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SOFT DECISION-B ASED DECORRELATOR FOR ESTIMATING SPATIAL SIGNATURES IN A
WIRELESS COMMUNICATIONS SYSTEM

BACKGROUND OF THE INVENTION

Field

[0001] The present invention relates to the field of wireless communications
systems and, in particular, to determining s patial and temporal chara cteristics of signals

received from transmitting wireless terminals.

Description of the Prior Art

[0002] Signal processing and a mul tiple antenna array can be used in a
communication station (e.g., a base station) equipped with multiple zntennas to either
reject interference when receiving (e.g. on the uplink) or to deliver pbwer in a spatially
or spatio-temporally selective manner when transnﬁtting (e.g., on the downlink). On
the uplink, linear spatial processing can be wsed to apply amplitude aand phase
adjustments, typically but not necessarily in. baseband, to each of the signals received at
the antenna array elements. Such an adaptive smart antenna system can select (i.e.,
preferentially receive) the signals of interest while minimizing any si gnals or noise not
of interest including interference. Such baseband amplitude and phase adjustment can
be 'descn'bed by a complex valued weight, the receive weight, and the receive weights
for all elements of the array can be described by a complex valued vesctor, the receive

weight vector.

[0003] Similarly, the downlink signal is processed by adjustinag the amplitude
and phase of the baseband signals that are transmitted by each of the antennas of the
antenna array. Such. amplitude and phase control can be described by’ a complex valued
weight, the transmit weight, and the weights for all elements of the array by a complex
valued vector, the transmit weight vector. In some systems, the receive (and/or
transmit) weights include temporal processinig, and in such cases, the receive (and/or

transmit) weights may be functions of frequency and applied in the frequency domain
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or, equivalently, functions of time applied as convolution kernels. Alternatively, each
convolution kernel, if for sampled signals, may itself be descri bed by a set of complex
numbers, so that the vector of convolution kernels may be re-wwritten as a complex
values weight vector, which, for the case of there being M antesnnas and each kernel

having K entries, would be a vector of XM entries.

[0004] System performance and the determination of weight vectors can be
improved using knowledge of all remote user and interferer spatial signatures (or
spatio-temporal signatures). The receive spatial signature and the receive spatio-
temporal signature characterizes how the receiving array receives signals from a
particular subscriber unit in the absence of any interference or ©ther subscriber units.
The transmit spatial signature and the transmit spatio-temporal signature of a particular
remote user characterizes how the remote user receives signals from the transmitting

station in thie absence of any interference. .

[0005] Spatial signatures can als o be used to track the channels and movements
of users and to track relative movement between users. The relative movement can be
used as a measure of how close two users have come to each other. This information
can be used for resource allocation decisions. For example, if €wo co-channel users
come so close to together that their signals are difficult to resol ve, then one of the users

can be handed off to a different frequency.

[0006] An estimate of a spatial signature can be obtained from the correlation of
the received signal from a particular user with the actual signal transmitted by the user.
The actual transmitted signal can be determined using a known. sequence, such as a
training seq uence or by estimating the si gnal. If only a trainings sequence is known,

then the rest of the signal can be estimated based on the trainin g sequence portion. A
spatial signature determined from a simple correlation can be biased by interference
from other users, noise and multipath effects. When twb users are nearby and
transmitting at about the same power it may not be possible to distinguish the two.
When a high power user is transmitting near a low power user, it may not be possible to»

distinguish the low power user at all.
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BRIEF SUMMARY OF THE INVENTION

[0007] Spatial and temporal characteristics of received radio signals in a
multiple user radio system can be estimated based on signals received from the users.
In one embodiment, the invention includes measuring radio frequency signals received
at different elements of an antenna system over time, the recedived signals
corresponding at least in part to transmissions received from a system user,
accumulating the signal measurements into a first matrix, and. generating a second
matrix representing the transmissions of the system user. The invention further
includes cross-correlating the first and second matrices to foram a first cross-correlation
matrix, cross-correlating the first matrix with itself to form a second cross-correlation
matrix, and multiplying the second cross-correlation matrix w7ith a product of the first
cross-correlation matrix to form a fifth matrix in which the elements of the fifth matrix

characterize the radio channel traversed by transmissions of the system user.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention is illustrated by way of example, and not by way
of limitation, in the Figures of the accompanying drawings in which like reference

numerals refer to similar elements and in which:

[0009] Figure 1 is a flow chart of an example of deteramining an estimate of a

spatial signature;

[00010] Figure 2 is a flow chart of an example of deteramining an estimate of a

spatial signature using a correlation with hard symbol decisioras;

[00011] Figure 3 is a flow chaxrt of an example of deteramining an estimate of a

spatial signature using a correlation with soft symbol decisions;

[00012] Figure 4 is a functional block diagram of a multi-antenna transceiver
system which includes elements suitable for implementing the method of the present

invention;



WO 2004/083886 PCT/US2004/007166

[00013] Figure 5 is a more detailed block diagram of a transceiver that iracludes
a signal processor capable of executing a set of instructions for implementing the

method of the present invention; and

[00014] Figure 6 is a block diagram of a remote terminal on which an

embodiment of the invention can be implemented.
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DETATILED DESCRIPTION OF THE INVENTION

[00015] Overview

[00016] An unbiased spatial signature cara be estimated by isolatirag the
contribution of the user of interest from all of the other users. This can be done by
collecting an estimate of the spatial signature fox each user into columns of a matrix R,
generated, for example, by cross-correlating the composite received sign al with each
user's corresponding estimated transmitted signal, and decorrelating withe a matrix
consisting of information from all of the users represented in the matrix . As
explained below, this can be expressed, in one example using hard symb«ol decisions, as

1'§=R(SSH)'1 or using soft symbol decisions as A=(RZZR)(RRH)'1.

