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Adaptive M nimum Mean Square Error Equalizer Background The present
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systens using space-tine processing techniques. A typical wreless
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While in the channel, the signal is distorted and corrupted due to various

phenomena, and may have significantly degraded before arriving at the receiver. Among
the main reasons for this are: inter-symbol interference (ISI), fading, co-channel
interference (CCI), and thermal (white) noise. The inter-symbol interference results when

20  the data symbols contained within a data stream interfere with one another, i.e. due to
undesired interaction of a wireless channel with itself. This happens because of signal
bandlimiting by the channel and/or the shaping filter, and/or because the wireless channels
often become multipath channels for a variety of reasons such as the presence of obstacles
in the line-of-sight. Multipath also causes fading,.

25 The co-channel interference results when two or more users operate on one radio
frequency. It is very common in cellular phone systems where the-same frequencies are
recycled from cell to cell. Unfortunately, the transmitted signals tend to undesirably travel
to non-targeted proximate cells, causing interference with the signals within a non-targeted
proximate cell. Thermal (white) noise is always present in electronic devices.

30 Several techniques may be used to cope with such undesired effects. Essentially,
for compensating the inter-symbol interference, equalization is often performed in a

variety of communication systems; for compensating fading, diversity techniques are



30 Several techniques may be used to cope with such undesired effects.
Essentially, for conpensating the inter-synbol interference, equalization
is often worBosssetl in a variety of conmunication systenspPCrarsovarmpensat i ng
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the other hand, depending on the strength of each user's signal, the

co- Chann?enéﬁil? reﬁ%ﬁc%@ﬁeandrwu%&r@ﬁe%{ fshlhﬁﬂ?g@bﬁﬁ%fﬁ%ﬁcﬂ&?ﬁp&é O@n?ﬁe the
concerned user”s data. For a particular user

i nt erf er entlees] haadl,s:lepguhngmmés srttaxygthef banbatseds signalj ﬂhf: epehtnied oatifoase 5

maki ng | t ext r.e difficul I OVi reaso able co nsati on_t hrough
s ol & MR diPEte S Go R P BEh ARG GGBE 1o 2 AU B,

i nconsi Stlﬁ&t aRERaMbe ofShtetfBRncd- E‘éu@ﬁlfg%bhﬂags ﬁl@&'f)@ ?&:a{eﬁ%@ﬁﬁﬁxéﬁt 165&581%"“
origins wth respect to the receiver, including on/off swtching, my

cause St henaking B @stremelerdiBicoH deprovislegonswantlk yomhensgtion &gomh esiapi . A

fixed co ion emmay..fail to.adeq L.y conpensat

i o var yORD gy BB T e et Pu RS Bt BEBESRE s Rbiw g e

ti me- var iiafetferifg ssitledseoTU&! 4thBlkndtdd Vi gils With @6JpBEIRD TR red Vs, idchidMd €l ess
comruni cati on systens, a nore effective conpensation mnechanismis

desi r abl ©n{ff é‘ﬁ}é‘éﬂW:tmﬁyw@%ﬂlﬁéfﬁ@@@ﬁéwfﬁmé@ﬁ tp sgnefritbcehenge Bs B pxdmple.

Descri pti ram.of a npbile device
i ncl udi nfgxgéﬁ%ﬁﬁ?n%ﬁﬁoﬁg% ]!tn%? zlcté Lﬁte@%gﬁ\r} %HS%% rtlmeé’ﬁ%l?‘%l a signal

i ncl udi ndnidefsrened sae ituﬂ@emtrbedlbmmfoltms thesmtlma@@ﬁaﬁkmmd\mﬁabv@me

enbodi ment qf the present invention; Figure 2 is a block diagramof a

cel | ul ar YBREREIGIEERfeng at | east two antennas to 20 receive over an air
interface (e. I Sg%g)rl [ desired
portions), i ng%hélgglp ﬁhr?]ég%gv(\% t on‘%ﬂgﬁnﬁ néntn%or? g{fggﬂ&c@%&%@gﬁtl‘é@eml on;

Fi gur e 3 mehanisi@de desdnablerto copowih abgyeamantidned andssitad cfeapt | ve equal i zer for
adaptively equalizing at |east two propagating signal portions of a signal
through at |l east two propagation paths according to one enbodi nent of the
presest IHEMds@ihtioadhdbiAvifled S @n equal i zer conputation nodul e where
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accordance with one embodiment of the present invention;

Figure 2 is a block diagram of a cellular phone including at least two antennas to

20 receive over an air interface (e.g., a channel) a signal (comprising desired and undesired
portions), in accordance with one embodiment of the present invention;

Figure 3 is a receiver incorporating a multi-antenna adaptive equalizer for
adaptively equalizing at least two propagating signal portions of a signal through at least
two propagation paths according to one embodiment of the present invention;

25 Figure 4 is an equalizer computation module where outputs are FIR filters that
adaptively perform space-time equalization on a signal received including a desired and an
undesired portion to recover the desired portion from the signal such that the equalizer
computation is based on adaptive estimates and/or prior information on desired channels 1
and 2, and on adaptive empirical estimate of the total received signal cross-covariance

30 according to one embodiment of the present invention;

Figure 5 is a flow chart of an adaptive equalization routine for the equalizer

computation module of Figure 4 in order to recover the desired signal from the received
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30 and a transceiver 25 to receive and/or may transmit one or more radio communications.

