
performance is generally 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 parameter tracking performance degrades with
V. PERFORMANCE EVALUATION increasing equalizer length, even through the longer equalizer
THROUGH COMPUTER SIMULATIONS always performs better than the shorter one with the optimum
The performance of the STE has been evaluated througfiualizer parameters. Hence, in Fig. 5, the five-tap DLMMSE-
computer simulation, which focused on its application in IS9FE and four-tap DLMMSE-LE have the best performance
136 TDMA systems. The simulation uses the system mod&lt; < 7'/8, while the 13-tap DLMMSE-STDFE and 12-tap
described in Section Il. Each time slot contains a 14-symbBLMMSE-STLE have the best performance if > 7'/2. Usu-
training sequence followed by 134 symbols randomly dravally ¢, < 7'/2 in IS-136 TDMA systems [24], therefore, the
from {(1 +j/v2),(1 — jv/2),(=1+j/v2),(=1— j/+/2)}. nine-tap DLMMSE-STDFE and eight-tap DLMMSE-STLE
The parameters of the equalizers are initially estimated usiage two of the best STE's.

which eliminates the calculation @,[n]. We call this equal-
izer a simplified two-stage STLEsince it requires only one
M x M and one 3x 3 matrix inversion.
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fq4 = 184 Hz, SIR = +o0, and differentt,’s. Hz, SNR= 20 dB, and differentt;’s.

The performance of the DLMMSE-STE is not sensitive to Figs. 8 and 9 show the BER of a nine-tap DLMMSE-DFE
the length of the window used to estimate the equalizerfsr different SNR’s, SIR’s, and,’s. In particular, for channels
parameters, as shown by Fig. 6. with t4 = 0.257", the nine-tap STDFE attains a 1Y BER

Fig. 7 shows the BER versus SNR for channels witwhen SIR= 5 dB, SNR= 17 dB or SIR= 2.5 dB, SNR
different ¢4;'s and without cochannel interference whenr= 20 dB.
the DLMMSE STLE uses the optimurma for interference  Figs. 10 and 11 show the required SIR of a nine-tap STDFE
suppression. Without delay spread, the four-tap equaliZer BER = 102 when the two-path fading channel has
attains a 10? BER when the SNR is 9.5 dB. However, ifdifferent f,'s or unequal average power ratioss. From
ty = T/2, the SNR must be greater than 14 dB to maintaiRig. 10, with decreasingfy, the required SIR is reduced
the same BER. However, for both the eight-tap STLE and tldeamatically. For channels witlf; = 184 Hz andt, = 77/2,
12-tap STLE, the required SNR for a given BER varies bie required SIR for a I BER is 6 dB, while it is as low
only about 1 dB for all channels withy < T'/2. as —10 dB with f; = 10 Hz. According to Fig. 11, the STE

If we know that the system has no intersymbol and cochahas the worst performance with the two-path fading channel
nel interference, we can selectto optimize the performance. with equal average power. Hence, we have selected the equal
For example, a four-tap spatial equalizer with the optimaum average power two-path fading channel model for most of our
for channels without delay spread will attain a fOBER at simulations.

SNR = 6 dB, which is about 3.5 dB better than that of the Fig. 12 shows the performance of a two-stage STLE. Com-
equalizer with the optimura for interference suppression. pared with the 5-tap, 9-tap, or 13-tap DLMMSE-STDFE, the
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= 1072 for unequal average power two-path channels with different averagéy. 13. Effect of SNR on BER of two-stage STUE = 0.009) with f4
power ratios,f; = 184 Hz, and SNR= 20 dB. = 184 Hz, differentt,’s, and SIR’s.

two-stage equalizer has less sensitive required SIR curves.
Considering the computation complexity and noise and in- VI. CONCLUSIONS
terference suppressing performance, the two-stage STLE igp this paper, we have investigated spatial-temporal equal-
preferred over the DLMMSE-STDFE. ization for 1S-136 TDMA systems to mitigate intersymbol
Figs. 13 and 14 show the BER of the two-stage STLE undgierference and suppress cochannel interference, and thereby
various conditions. Compared with Figs. 8 and 9, the twennance system performance. With known channel parameters,
stage STLE has stronger noise suppressing ability, but weafigs have derived the structure and the MSE of the MMSE-STE
interference suppressing ability than the nine-tap STDFE. for multiple-antenna systems with cochannel interference. The
Figs. 15 and 16 show the required SIR of the two-stag@vSE-STE can be implemented as a continuous pulse shap-
STLE for two-path channel with differertt;’s or unequal av- jng filter followed by fractionally spaced discrete filters at each
erage powers for each path. Similar to the nine-tap DLMMSEntenna. However, the optimum parameter sets are not unique.
DFE, as the average power ratiobetween two paths de-For some pathological parameter sets, small perturbations
creases, the curves become flatter. The required SIR decreggese parameters can cause large performance degradation,
with decreasing,. which explains why the MMSE parameter tracking algorithm
Fig. 17 compares the required SIR for a2BER for the is not robust in some cases. Hence, we developediitg-
original and simplified two-stage STLE. Compared with thgpg loading MMSE-STEnd thetwo-stage tracking STEo
original two-stage STLE, the simplified STLE has only aboyeep the STE from converging to the pathological parameter
a 0.5-dB degradation whe < 0.51". However, it has almost gets, Furthermore, to reduce the computational complexity,
the same performance whep > 0.57. we developed asimplified two-stage tracking STILEvhich
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requires only oneM x M and one 3x 3 matrix inversion
for M-antenna systems, but can attain ai®ER fort, =