[00017] Adaptive Smart Antenna Processing

[00018] Embodiments of the invention rel ate to estimating spatial signatures
used by a commnunications station to characterizes communicating terminals. In some
embodiments, the communications station is a base station communicating with many
user terminals or remote terminals The spatial s¥gnatures can be used to define a
transmitted sigmnal or to process a received signal . It can also be used in order to deepen
or otherwise manipulate the depth of a null formed to mitigate the effects of one or
more known interferers. The interferer may or maay not be another remote user sharing
the same communication channel with the same base station. The estimations can be
implemented in. a communication station that includes a receiver, a transimitter, an array

of antennas and an adaptive smart antenna processor.

[00019] In smart antenna and spatial diversity systems, the signals from a
subscriber (tem.ote) unit are received by each of the antenna array elemen ts and
combined by the adaptive smart antenna processing elements to provide aan estimate of
the signal received from that subscriber unit. The smart antenna processimg can be
linear spatial processing, in which each of the coxnplex-valued (i.e., inclu ding in-phase
I and quadrature Q components) signals received from each antenna elemxent is
weighted in amplitude and phase by a weighting factor and the weighted signals are

then summed to provide the signal estimate. The adaptive smart antenna processing
5
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scheme (e.g., the strategy or spatial strategy) can then be described by a set of complex
valued weights, one for each of the antemina elements. These complex valued weights
can be described as a single complex valued vector of M elements, where M is the
number of antenna elements. In a linear case, the smart antenna processing is designed
to determine a set of weights in which thhe sum of the products of thre weights times the

antenna element signals provides an estimate of the remote user's transmitted signal.
gnals p

[00020] This type of adaptive smart antenna processing can be extended to
include spatio-temporal processing in which the signal at each anterina element, rather
than being weighted in amplitude and phase, is filtered by a complex valued filter,
typically for purposes of time equalization. In such a method, each filter can be
described by a complex-valued transfer function or convolving function. The adaptive
smart antenna processing of all elements can then be described by a complex valued M-

vector of M complex valued convolving functions.

[00021] Weight determining schemmes can also use training data, i.e. data whose
symbols are kmown a priori. The trainin g data (possibly with a timi ng offset or
frequency offset, or both applied) is thera used as a reference signal to determine the
smart antenna processing strategy (e.g., the weights). Therefore, reference signal based
methods can include the case in which the reference signal includes training data, the
case in which the reference signal inclucles a signal constrained to lxave some property
of the transmitted signal, and the case in. which the reference signal includes

constructing a signal based on making s ymbol decisions.

[00022] Adaptive smart antenna processing can permit more than one
communication link to exist in a single '"conventional" communication channel so long
as the subscriber units that share the com-ventional channel can be spatially (or spatio-
temporally) resolved. A conventional channel can be a frequency channel in a
frequency division multiple access (FDIMA) system, a time slot in a time division
multiple access (TDMA) system (which usually also includes FDMLA, so the
conventional channel is a time and frequxency slot), and a code in a code division
multiple access (CDMA) system. Adaptive smart antenna processizig can also be used
to enhance performance in CDMA when codes are not shared. The conventional
channel when it carries more than one communications link can be described as divided

into one or more "spatial" channels. A system with more than one spatial channel per

6



WO 2004/083886 PCT/US2004/007166

conventional channel can be called spatial division multiple access (SDMA). SDM A is
used herein to include the possibility of adaptive smart antenna processing, both with
one annd with more than one spatial channel per conventional channel. SDMA may or

may n.ot use adaptive processing or smart antenna proce ssing.

[00023] Note that because a signature may be a spatial signature or a spatio-
temporal signature, depending on whether the smart antenna processing is spatial or-
spatio-temporal, the term sigmnature will be used herein, and whether the signature is
spatial or spatio-temporal will depend on whether the processing is spatial or spatio—
temporal, and whether the signature is a transmit or areceive signature will depend on
the context, and which signature will be clear to those of ordinary skill in the art froam

the context.

[0002] The matrix Z, in the present déscription, <an be described as follows.
Given M antenna elements (M may be 4, 5, 12 or anotherr value, depending on the
antenna configuration), let z; (t), zx(t), ... , zm(t) be the complex valued responses (th at
is, with in-phase (I) and quadrature (Q) components) of the first, second, ... , M'th
antenna elements, respectively, after down—converéion, that is, in baseband, and aftex
sampling (e.g. four-times ovexrsampling). In the above n otation, but not necessarily
required for the present invention, t is discrete. These MI time-sampled quantities can
be represented by a single M-vector z(t) with the i'th row” of z(t) being z;(t). For each
burst, a finite number of samples, say N, is collected, so that z1(t), zo(t),. . . , zm(t) can
each be represented as a N-row vector and z(t) can be represented by a M by N matrix

Z.