The transceiver 25 further comprises receiver circuitry 35 and a storage unit 40 storing a
receiver application 42 to process the radio communications according to any one of the
20  available communication standards.

Essentially, one operation for recovering the desired portion from a signal entails
using an array of at least two spatially separated antennas coupled to the communication
interface 15 that receives the signal in at least two propagation signal portions through at
least two propagation paths. Using the receiver application 42, the equalizer 20 may use

25  the two propagating signal portions and a priori information related to the desired portion,
to estimate a space-time cross-covariance matrix of the total received signal and the
desired channel portions corresponding to the desired portion of the received signal.

Since the undesired portions of the signal are time varying and statistically
inconsistent, these estimates are interpreted as adaptive weighted measures indicative of

30  an average behavior of the channels over a time window of the signal. Based on the
adaptive weighted measures, each propagating signal portion of the two propagating signal
portions through the two propagation paths may be adjusted to provide corresponding
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equalization systems. Using a suitable adaptive algorithm (e.g. least mean square) in the
receiver, the equalizer coefficients may then be changed or adapted so that the output of

20  the equalizer closely matches the training sequence.

Referring to Figure 2, a cellular phone 50 may include antennas 55(1) through

55(N) to receive communications, such as radio communications over an air interface 65.
The antennas 55(1) through 55(N) may be coupled to a modulator-demodulator
(MODEM) 70 to receive over a channel a signal including a desired portion and an

25  undesired portion (for example, due to co-channel interference from one or more sources),
which may be fading and distorted (for example, due to IST). The MODEM 70 may
include a wireless interface 84, a multi-antenna adaptive equalizer 86, and a mobile
receiver circuitry 88. In some embodiments, the wireless interface 84 may be a radio
frequency interface. Likewise, the multi-antenna adaptive equalizer 86 may be operable in

30 amulti-reception mode capable of detecting a signal in the presence of all the above-

mentioned imperfections, in one embodiment.



The antennas 55(1) through 55(N) maybe coupled to a nodul at or - denodul at or
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fromone or nore sources), which may be fading and distorted (for exanpl e,
due to I1SI). The MODEM 70 may include a wireless interface 84, a

mul ti-antenna adaptive equalizer 86, agd a nobile receiver circuitry 88.
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W th di { PEPENE0 BBPIE 5 4DPBHAY S EHSUgh ORLA TR THERFANEH SPMES e Sier
terns a general packet radio service (GPRS) over a network for global system for mobile
communications (GSM). Here, the cellular phone 50 uses at least two antennas 55(1) and
20 55(N), e.g., with different polarizations, although one may be inferior to the other in terms
of antenna gain and thus signal to noise ratio (SNR). Detection of the signal in the
presence of CCI and/or ISI may be provided, in one embodiment, by implementing the
adaptive equalizer 86 with a linear minimum mean square error (MMSE).
Based on simulation and analytic analysis, in one embodiment, considerable gain
25  may be achieved using space-time processing, by the adaptive equalizer 86 operating on
the dual (or multiple) outputs of a dual (or multiple) antenna array. This may be achieved
by generalizing the conventional single-antenrna MMSE approach in one embodiment.
An optimal MMSE equalizer, in one embodiment may compute the (statistical)
auto-covariance matrix of the received signal and cross-covariance vector of the received
30  and the related transmitted symbols. This, in turn, may desire full knowledge of the
different channels of the wanted as well as interfering signals, from all the sources to all

antennas, and the thermal noise variance may be desirable. In a GSM scenario, this type



of antenna gain and thus signal to noise ratio (SNR). Detection of the
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the act u%lutput of the algorithm with a desired output while keeping the rate of convergence to a

certain level, e.g., to an acceptable “average” value which may be predetermined based on
20  aparticular application.

When the received signal is shorter in length than expected or when the interfering
source or sources appear and disappear frequently as is the case in GSM, this “averaging”’
may not be able to converge to or to track the correct auto-covariance matrix. In this case,
the adaptive equalizer 86 may be adjusted accordingly, e.g., by shortening the length of

25  the received signal. When switching times or patterns of the interfering source or sources
are identifiable, in one embodiment the estimation process is reset with respect to every
change while allowing the cellular system to learn the new auto-covariance matrix. If the
time segments between two changes is too short, another approach avoids resetting and
thus encourages the auto-covariance converge to some pre-determined “average” correct

30  value.

The received signal may be divided into time segments, e.g., two or more segments

of the same received signal, which may be equal in length, in one embodiment. The
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signal portion may be received, through the radio frequency and analog interface A 140a.
Likewise, on a propagation path equalizer 145b, a second propagating signal portion may

20  be received through the radio frequency and analog interface 140b. To process the signal,
a control unit 150 may be coupled to a storage device 155 storing an equalizer application
160, which estimates the above-mentioned space-time auto-covariance and cross-
covariance. The equalizer application 160 may provide corresponding equalized outputs
combinable into a common output to remove the undesired portion from the signal. In

25  order to recover the desired portion from the signal, a decision logic 165, for example a
threshold decision criteria, may be applied to the common output.