/ FO(ET — 1) drsi[n — k]

T/2, f4 = 184 Hz, and SIR= 5 dB. Hence, considering =0 ke oo
performance and complexity, the simplified two-stage STLE 00
is a promising technique for 1S-136 TDMA systems. +/ f(wnT — 1) dr — Z crdoln — k). (A-2)

k=1

APPENDIX If the decided symbols are all correct, the intersymbol in-
COEFFICIENT DERIVATION OF THE OPTIMUM DFE terference caused byy[k] for k& < n can be eliminated by

Let the receiving filter f(¢) in Fig. 2(a) have square- Selecting
integrable impulse responsg(¢). Then the output of the

receiving filter is
n2 [

The output of the equalizer is

5[n] 2 y(nT) =" erdoln — K]

ckx = / F(m)ho(KT — 1) dr. (A-3)

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

{f(O)} = E{Jsln] - so[n]|*}

/ f ho

x(t — 1) dr. (A-1)

2
Ydr —1

=0
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2

‘ / FrYho(KT — 1) dr
k=—o0
2
+ 02 Z Z ‘/ F(Oh(KT — 7) dr
=1 k=—oc
N, [P (A-4)

Using calculus of variations, we can show that tf(e) that
minimizes the MSE satisfies

folt) = — Nio{(ao[()] — Dhg(=%)
-1
+ ao[k)hs (KT — t)
kz—ooo<>
+ 30> alklhi (kT - t)} (A-5)
=1 k=—o0
where
a[k] 2 / Fo (D R(KT — 7) dr (A-6)
and
N, = % (A-7)

Multiplying both sides of (A-5) byh;(nT — 7) and using
(A-6), we have

ai[n] = — {(GO[O] — D)rio[n]

1

+ S aolklrioln — k]
.
+;k; a;[k]ri;n k]} (A-8)
where
rin] 2 - / h(nT + ORI db. (A9
Let O
rij(w) = i rijlnle™*. (A-10)
S

Using the Poisson sum formula [23], we have

e =gg X 0w 1)
(A-11)
with
Hi(f)= /Oo hi(t)e =93 dt. (A-12)
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Denote the Fourier transform of the one-sided sequence

ap[n](n < 0) as

aw) = Y

k=—o00

ag[k]e=7k« (A-13)

and the Fourier transform of the two-sided sequenge], i =
1,---L, as

Z ai[k]efjk“’.

k=—c0

(A-14)

ai(w) =

Then (A-8),: = 1,---,
domain as

L can be written in the frequency

ai(w) = —{(ao(w)

L
W)+ aj(w)rij(w)} (A-15)
j=1

or in vector form as

a(w) = —{(ao(w) — Dr(w) + R(w)a(w)}. (A-16)
Therefore
a(w) = (1 — ao(w))[R(w) + 1] *r(w) (A-17)
where! is an L x L identity matrix and
a(w) =[a1(w), -, ar ()] (A-18)
r(w) =[r10(w),- -, rro(W)]” (A-19)
and
ri1(w) rin{w)
R(w) = ( : ; ) (A-20)
7’L1(w) 7’LL(w)

Hence,a;[n],i = 1,---, L can be expressed in terms @f[n]
in the time domain as
0

> bifn — Klao[k]

k=—oc

= by[n] (A-21)

a;[n]

where the Fourier transform éf[»] is theith element of the
L-element vector function
b(w) = [R(w) + 17" r(w).

Wheni = 0, (A-8) implies that

(A-22)

ap[n] =

- {(GO[O] — )roo[n]

+ i: ao[k]7’00[ﬂ — k]

k=—o0

+ z_: i [klroiln — k]} (A-23)

for n < 0. By means of (A-21)

0

aoln] + Y rln — Klao[k] = r[n]

k=—o0

(A-24)
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where [6] J. Salz, “Optimum mean-square decision feedback equalizat®BiTJ
pp. 1341-1371, Oct. 1973.
7[n] = 7’00[71] — u[n] (A-25) [7] P. Balaban and J. Salz, “Optimum diversity combining and equaliza-
tion in digital data transmission with applications to cellular mobile
and radio—Part I: Theoretical considerationsEEE Trans. Communwvol.

u[n

1S 3 roiln] s biln] = 74 (@)R(@) + 117 r(w)}-

(A-26)

Denote

From [6, Appendix A]

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

which is uniquely determined by

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

oo

7’(@)é Z r[k]e=im

n=—0oo

=7roo(w) — r (W)[R(w) + 7 r(w). (A-27)

aw) = Y aglnle"

= Mo

Mw)=>" e (A-29)
=0

MM (—w) =r(w) + 1. (A-30)

(A-31)

> {1 /”
Yo = €XPY 5
0 2r J_,

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

Substituting (A-28) into (A-17), we have

(8]

(9]

[10]

[11]

[12]
(13
1 (A-28) 14
[15]

[16]

[17]

(18]

[19]

[20]
[21]

[22]

(23]

[R(w) + I r(w). (A-32)

Multiplying both sides of (A-5) byf,(¢) and integrating,
from (A-4), the MSE of the MMSE-DFE is

el fo(t)} =0*(1 — ao[0])

:JQeXp{—% / " In{r(w) + 1} dw}. (A-33)

—_—T
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