[00025] The matrix S, in the present description, i s described as follows.

Assume signals are transmitted to the base station from IN s remote users all operatin g
on the same (conventional) chiannel. In particular, assume that one of these, a particular
subscriber unit of interest, transmits a signal s(t). Linear adaptive smart antenna

proces sing, which is used in the preferred embodiment of the invention, includes tak-ing
a particular combination of the I values and the Q values of the received antenna
element signals z1(t), zo(t), . . . , zm(t) in order to extract an estimate of the transmitted
signal s(t). Such complex valued weights may be represented by the receive weight

vector for this particular subscriber unit, denoted by a cozmplex valued weight vector
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wy, with i™ element wy;. The estimate of the transamitted signal from the remote unit may

then be represented as:

s(t) .—.i W' zi(t)= w,iz(t) (Eq. 1)

i=1

where w'; is the complex conjugate of w5 and wy is the Hermitian transpose
(that is, the transpose and complex conjugate) of receive weight vector w;. Equation 1
is called a copy signal operation, and the signal e stimate s(t) thus obtaimed can be called
a copy signal. Other processing can be done on this copy signal to redtace noise, such
as filter or constellation projection. For each burst, a finite number of samples, say N,
is collected, making s(t) a 1 by N vector. The matrix.-S would then be & Ng by N

collection of the copy signal for the Ng users.

[00026] The spati al processing described by Equation 1 may be xe-written in
vector form for the case of N samples of M-vector signals z(t) and N samples of the
transmitted signal s(t) being estimated. In such a case, let s be a (1 by IN) row vector of
the N samples of s(t). The copy signal operation of Equation 1 may then be re-written

as s=erZ.

[00027] In embodiments which include sp atio-temporal processi ng, each element
in the receive weight vector is a function of time. so that the weight vector may be
denoted as w,(t), with ith element wy(t). The estixnate of the signal may~ then be

expressed as:

M

s(=Y, wit)* z(t) (Bq.2)

i=1

‘where the operator "*" represents the con-volution operation. Spatio-temporal
processing may combine time equalization with spatial processing, and. is particularly
useful for wideband signals. Forming the estimate of the signal using spatio-temporal
processing may equivalently be carried out in the frequency (Fourier transform)
domain. Denoting the frequency domain represemtations of s(t), zi(t), and wy(t) by

3(k), Zi(k), and W;(k), respectively, where k is the discrete frequency val ue:

M
5= ), WalOzk) (Eq.3)

i=1
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[00028] With spatio temporal processing, the convolution operation of Equation
2 is usually finite and when performed on sampled data, equivalent to combining the
spatial processing with time equalization using a time-domain equali zer with a finite
number of equalizer taps. That is, each of the “wy(t) has a finite number of values of t
and equivalently, in the frequency domain, each of the Wr(k) has a fimite number of k
values. If the length of the convolving functioms wy(t) is K, then rathier than
determining a complex valued M-weight vector w;, one determines & complex valued

M by K matrix W. whose columns are the K v alues of wy(t),

[00029] Alternatively, a spatial weight determining method can be modified for
spatio-temporal processing according to a weight matrix by re-expre ssing the problem
in terms of matrices and vectors of different sizes. As throughout this description, let
M be the number of antenna elements, and N be the number of samples. Let K be the
number of time equializer taps per antenna elerment. Each row vector- of N samples of
the (M by N) received signal matrix Z can be rewritten as K rows of shifted versions of
the first row to produce a received signal matrix Z of size (MK by N'), which when pre-
multiplied by the Hlermitian transpose of a wei ght vector of size (MIK by 1), produces
an estimated received signal row vector of N s amples. The spatio-tetmporal problem

can thus be re-expressed as a weight vector determining problem.

[00030] For example, for covariance based methods, the weight vector is a
"long" weight vector of size (MK by 1), the covariance matrix R,=7Z7" is a matrix of
size (MK by MK), and the correlation of the amtenna signals Z with the estimated
signal s, represented by a (1 by N) row vector, is R,:=7s", a long vector of size (MK by

1). Rearranging texms in the "long" weight vector provides the required (M by K)

weight matrix.
[00031] Determinative Signature Estimation
[00032] Spatial signatures can be estimated in a variety of different

determinative ways. For one example, consider two subscriber units, denoted SU; and
SUj, respectively. "When communicating with. SUj, for example, SU3 is an interferer.
9
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When the received signals are sampled, say with N samples , the base station comaputes
the weight for the ith remote user. Many methods are possible for the weight

computation. For example, the wei ght to use for the ith rennote may be determined by
wi=argminy | W'Z-si|*=Rz) 'r=(ZZ"'Zs; 7, (Eq. 4)
or alternatively, by
wi=(ZZR D) Zs¥, (Bq.5)

where s; is an estimate of the reference signal for thes ith transmitted signal, and
i=1,2,... , Ns, the number of co-channel users. 7y is a small adjustable factor us ed to
improve thie performance of the least squares solution by reducing sensitivity to
statistical £luctuations in Z. Note that the quantity R,=Zsi™* can be computed at the
base station for each remote user i in order to form weights to determine each of the
signal estirnates s;. As a result, under the assumption of whute noise and when theere is
only a single subscriber unit, the signature of the ith remote user can be estimated as a

i

maximum-likelihood estimate (MI-E) by:
a=Zsi (sisi)'  (Bq.6)

where s; is the reference signal for the ith remote user. The (sisiH)":l term As a

scalar factor used for normalizing the signature.