In one embodiment, the multi-antenna adaptive MMSE equalizer 130 is a linear
filter whose coefficients are time-variant. Furthermore, the coefficients are calculated
each bit epoch via an adaptation, such as the linear mean square (LMS) or recursive least

30  squares (RLS) algorithms where both adaptations may converge to provide an ideal (e.g.,
optimal) filter. A training preamble may be incorporated with each data transmission,

consistent with the use of an LMS algorithm. Of course, blind versions of the algorithm
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estimator nodule 195b may be . . . . :

channel. In operation, fo remove the undesired portion from the signal being received

over the channel, i.e., on a propagation path one equalizer 205a and a propagation path

two equalizer 205b, a common output may be provided by combining the equalized

20  outputs.

An adaptive equalizing routine 225 shown in Figure 5 recovers the desired signal
from a received signal in accordance with one embodiment of the present invention. By
adaptively equalizing the channel, the desired portion may be recovered from the received
signal based on prior knowledge and empirical estimation as explained earlier. A wireless

25  signal, such as a radio communication may be received, for example, over a channel, at the
block 230.

However, the wireless signal may incorporate a variety of interferences including,
but not limited to, co-channel interference and inter-symbol interference. While the
wireless signal may include, in one embodiment, a desired set of channel portions, an

30 undesired distorted portion may be attributed to co-channel and/or inter-symbol

interferences as examples.
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may be estimated across a second time-variant window.
Specifically, in one case, to provide corresponding equalized outputs each
propagating signal portion of the two propagating signal portions through the at least two
20  propagation paths may be adjusted based on the adaptive weighted measure in block 245.
The equalized outputs may be combined into a common output to remove the undesired
portion from the wireless signal at the block 250. Finally, a threshold decision criterion
may be applied to the common output to recover the desired portion from the wireless
signal in one embodiment (block 255). |
25 In some embodiments, interference patterns may be observed in a channel to derive
empirical estimate based on at least two propagating signal portions of the wireless signal,
which may be received through at least two propagation paths. The undesired portion may
be extracted from the wireless signal based on the empirical estimate of the wireless
signal. By averaging the temporal transitions of the interference patterns across the two
30  propagating signal portions, the desired portion may be derived from the wireless signal.

Different components and the signal flow of a receiver based on an adaptive

equalizer consistent with one embodiment of the present invention may be implemented in
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frequency, and anal og stages for interference (e.g., 1SI, CCl, or both)
reduction or gan ceI I ation using mni nrum nean square error (MVSE) may be
provi ded., 1é'21 BSEIeN g&ePB&nﬂélrlt'Iﬁl'd'd@élréﬁrtb@ﬁﬂrﬁﬁcﬁtSO(ﬁ) get of relevant
formul as ‘are ated tor a finite length dual MVBE |inear equalizer,

e.g., the_ mul t| -ant enna adaptive,
20 S0(m)=C*- -v(n) =C1" -vI(n) + C2" -v2(n)

+L2 +L2
= ch}vl(n +d, —j)+ ZcZ}vz (n+d, - J)
Jj==L1 j==L1
€)
The most direct arrival at the solution is through the underlying orthogonality principle,
25
E{[S0(n) - S0(m)v(m)"} = 0.
“)
In this equation
30
E{SO(”)‘_’@*} =Ty50 =[h01 4 =+~ BOLgyy - hO1_ppg H02pp, g -+ h02y,4, -+ ]702~L2+d,]+
)
and
35

& * l :11 l El; 1
E{S0(m)v(n) } i e wC



MVBE equal i zer 130 as a generalization of a dual MVBE |inear equalizer
capable of direct adaptation. In doing so, let SO(n) denote the synbol
transm t two oansgsiede n and let 10 V = [v1l(1l) v1(2) vi(N VvP2CTOSO¥2742D)

v2 (N]T (1) denote the received signal of N dual antenna sanples over an

entire burst. Define 15 v(n) = [vl (ii +dl + Li) ... vl (n +dl) ... vl
(it + dl- L2) v2 (n +d1 + LI) ... v21(n_+d1) .. v2 (11+d1 - L2)]T (2)
where dl is the synbol a channel d t @_@gstrpymat
so(n) as 2oﬁé§( ngl <d %b(%)’ LTS Q% (n“jc‘l2 2+ v?d(?%i))riu;”@ By e

| clvi(n+dl -j )+ 02V2(n+d1 -j) J=-L1 j-L1 (3) The nost direct arrlval at
t he sol ut i on, @&t hr-ough, (t)he unde‘n;(l—%)ng oriti&gonal-i t Pri nci plrze( 225

E{[SO(n) - SO(n)]y(n) } . (4) :In this équation 30 E{SO(n)v(n)*} _
)"v80 = [|02{J__]511 lr(@ L2+@I;L1h1@23_1+dlr (+L2) hQ20+d} (0) .

h02- L2+d|— ' 0 1 R12 II R R12 22
WO 03/ 058845’ 1#%% USOZ/MJr {s ggl 101}%) . | 11(.- le)z r )11( L’:L(Ei/1 Q?‘% x21(0)
r21(-L1) J|.. ri21(-L1- LZ) ('~) rn (+L1) fuoOO0" rn (-L2) (L)
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el -eelgeclly, €21, 062 e2) 10, (6)
where
I
5  r,(+k)=Ep, kv, (k=k)'} = ZZhllj m2
=0 J
/
7, (=k) = E{v (k)v,(k+k)"} = [ZZhllj hi2’,,
=0 j
1 (+k) = E{v (kv (k—k)"} = ZZhll MY, + N16(k)
=0 j
1, (k) = E{v,(k)v,(k+k)"} = 1Zozhllj T}, + N16(k)
= J
(N
I
10 r,(+k)=Ev,(K)v,(k—k)'} = IZOthz JhI2, +N25(k)
=0 J
tyy (k) = E{v, (k)v,(k+ &)} = ZZhlZ hi2;,, +N26(k)
=0 j
7y () =1, ()"
15  The solution is given by
_C_+ = Rv_vlrvSO ' (8)

If the 2(1+ 1) channels of wanted and interfering signals are unknown, the received signal
covariance matrix R,, and the transmitted-received cross-covariance vector 7,s, may be

20  estimated from the received signal itself. The components of the covariance matrix may

be estimated as

N . .
£ () = %z vi(iw,G=k) (P Fy» Fyy computed similarly) )
=1



r12(0) ... r12(-L1) ... rig(-Ll-L2) r22(0) ... r22(-L1) ... r22(-L1-L2)

rig (+L1) r12 (0) ... rig (-L2) r22 (+L1) ... rz2 (0) ... 1.22 (-L2

r12( +L1+D8P 030588¢stL2) r,, (0) r22(+L1+L2) r22(+L2§ )L rZTC(F)Usoz(/{nms)*Ll
cl0 ... O +L2 c2*L2 ... c20 ... c2+L2]T (6) where 5 112 (+k) = E{v, (k)v2
(k - k)* } hilj hi2*j_k 1=0j r12 (-k) =E{v| (k)v2 (k + k)* } Y1 hllj
hI2]+k10] r* (+k) = E{vi(k)vi(k - kp7.} Yy hilj hll~k + N18(k) 1=0 |
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10 r22 Al 9% Kk + N28(K) r22
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(k)*. 15 The solution is ven - f
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of the covariance matrix may be estimated as ~i 1(k) =21 vi(i)vl (i - k)*
(yiz , rZéI, rﬁzz conputed simlarly) (9) Ni=1 (10)

w vSO

where R! is the inverse of the correlation matrix estimated according to the equation

(9).By repeating this estimation after every data block, tracking is performed, and the
10  equalization is rendered adaptive for slow fading and hopping.

A chart shown in Figure 6 compares simulated bit error rate (BER) performance of
several minimum mean square error (MMSE) equalizer-based receivers according to one
embodiment of the present invention. During a transmission, for example, over a channel,
the bit error rate (BER) is defined as the percentage of bits that have errors relative to the

15  total number of bits received in the transmission, usually expressed as ten to a negative
power. For example, a transmission may have a BER of 10 to the minus 6 as powetr, 1.€.,
out of every 1,000,000 bits transmitted, one bit was in error. In general, the BER indicates
how often a packet or other data unit has to be retransmitted because of an error.

As indicated in Figure 6, the BER performance of four MMSE equalizer-based

20  receivers is compared. By simulating a GSM scenario, a 157 symbol burst is produced, to
be subsequently processed by a conventional transmit Gaussian filter, and transmitted via
a fading multipath channel. At the receiver, nine interferers of different origins and
strengths plus thermal noise add to the fading and ISI-corrupted wanted signal. For the
typical working points of 9 and 12 decibel (dB) signal to interference ratio (SIR), the

25  performance of the dual antenna MMSE equalizer consistent with one embodiment of the
present invention, is closer to the unrealizable perfect information equalizer receiver,
showing that a gain of approximately 4 dB may be obtained. Further simulation
experiments established the observation that with a dual antenna MMSE receiver as
formulated above, the BER performance is significantly better than with any single

30  antenna receiver.

While the present invention has been described with respect to a limited number of

embodiments, those skilled in the art will appreciate numerous modifications and
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and strengths plus thermal noise add to the fading and | Sl-corrupted
wanted signal. For the typical working points of 9 and 12 deci bel (dB)
signal to interference ratio (SIR), the 25 performance of the dual antenna
MVBE equal i zer consistent with one enbodi nent of the present invention, is
closer to the unrealizable perfect information equalizer receiver, show ng
that a gain of approximately 4 dB nmay be obtained. Further sinulation
experinents established the observation that with a dual antenna MVSE
receiver as fornul ated above, the BER performance is significantly better
than with any single