[00033] Let A be a matrix having the Ns signature values as columns. That is,

A:[ﬁl % ... Ans]. Then the normal expression for Z can be rewritten in matrix form:

Z=as+ 2 asi+V =AS+V (Eq.7)
j#
where matrix V =[v(1) v(2) ... v(N)] and v is the initerference (other tham user

j) andnoise.

[00034] When other remote users share the same channel, the spatial signature
estimate of Equation 6 is contaminated by cross correlation s between signatures. This
may be seen by inserting the model of Equation 7 with Equation 6 to obtain
4 =g +2 assi + Vst (Eq. 8)
J#
[00035] The second term of Equation 8 can be approximated as zero in the

spatial sigmature estimation method described by Equation 6. However, this
10
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assumption is inaccurate for short data sequences as encountered in pracgical systerns,

such as in wireless local loop (WLL) system base stations and mobile PEIS base

stations.

[00036] Another method for signature estimation takes these cross-correlation
terms into account. This 1method is shown generally” in Figure 1. Inblock 1,
measurements of radio frequency signals received at different elements of an antenna
system are collected over time. The received signals correspond at least in part to
transmissions received from one or more system users and may also include noise from
a great many different souarces. This can be characterized as the matrix 72, described
above, or in any of a number of other ways. In block 2, representations Of the
transmissions of the one or more system users are collected 2. This can e
characterized as the matrix S described above. The representations may be estimates
based on received signals , or known sequences. Blocks 2 and 3 need no€ be performed

in any particular order.

[00037] In block 3, the collected measurements and the collected representations
are cross-correlated. As described above, cross correlating Z and S give Ry Ry is one
way to represent such a cross-correlation but other cross-correlations carx be used.
From this cross-correlation, the radio channel of the: transmitting system user or users
can be characterized. In block 4, the cross-correlation is compared to the collected
measurements to form such a characterization. In ome example, this characterization is
an estimate of the spatial signature 4 of the user. If the process is formed for multiple
users using the matrices described above, then the result can be expressed as the matrix
A. The particular nature of this comparison is descrribed in more detail im the examples
below. In any implementation, the operations can b e performed as multi -dimensional
matrix operations, or as one dimensional vector operations. Similarly, thae channel
characterizations can be made one user at a time or for several users simultaneously.
The particular implementation choice will depend on the particular appli cation and the

equipment to be employed.

[00038] Signature Estimation using Hard Syrmbol Decision Decorxelator

11
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[00039] Referring to Figure 2, a process for estimating a spatial or spatio-
temporal sigmature is shown that uses m.any of the concepts and values described above -
The process can be applied to a wide vaTiety of different wireless communication
systems to isolate the characteristics of ©ne user from other intexfering users including

other co-chamnnel users in an SDMA system.

[00040] In block 10, signals ate received from all of the different users. The
signals z will each have a component Z 1, 23, Z3, ... Zum, at each of M receiving elements
of the receiving antenna array. Greater accuracy can be obtained if all of the receive
element sign.als are used, however, the processing can be simpli fied if only a portion
(e.g. 2 or4) of the antenna element sign als are used. These sigraals can be used to build
a 1 by M vector for each user, and, in bLock 11, the signals for e ach user can be used to
build an n by M matrix Z that includes all of the n users. If there is only bne user in the
system, the signals z will correspond to just the single user and any noise and

interference that may be present.

[00041] In block 12, from the rec eived signals or from a knoWn sequence, if the
received signals z correspond to a known sequence, the transmitted signals s can be
estimated or determined. The known sequence can be a training sequence or any other
sequence. Alternatively, the sequences can be estimated using any of variety of
different approaches. In one embodiment, the signals can be mapped to the nearest
constellationn point by phase tracking the signal 50% and normalizing the amplitude of
each symbol to remove spurious noise. In another embodiment , the transmitted signal s

is determined directly from z and a receive weight vector, s=wz .

[00042] The transmitted signals of each user also constittate a one dimensional
vector with a complex term for each of the M antenna elements , si, S, S3, ... Sm- In

block 13, this vector can be built into ara n by M matrix S for all of the n users.

[00043] In block 14, using Z and. S, the cross correlation matrix Ry can be built
as described. in more detail above. In block 15, this cross correl ation can be used to
build the matrix R for each user. The matrix R, in one examples, can be columns made
up of the Rs's of each detected user, making it a M by Ns matrix. To obtain the spatial
signature estimate matrix A, a linear operation is performed on the Ry matrix, R,
which produzzes an unbiased and more accurate estimate of the spatial signatures, A.