30 antenna receiver. Wile the present invention has been described with
respect to a limted nunber of enbodinents, those skilled in the art wll
appr eci atwonassseus nodi fi cati ons and WO 03/ 058845 PCT/ US@RTAKGZB1743 13
variations therefrom It is intended that the appended cl ainms cover all
such nodi fications and variations as fall within the true spirit and scope
of this present invention. WO 03/0588434RCT/ US02/ 41743 -14- \Wat is

cl ai med i®hailis cAIMBA kod conprising: receiving over a channel a signal
including a desired portion associated wth a desired channel and an
undesired portion mxed with said desired portion; and recovering the

desired portion from.t i.gnal .by adaptively equalizing the 5 channel
Iegst o}%]én%lﬁocg?(gno?mk%

based on at W edge and enpirical estimation of the
desired channel, aR@:i¢Mpidvecatheatl 18igh0modidihhe deswdipoetibrsisgomadted

aut o-covariance. 2. The nmethod of claim 1, receiving said signal including:
recei vi ngwithe dgsizsdrchannsd epd am vadesirpdpitigR é‘!lx?dfﬁ‘i’ltbé?‘g(jleﬂé%q 9%%0% kafinel
portions of said c . fr : i . h O

i nformation rel at egh% ? J(;)k(?e!tq]{lé t@%@%@%%@%ﬂ iﬁ?ﬁﬂél\f/eisggriaﬁ}a%@&%t%ﬁ%qﬁ%l(ﬁgﬁ ¢ e?ll!eve

sai d @i oghaknelWaesdlige; atasedt oxcef prion gndvhkedpeeebimeidicplastimenonbf thhdesiiegnal i n
a distorted faormijncluding. an igpﬁrferen e.fromone or nore interfering
sources. ghanypeandeampRigcgresimaiion of the reerlyge SigneldIQICP VS aaf ar ray of at | east
two spatially separated antennas to receive the signal into at |east two
propagating signal portions through at |east two propagation paths. 4. The
met hod of clait 3, Themetiodgf chéhilreiceivingsashsigna! tiodeding:oss- covari ance

matri x of the received signal and the i r.ed.channel .from said,at |east
two propagating si g’i?&?lvﬁ%grgtg? G?Féregrﬁ’aﬁéoé]i 03%36 i}g]?%ln?&'fgng ﬂ?sgre% 8 related to
the desirggiBAt&f QM GWBheldroth 9A8dirddUWbEice; and deriving one or nore equalizer
coefficients that are based on averagi ng of ) ] o
10 receiving a priori information related to the desired portion over said
channel to derive said prior knowledge; and
receiving the undesired portion of the signal in a distorted form including

an interference from one or more interfering sources.

3. The method of claim 2, including:
15 using an array of at least two spatially separated antennas to receive the

signal into at least two propagating signal portions through at least two propagation paths.

4. The method of claim 3, including:
estimating a space-time cross-covariance matrix of the received signal and
the desired channel from said at least two propagating signal portions and said a priori
20  information related to the desired portion over a signal burst; and
deriving one or more equalizer coefficients that are based on averaging of

the received signal over a time window that is substantially same as the signal burst.

5. The method of claim 4, including:
adjusting each propagating signal portion of said at least two propagating
25  signal portions through said at least two propagation paths based on the one or more

equalizer coefficients to provide corresponding equalized outputs;



t he received signal over a tine window that is substantially sanme as the
signal burst. 5. The nethod of claim4, including: adjusting each
pr opagat iwQ o3joggsas portion of said at | east two propagati mgT/UdB2/$i7¢ghal
portions through said at |east two propagation paths based on the one or
nore equalizer coefficients to provide correspondi ng equalized outputs; WO
03/ 058845 PCT/ US02/ 41743 -15 conbi ni nglsaid equalized outputs into a
common out put to regoMBinidEsaidiegaizdédshtpas titen comamntdueput ec inwed tisé gnal ;
and applying a threshol d decision ¢riterion to the conmon output to recover
the desi Eadesped PorgRniiopnibepeceivwdasignel @8lgnal . 5 6. The method of claim 1,
i ncluding: receivin o : J J |
recei ved signal thrggﬂgﬁggat eg%%@ dtg %ggrg%%gggtt?g%%gg}gﬁ%{ 6%%@?V%Cr?gaﬁﬁg
recei ved degiredlpopaint fesrmnshd receied sip@ainel to derive said enpirical estimate;
10 extracting the undesired portion fromthe signal based on the enpirical
estimate of the received signal; averaging the tenporal transitions of the
interference pgtternge RS tdEmat, indi&BS8S: tWwo propagating signal portions
to derive the desired portion fromthe received signal; 15 operating on
t he channel using sadcdivatg dtdeast twanpropagnapiag aignelrporacerssofithe receingdisignal measur e
i ndi cati vg of aq avg{}‘?ge beha%vi or.of the channel; and estimating the
recei ved SEQHEN aticASEY DRFOR&GHHORBANEr e such that adaptively equalizing the
channel. 7. The net Rpgbr@thg eheleBRiPed difiel YekidEs PIRY LikHnnel @ieaAdapdiive
equal i zation by 20 peri o%il cally repeating the enpirical estimation of the
desired chapheial estite;he recei ved signal auto-covariance. 8. The nethod of
T ver i he op sk ERT G pdFRES 58 e SR YaBed oh B EnTpREGH Vo
estimate of the received signal,

averaging the temporal transitions of the interference patterns across the at
least two propagating signal portions to derive the desired portion from the received
signal;
15 operating on the channel using said at least two propagation paths to
compute a measure indicative of an average behavior of the channel; and
estimating the received signal based on said measure such that adaptively

equalizing the channel.

7. The method of claim 6, including providing an adaptive equalization by
20  periodically repeating the empirical estimation of the desired channel, and the received

signal auto-covariance.

8. The method of claim 1, including:
receiving one or more data symbols in the received signal over the channel,
and
25 estimating an auto-covariance matrix of the received signal and a cross-

covariance vector of the received signal and the transmitted one or more data symbols by
manipulating and averaging the received signal over at least two substantially equal signal

portions of the signal in parallel over a first and a second propagation paths.



25 estimating an auto-covariance matrix of the received signal and a cross-
covari ance vector of the received signal and the transmtted one or nore
dat a syntwb3lb§ss43rani pul ati ng and averagi ng the recei ved ®Cgnsh2/onves at

| east two substantially equal signal portions of the signal in parallel
over a first and a second propagati on paths. WO 03/058845 PCT/ US02/ 41743
-16 9. The nethod of claim8, includingl@daptively adjusting equalization
paranmeters of the channel based on a plurality of first sanples of the

received signal collected jn said first propagation path and a plurality
of second sanpPes oflhe methedficlay 3, dnchikng edaphiely ddiusing equiligdtwngd

propagat i ﬁ%gﬂ%h% ofthd ChantEn 4384 BRY Rﬂ%al@k@fﬁ‘r& sath _L,Ufjf.lﬁgéceun rfddag on the

channel i reception node | rder to extract t esired portion
t 0 i ncr easellgaidinehidtfiret mopapation pathl asé paheblity @f seviodd desplee df thoneédeovedf r om
said signal] in said first and second propagation paths by renoving said
undesi redS];gB?lt‘ioﬁﬁc"P‘?H‘rﬁaf FCP%‘EBIEOP%%P“@P@H%L 10 11. An appar at us,
conprising: a processor; a comrunication interface operably coupled to
sai d processor to receive over a channel a signal including a desired
portiofh associ d0ed Whtmehaesficlam & heoimkhg:and an undesired portion mi xed

ith said desired portion: and 15 a devi - abl Led t i
br oceseor 101 ecovbPPIHENAR TSN 1 b PR ChEVGF SHarohy SR el y

equal i zi ngn&ééﬁe&?@t@i@ﬁ'to RRsQH: 94In AF tHe@Rsal;@R8 of prior know edge and
enpirical estimation of the desired channel, and enpirical estimation of

the received signal separaingovisldeamedportion fippesaithyi gnad tuepidfirsland pgcond wher ei n
sai d communi catti on i ntberface. i ncl.udes.. 20 %to |I§§‘St tvvoeiagééalnn s. 13. The
appar at us PEPAg{UOR Rafs DY iemoging sdid; updgsirsd bertion HORHyErety 9 Sl appar at us of
claim 13, wherein said MODEM i ncludes an equalizer capable of detecting
said signal in the presence of at |east one of co-channel and inter- synbol
i nterf@rences. 1WO 03M0BRERHISPOIRISHIS: 41743

a processor;
a communication interface operably coupled to said processor to receive
over a channel a signal including a desired portion associated with a desired channel and
an undesired portion mixed with said desired portion; and
15 a device operably coupled to said processor to recover the desired portion
from the signal by adaptively equalizing the channel based on at least one of prior
knowledge and empirical estimation of the desired channel, and empirical estimation of

the received signal auto-covariance.

12.  The apparatus of claim 11, wherein said communication interface includes

20  atleast two antennas.
13.  The apparatus of claim 11, wherein said device is a MODEM.
14.  The apparatus of claim 13, wherein said MODEM includes an equalizer

capable of detecting said signal in the presence of at least one of co-channel and inter-

symbol interferences.



-17 15. The apparatus of claim 14, wherein said MODEM is adapted to operate
ina cellular environnent with tine division nultiple access to enable

di gital twengnssssi on of the signal allow ng a nunber of ®EEMSIY/OI7aECcess a
single radio frequency channel without interference by allocating unique
time slots to each user within each channel. 5 16. The apparatus of claim
11, wherein said device is an adaptive- Egualizer providing a blind

adapti ve spacedisi meTaguppdrziat bOElaom 14 aitbrsih gaid MO i O aptoditodperaRan a
square error that reduces _an interference in an asynchronous time division
nul tipl e §elBdaenviemmentayithsipme diisiqymuitide agossy tarenable digitahirarspussiemel
device to g 1aokQ T i r atd I 11 ons of
the recel Loq GRbAiqwle LRGN ool TBak LR SERAAR AR T AR FRHR 0
recei ved sitgtfiabngediytdlonstingurdide tdhasionlto tachdeet wih®adadh ehqainei. cal esti mat e;
extract the undesired portion fromthe signal based on the enpirical 15
estimate of the received signal; average the tenporal transitions of the

interference pagt er ife a6s0%%s Bﬁaaﬁ&u,'m&ngmé@hﬂap Adagtﬁé lizdportions
to derive the desired portion fromthe received signal; Operate on the

channel ugiovylisgi tlind adaptise space-tipnopmghtdtion opatidsigml bawep wheninROum nneasur e
i ndi cative of an verg{g& beh%gi gr of .the channel ; esti mat.e th?. recei ved
signal baSBEr A TANY TRECSS FL ILGTETTenog AR 20 AR RioBPYS g Ao A iHe2Kshnel
and provi géingarafsegdapt i ve equal i zation by periodically repeating the