This linear Operation uses only the signals S that are already determined or estimated.
12
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One such linear operation, in block 16, is the decorrelation of R against SS¥. The

operation can be expressed simply as:

A=R S S")! (Bq.9)

where A is a matrix having the signature estimates as columns, A=[i;ds...
ans].

Equation 9 follows from rewriting Equation 7, above as

~

Z=AS+V (Eq.102)

Solving for the matxix A gives:
ASP=ASS"+VS® (Eq. 10b)

and A=(ZS"-v$H)(S ™)' (Eq. 10c)

[00044] Note that ZS™ is the matrix R describecdd above. In addition, since Vis a
collection of interference from undetected users and noise, it should not be correslated
with S. Averaged over time, the term VSH should be very small and can be ignored.
Considering these factors leads directly to Equation 9, above. For higher accuracy
demands or for particular noise scenarios, however, Equation 9 can be modified to

include VSE .

[00045] Equation 9 can be looked at in another way. Taking the noise to e
additive white and Gaussian, the MLE solution to Equation 7 is

A = arg min || Z- AS || %= Z2S"(SS" )" (Bq. 11)

[00046] Note that ZSH is a matrix whose columms are individual user Ry's,
making it an M by Ns matrix, described above as R. So performing a linear operation
on the signature estimates R gives a better signature estimate A without any cross-
correlation between detected users. This can also be referred to as decorrelating the Ns

detected users.

[00047] The determimnation of spatial signatures using Equation 11 isolates each
co-channel user from any other. In addition, while thexe are several calculations to be
made to determine the matrices used in the estimation, in an SDMA system, all ©of these
matrices may already be determined to support other processes. The matrices Z and S

are determined by the receiver in order to demodulate the received signal. Ry follows

13
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immediately and may already be determined irx. order to establish weight vectors. R

follows directly from Ry.

[00048] Signature Estimation using Soft Symbol Decision Decorrelator

[00049] Figure 3 shows an alternative pxocess flow that does not require a hard
decision for the values of the transmitted signal, i.e. the estimated signal s. As with the
process of Figure 2, the soft decorrelator processs starts, in block 20, with the received
signal z for each element of the receiving anterina array. From these sigals, in block
21, the Z matrix can be built. R,, can then be obtained in block 22, by cxoss éorrelating

Z againstitself (Ry,).

[00050] In block 23, the transmitted sigmal s for each user is estimmated in any of a
number of different ways including those disctassed above and, in block 24, the S
matrix is built. From S and Z, a cross correlation can be done, in block 25, to get Ry

From Ry, in block 26, a matrix R can be built for each user.

[00051] In another embodiment R,; has already been determined &s described
above for the determination of weight vectors. The R, values are simply pulled from
the appropriate storage register. Accordingly R can be obtained simply from the

applied weight vector w; and the received signal s.

[00052] To find an estimate of the spatial signature, in block 27, a linear
operation is performed on the Ry vector, which produces an unbiased arad more
accurate estitnate of the spatial signatures. One such linear operation uses only the
R, 's and the antenna covariance matrix R, It is performed by decorrelating RR,,

against RR¥. The operation can be expressed as:
A=R;RR'BR)" (Bq. 12)

This linear operation follows directly from Equation. 7, above, which can be

expressed as
7=AS+V (Eq. 13a)
multiplying through by Vi gives
778 =R, = (AS + V)Z" = AR® + VZF (Eq. 13b)
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then solving for A gives:
(R,,-VZHR = AR"R (Eq. 13¢)
A = R,-VZHRR"R)! Eq. 13d)

[00053] V is a collection of interference from undetected users and noise, it
should not be correlated with Z. Averaged over time, the term VZH may be very small
and can be ignored. Ignoring VZ! 1eads directly from Equatior: 13d to Equation 12,
above. For higher accuracy demands or for particular noise scemarios, however,

Equation 12 can be modified to include VZH as suggested in Equation 13d.

[00054] Looked at another way, in the absence of noise or additional interferers,
R,, can be expressed as the outer product of each user's true sigmature with its estimated

signature. This follows from Equation 7 by multiplication by 7. In other words:
R,,=ARY (Eq.14)

Even with noise present, taking the noise to be additive white and Gaussian, the

MLE solution to Eq (14) is
A = arg min||R.- AR?||*= R,RR"R)" (Egq. 15)

where A is a matrix having the signature estimates as columns, A =[8; 85 ...
é\1Ns]~

So asignature estimaté with performance that may be similar to that of the hard
decorrelator can be achieved by performing two linear operatioms on the signature
estimates R. These operations still havé the effect of decorrelating the Ns detected
users as can be seen from the results. The soft decorrelator des cribed with reference to
Figure 3 uses less complex linear operations as compared to the hard decorrelator

described with reference to Figure 2.

[00055] In both approaches, S can have a large number Of terms collected over
time. The number of terms will depend on the number of term s selected but S, ann by
T, matrix, where T corresponds to the number of samples for e ach user could have as
many as 100 or more columns in a typical system. Asa result determining SS" for the
hard decorrelator can require many cycles. R on the other hand is an n by M matrix
andin a typical simple system there may be 2 users n, and 4 antenna elements M.