enpirical estimtion of the desired channel, and the received signal
aut o-covariance. 25 18. The apparatus of claim 17, said device to further:

gise an array o{w'at ;F gfslé%gr%%sgfgt A aug% Se arcgéeﬁ%rﬁ]gt_ennas to receive the
gnal into at'lea Pagatt ny SEdITEIC Y s through at |east two
\% 0 gg%g I8 g 2 SDI%tC'rll' /s Ugg%;:ﬁ?ﬁgeaﬂ??g@)&M&g@tﬁng@i@ﬁd@éﬁi@ﬁ 8f the@B3HI A sighaf ur t her:
through at least two propagation paths;
observe the received signal patterns in the channel to derive said empirical
estimate;
extract the undesired portion from the signal based on the empirical
15  estimate of the received signal;
average the temporal transitions of the interference patterns across the at
least two propagating signal portions to derive the desired portion from the received
signal;
operate on the channel using said at least two propagation paths to compute
20  ameasure indicative of an average behavior of the channel,
estimate the received signal based on said measure such that adaptively
equalizing the channel; and
providing an adaptive equalization by periodically repeating the empirical

estimation of the desired channel, and the received signal auto-covariance.
25 18. The apparatus of claim 17, said device to further:
use an array of at least two spatially separated antennas to receive the signal

into at least two propagating signal portions through at least two propagation paths.

19.  The apparatus of claim 18, said device to further:



estimate a space-tune cross-covariance matrix of the received signal and
the desired channel fromsaid at |east two propagating signal portions and
said a prworo/os4sms ormati on related to the desired porti onPerarsoa4gigynal
burst; and derive one or nore equalizer coefficients that are based on
averaging of the 5 received signal over one signal burst. 20. The
apparatus of claim 19, said device to flfther: adjust each propagating
signal of said at | estihattwepgeapagabbhigoariging matpardfitlesscéifedsiginlsad d at

| east two propagation paths hased on the one or nore equalizer o
coeffici eﬂ@ﬁ%g%gcﬁ?}{ﬁvpﬂér%?@g@blﬁﬂﬁm@ PERPIEMInEISS PRItIOES andsadABTiAE sai d
equal | zediinpiioh rbited 18 QLG PUtiBl by §&APYGEL ARy undesired portion
fromthe received signal; and apply a threshold 8é0|5|on criterion to the
conmon out put to redeverorehe matesquadideparctioent§ thenartklbasedoneiveedig ofithe .  21.
A cel |$J| ar .ho&e., %og;pri Si ng1;1 15 a processor; an array of at |east two
spati a Iyregglb'g SERY YNt SHHUEBWShbl v coupled to said processor to receive
over a channel a signal including a desired portion associated wth a
desired channel and an undesired portion m xed wth said desired portion
into at |east2@wo pheperpaatinef daignt, spidrdevisado firthetigh at | east two

propagati on paths; 2 M oper abl oupl to both sai rocessor and
said array of at |%§E§ efac%_ prgsgfq%ggﬂéﬁgg%tépgfag&ea%rtw&ﬂagagagng &&8%er the
desired ppsrtibanthtsuem shidieat =800 H¥pagadaRbithebisc @H @ ShdW hbre eghaneel based
on at |east one of prior know edge and enpirical estimation of the desired

channel , easdlidpgs £9 paVidesorperondmesvelized oewsisved si gnal auto- covari ance.

25 224 The cel lul ar ,pho j er including an adaptive
equal 1|Ozer to provi e aﬂgﬁﬁﬁﬁaié%*azg?? ?l\%@ufssg{éttcolej‘l-C{C’lrﬂnnég%%l[gilﬁ%??gﬁe sai d
si gnal baselsiosd portiomonnbanecebgdaligpagandr . WO 03/ 058845 PCT/ US02/ 41743

-19 23. The cellular phone of claim?22.is adaﬁt ed to operate on the signal
ina cellular envi #RPW8Hresholhdsaisien eriterian briberapmmencousue éxtcoverdhabl e a

general  pagkel pbRdh%rom the received signal.

21. A cellular phone, comprising:
15 a processor;
an array of at least two spatially separated antennas operably coupled to
said processor to receive over a channel a signal including a desired portion associated
with a desired channel and an undesired portion mixed with said desired portion into at
least two propagating signal portions through at least two propagation paths;

20 a MODEM operably coupled to both said processor and said array of at
least two spatially separated antennas to recover the desired portion from the signal by
adaptively equalizing the channel based on at least one of prior knowledge and empirical
estimation of the desired channel, and empirical estimation of the received signal auto-

covariance.