Determining RR" for the soft decorrelator can be much quicker.
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[00056] In addition, the exact values for S are not necessary in the soft
decorrelator. Great accuracy can be obtained by usirag only an approximation of S.
B ecause S is only reflected in the matrix R which appear on both sides of the

correlation, errors in S tennd to cancel out.

[00057] Extension to Spatio-Temporal Channels

[00058] Both the hard and soft decorrelator can be applied to more general
spatio-temporal channels. In essence, signals from the same user received at different
tiznes, due e.g. to multipath or a transmit antenna array can each be treated as a sesparate
user using exactly the sarme process discussed above . The signals can then be
consolidated or a unique signature can be derived fox each separate channel on which
the signal arrived. These channels model the transmitted signal as having been
convolved with | spatial signatures, each at a differemt time delay. So, the received

signal
L ~
7= ZAZST] (Eq. 12)
H

where each of the signatures A, is a collection of spatial signatures and each of
the S, is the "vector" of modulated symbols, delayed by 7 I symbol periods. The
decorrelator for this chanmel follows from expressin g the spatio-temporal channe] in
terms of the M by nl matrix A, the nl by T matrix S, and the M by nl matrix R.  "Then,
the hard- and soft-decorrelator can be derived using the samé approach as for the:
simple spatial channel using the larger number of texms present from the additional

temporal terms.

[00059] Base Station Architecture

[00060] Some embodiments of the present in-vention can be implemented in a
communications receiver, such as, a Personal Handyphone System (PHS)-based
antenna-array communication station (transceiver). An example of such a statiom is
shown in Figure 4, with M antenna elements in the antenna array. The PHS stanxdard is
defined by the Association of Radio Industries and Businesses (ARIB, Japan).

Embodiments of the present invention can be implemented in, for example, low~
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mobility PHS systems, with M=4, and also for wireless local loop (WLL) systems, with
more antenna elements, for example M=12. The present invention, while described in
the context of PHS is in no way restricted to using the PHS air interface or to TDMA
systems, but may be utilized as part of any communication receiver that includes
adaptive smart antenna processing means, including CDMA systems using the IS-95 or

WCDMA air interface and systems that use the common GSM air interface.

[00061] Inthe system \‘of Figure 4 a trans mit/receive ("TR") switch 107 is
connected between an M-antenna array 103 and both transmit electroni cs 113
(including one or moxre transmit signal processors 119 and M transmitters 120), and
receive electronics 121 (including M receivers 122 and one or more receive signal
processors 123). Switch 107 is used to selectively connect one or more elements of
antenna array 103 to the transmit electronics 113 when in the transmit anode and to
receive electronics 121 when in the receive mode. Two possible implexnentations of
switch 107 are as a frequency duplexer in a frequency division duplex (FDD) system,

and as a time switch in a time division duplex (TDD) system.

[00062] PHS uses TDD. The transmitters 120 and receivers 122 may be
implemented using analog electronics, digital electronics, or a combination of the two.
The receivers 122 generate digitized signals that are fed to a signal pro cessor or
processors 123. Signal processors 119 and 123 incorporate software ox hardwafe and
may be static (alway's the same processing stagges), dynamic (changing processing
depending on desired directivity), or smart (ch anging processing deperading on received
signals). Signal processors 119 and 123 may be the same DSP device or DSP devices
with different programming for the reception and transmission, or different DSP
devices, or different devices for some functions, and the same for othexs. Elements 131
and 133 perform downlink and uplink processing, respectively and include
programming instructions for implementing thie processing described with respect to

Figures 1 and 2.

[00063] Note that while Figure 4 shows a transceiver in which the same antenna
elements are used for both reception and transamission, it should be clesar that separate
antennas for receiving and transmitting may also be used, and that antennas capable of
only receiving or only transmitting or both receiving and transmitting may be used with

adaptive smart anterana processing.
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[00064] The PHS system is an 8 slot time division naultiple access (TDMA)
system with true time division duplex (TDD). Thus, the 8 timeslots can be divided izito
4 transmit (TX) timeslots and 4 receive (RX) timeslots. This implies that for any
particular channel, the receive frequency is the same as the: transmit frequency. Italso
implies reciprocity, i.e., the propagation path for both the downlink (from base statiom
to users' remote terminals) and the uplink (from users' remote terminals to base station)
is identical, assuming minimal motion of the subscriber un.it between receive timeslots
and transnnit timeslots. The frequency band of the PHS system used in the preferred
embodiment is 1895-1918.1 MHz. Each of the 8 timeslots is 625 microseconds longs.
The PHS system includes a dedicated frequency and timesTot for a control channel om
which call initialization takes place. Once a link is established, the call is handed to &
service ch annel for regular communications. Communication occurs in any channel at

the rate of 32 Kbits per second (Kbps), a rate termed the "full rate”.

[00065] Also in PHS, a burst is defined as the finite duration RF signal that is
transmitted or received over the air during a single timeslot. A group is defined as ome
set of 4 TX and 4 RX timeslots. A group always begins writh the first TX timeslot, and
its time duration is 8x0.625 milliseconds = 5 milliseconds - The PHS system uses (/4
differential quaternary (or quadrature) phase shift keying (7t/4 DQPSK) modﬁlation for
the baseband signal. The baud rate is 192 kilobaud. There are thus 192,000 symbols

per second.

[00066] Figure 5 is a more detailed block diagram of a transceijver that includes a
signal processor capable of executing a set of instructions for implementing
embodiments of the present invention. This version of thes Figure 3 system is suitable
for use in a low-mobility PHS system. In Figure 3, a plurality of M antennas 103 are
used, where M=4. More or fewer antenna elements may be used. The outputs ofthe
antennas are connected to a duplexer switch 107, which inx this TDD system is a ime
switch. When receiving, the antenna outputs are connected via switch 107 to a recei ver
205, and are mixed down in analog by RF receiver modules 205 from the carrier
frequency (around 1.9 GHz) to an intermediate frequency ("IF"). This signal is then
digitized (sampled) by analog to digital converters ("ADCs") 209. The result is thera
down converted digitally by digital downconverter 213to produce a four-times

oversampled complex valued (in phase I and quadrature Q) sampled signal. Thus,

18



WO 2004/083886 PCT/US2004/007166

elements 205, 209 and 213 correspond to elements that might be fouind in receiver 122
of Figure 4. For each of the M receive time slots, the M downconvexted outputs from
the M antennas are fed to a digital signal processor (DSP) device 21 7 (hereinafter
"timeslot processor™) for further processing. Commercial DSP devices can be used as

timeslot processors, one per receive timeslot per spatial channel.

[00067] The timeslot processors 217 can perform several functions, which may
include the following: received signal powex monitoring, frequency offset
estimation/correction and timing offset estitmation/correction, smart antenna processings
(including determining receive weights for each antenna elementto determine a signal
from a particular remote user and demodulation of the determined signal. The signal
processing described above can be performed in each timeslot processsor 217 in the

embodiment of Figure 5 is shown as block 241.

[00068] The output of the timeslot processor 217 is a demoduilated data burst for-
each of the M receive timeslots. This datais sent to host DSP processor 23 1\\ whose
main function is to control all elements of the system and interface with the higher levesl
processing (i.e., processing which deals with what signals are required for |
communications in the different control and service communication. channels defined im
the PHS communication protocol). The host DSP 231 can be a comamercial DSP

device. The timeslot processors 217 can sexd the determined receive weights to host
DSP 231. If desired, the receive weights may also be determined by software
specifically implemented in host DSP 231.

[00069] RF controller 233 interfaces with the RF transmit elements, shown as
block 245 and also produces a number of tixning signals that are used by both the
transmit elements and the modem. RF controller 233 receives its tixning parameters

and other settings for each burst from host IDSP 231.

[00070] Transmit controller/modulator 237 receives transmit data from host DS
231. Transmit controller 237 uses this data to produce analog IF outputs which are sen-t
to RF transmitter (TX) modules 245. The specific operations perfoxmed by transmit
controller/modulator 237 include: convertimg data bits into a complex valued (n/4
DQPSK) modulated signal; up-converting to an intermediate frequency (IF); weightings

by complex valued transmit weights obtained from host DSP 231; and, converting the
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signals to be transmitted usin g digital to analog converters ("DACs") to form analog

transmit waveforms which are provided to transmit modules 245.

[00071] While the signal processing operation described above can be performed
by the host DSP 231, shown as block 243, in alternate versions, the downlink
processing operations can be implemented in the times lot processors 217 or inthe
transmit controller/modulatox 237. Transmit modules 245 upconvert the signals to the
transmission frequency and amplify the signals. The axmplified transmissiorn. signal

i

outputs are coupled to the ML antennas 103 via duplexex/time switch 107.

[00072] User Terminal Structure

[00073] Figure 6 depicts an example componen€ arrangement in a rennote
terminal that provides data or voice communication. "The remote terminal's antenna 45
is connected to a duplexer 46 to permit the antenna 45 to be used for both transmission
and reception. The antenna can be omni-directional ox directional. For optimal
performance, the antenna can: be made up of multiple elements and employ spatial
processing as discussed above for the base station. In an alternate embodinaent,
separate receive and transmit antennas are used eliminating the need for the duplexer
46. In another alternate embodiment, where time divi sion duplexing is used, a
transmit/receive (TR) switch. can be used instead of a duplexer as is well known in the
art. The duplexer output 47 serves as input to a receiver 48. The receiver <18 produces
a down-converted signal 49, which is the input to a dexmodulator 51. A demnodulated

recesived sound or voice signal 67 is input to a speaker 66.

[00074] The remote terminal has a correspondirag transmit chain in which data or
voice to be transmitted is modulated in a modulator 57. The modulated signal to be
transmitted 59, output by the modulator 57, is up-conv-erted and amplified by a

tran smitter 60, producing a transmitter output signal 6 1. The transmitter ocatput 61 is

then input to the duplexer 46 for transmission by the antenna 45.