25 22.  The cellular phone of claim 21, further including an adaptive equalizer to
provide a blind adaptive space-time equalization on said signal based on minimum mean

square error.



service over a network for global systemfor nobile communications. 24. A
nobi | e device, conprising: 5 a processor; an array of at |east two

spati al | yweepasssted ant ennas operably coupled to said pr®Ce#ds02/417a3 r ecei ve
over a channel a signal including a desired portion associated wth a
desired channel and an undesired portion m xed wth said desired portion
into at |east two propagating signal pHttions through at |east two
propagati on paRbs; dhdcdilular MMOBENY clpen ablisyadapieflte dpdratchoatthe sighal ipaocessor

and said ar of ,at |east .two. spatially separated antennas to recover the
desired pS?LELﬁ%ranP’FBW’_E’WéV Blﬁ\sﬂl%“ﬁ;%on Hﬂ‘i{ﬁﬁ? (A1 fegaatle _f‘igﬁﬂértaﬁ%"‘cgﬁafﬁﬁliél based
on at | eagdrvRBSv&,a MtivBFk FPEWHELGRteAEr RITBIE 'c&ﬂln&mﬁ:%ﬁbﬁ@t' on of the desired

channel, and enpirical estimation of the recelved signal auto- covariance.
15 15 25. The nobile device of claim24, further including an adaptive

equal i zer to ovide a blind adaptive space-tine equalization on said
s?gnal based o li'n‘i n%rﬁ?ﬁ?‘i%@ lces&?fgp%snég'ror. 26. The nobile device of claim
24 is ;dapted to opgpadesr the signal in a cellular environnent with time
division nultiple access to enable a general packet radio 20 service over
a network for gl obapn giay efatflenst frbspabalbioseparteseantemnss opeTablanownled ol e

i Si . ' . ' i h bl e. . - d
cyatom t ofeid pEERHFLOREHLE o d bt « el o A5 B R B0 RaHE o,

systemto:

associ at ediithiatdesizded claghélead ehanaelirea pertdn iRkee HithedidREirédporiibx o W t h sai d
desired portion; and 25 recover the desired portion fromthe signal by
adapt i vel {FagdWaIrronagaiingesna partinas traeshptdenshivq mapteabinn pethsiandor know edge

and eygirical esti j ' I iLLkcal estimtion
of th 1 ccor ved si gatODERboba Iy RabIES q BB ein R Wb 57 S5 20
28. The niaftadoapatidllgisap@died butchiwarto séconerthe tesied potticdnBorh hiad sigable t he
processor - asec{ syst em ttﬁ iﬂcl udi ng_ enpl oyi ng adapti ve equalization by
peri odi caP$3plvelysaualizing theshams! basedipn alleastane shpiedr knewlefiesiand emphieahel |

and the reggied of iRkir8EiRinnel, and empirical estimation of the received signal auto-
covariance.
15
15 25.  The mobile device of claim 24, further including an adaptive equalizer to
provide a blind adaptive space-time equalization on said signal based on minimum mean

square €rror.

26.  The mobile device of claim 24 is adapted to operate on the signal in a
cellular environment with time division multiple access to enable a general packet radio

20  service over a network for global system for mobile communications.

27.  An article comprising a medium storing instructions that enable a
processor-based system to:
receive over a channel a signal including a desired portion associated with a
desired channel and an undesired portion mixed with said desired portion; and
25 recover the desired portion from the signal by adaptively equalizing the
channel based on at least one of prior knowledge and empirical estimation of the desired

channel, and empirical estimation of the received signal auto-covariance.



covariance. 5 29. The article of claim28, further storing instructions
that enable the processor-based systemto use an array of at |east two
spati al | yweepasssted antennas to provide the signal into 2CTIUSay#1783w0
propagating signal portions through at |east to propagation paths. 30. The
article of claim?29, further storing instructions that enable the 10
processor-based systemto: estinmate a s¥face-tinme cross-covari ance matrix of
the received sE@naITh@dwﬂkh&ﬁdeﬁhmﬁdﬁmﬂmmﬁehnghﬂm?aﬁﬁ@ﬂﬁﬁehﬂﬂfﬂmt30 ]
ropagatin n ortions. and said a ri, information related to the
8 es !Or gd p g‘ &Fé& SYSten g e uglmgsqmpla)gpg@ aRifve cavalizatien by nemqdielly

coeffici efé&)éaﬂﬂﬁafhe %glrgﬁﬁgs% nffioh BFt}é\fﬁE,@&lechQ;‘%el lﬁldttﬂgfécgﬁlgﬂ g%ﬂal over

a time w ndow that substantially same as the si urst; ust each
pr opagat i eqyasipgesal portion of said at |east two propagating S|gnal portions
through said at | east two propagation paths based on the one or nore

equal i zer coefficients to provide corresponding equalized outputs; conbine

sai d_eqqual i zeda@ut PPhS ariBleQy fRIFAPEORir Pl ﬁHﬁné RrstrEORYE tht @natdOirgndesi r ed
portion fromthe received signal; and apply a threshold decision criterion
to the copieeessoibgsad system éxvseamn artag of dilsast édo pioatially nefargad tiienas ¢ei ved
signal . provide the signal into at least two propagating signal portions through at least to

propagation paths.

30.  The article of claim 29, further storing instructions that enable the
10 processor-based system to:
estimate a space-time cross-covariance matrix of the received signal and
the desired channel from said at least two propagating signal portions and said a priori
information related to the desired portion over a signal burst;
derive one or more equalizer coefficients that are based on the average of
15 the received signal over a time window that is substantially same as the signal burst;
adjust each propagating signal portion of said at least two propagating
signal portions through said at least two propagation paths based on the one or more
equalizer coefficients to provide corresponding equalized outputs;
combine said equalized outputs into a common output to remove the
20  undesired portion from the received signal; and
apply a threshold decision criterion to the common output to recover the

desired portion from the received signal.