[00075] The demodul ated received data 52 is stpplied to a remote texrminal

central processing unit 68 (CPU) as is received data before demodulation SO. The
20
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remote terminal CPU 68 can be implexmented with a standard D SP (digital signal
processor) device such as a Motorola series 56300 Family DSP-  This DSP can also
perform the fanctions of the demodulator 51 and the modulator 57. The remote
terminal CPU 68 controls the receiver through line 63, the trans mitter through line 62,
the demodulator through line 52 and thhe modulator through line 58. It also
communicates with a keyboard 53 through line 54 and a display” 56 through line 55. A
microphone 64 and speaker 66 are connected through the modulator 57 and the
demodulator 51 through lines 65 and 67, respectively for a voic € communications
remote terminal. In another embodiment, the microphone and speaker are also in
direct commumication with the CPU to provide voice or data coommunications.
Furthermore remote terminal CPU 68 anay also include a memorry element to store data,
instructions, and hopping functions or sequences. . Alternativel sy, the remote terminal.

may have a separate memory element or have access to an auxil iary memory element .

[00076] In one embodiment, thes speaker 66, and the micrrophone 64 are replaced
or augmented by digital interfaces well-known in the art that alL ow data to be
transmitted to and from an external data processing device (for €xample, a computer) .
In one embodiment, the remote termin al's CPU is coupled to a standard digital interface
such as a PCMICIA interface to an external computer and the display, keyboard,
microphone and speaker are a part of the external computer. Thhe remote terminal's
_CPU 68 communicates with these comaponents through the digital interface and the
‘external computer's controller. For data only communications, the microphone and
speaker can be deleted. For voice only communications, the kesyboard and display can

be deleted.

[00077] General Matters

[00078] In the description above, for the purposes of explanation, numerous
specific details are set forth in order to provide a thorough undexstanding of the present
invention. It will be apparent, however, to one skilled in the art that the present
invention may” be practiced without soane of these specific details. In other instances..
well-known cixrcuits, structures, devicess, and techniques have beeen shown in block
diagram form or without detail in order not to obscure the undexrstanding of this

description.
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[00079] The present invention includes various steps. The stepps of the present
invention may be performed by hardware components, such as those sShown in Figures
4, 5 and 6, or may be embodied in machine-executable instructions, which may be used
to cause a general-purpose or special-purpose processor or logic cirCirits programmed
with the instructions to perform the steps. Alternatively, the steps ma’y be performed by
a combination of hardware and software. The steps have been desctibed as being
performed by either the base station or the user terminal. However, rnany of the steps
described as being pexformed by the base statiora may be performed by the user
terminal and vice versa. Furthermore, the invemtion is equally applic able to systems in
which terminals communicate with each other without either one beirag designated as a
base station, a user terminal, a remote terminal or a subscriber station.. Thus, the
present invention is eqqually applicable and useful in a peer-to-peer wi_reless network of
communications devices using spatial processin g. These devices may’ be cellular
phones, PDA's, laptop computers, or any other wireless devices. Generally, since both
the base stations and the terminals use radio waves, these communica tions devices of

wireless communications networks may be generally referred to as raclios.

[00080] In portions of the description above, only the base station is described as
performing spatial processing using adaptive antenna arrays. Howev er, the user
terminals can also conitain antenna arrays, and can also perform spatial processing both
on receiving and transmitting (uplink and downlink) within the scope of the present-

invention.

[00081] Furthexmore, in portions of the d.escription above, certain functions
performed by a base station could be coordinated across the network, to be performed
cooperatively with a number of base stations. JFor example, each bas e station antenna |
array could be a part Of a different base station. The base stations cowld share
processing and transceiving functions. Alternatively, a central base station controller
could perform many of the functions described above and use the antenna arrays of one

or more base stations to transmit and receive signals.

[00082] The present invention may be provided as a computer program product,
which may include a Tnachine-readable medium. having stored thereon instructions,
which may be used to program a computer (or other electronic devicess) to perform a

process according to the present invention. The machine-readable m edium may
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include, but is not limited to, floppy diskettes, optical disks, CD-ROMs, and magneto-
optical disks, ROMs, RAMs, EPROMs, EEPROMs, magnet or optical cards, flash
memory, or other type of media/ Imachine-readable meclium suitable for storing
electronic instructions. Moreover, the present inventiom may also be downloaded as a
computer program product, wherein the program may be transferred from a rem ote
computer to a requesting computer by way of data signals embodied in a carrier wave
or other propagation medium via a communication link (e.g., 2 modem or network

comnnection).

[00083] Many of the methods are described in their most basic form, but steps
can be added to or deleted from any of the methods and information can be added or
subtracted from any of the described messages without departing from the basic scope
of the present invention. It will be apparent to those skilled in the art that many’ further
modifications and adaptations cana be made. The particular embodiments are novt
provided to limit the invention buct to illustrate it. The scope of the present invention is
not to be determined by the specific examples provided above but only by the cLaims

below.

[00084] It should also be appreciated that referen ce throughout this specification
to "one embodiment" or "an embodiment" means that a particular feature may be
included in the practice of the invention. Similarly, it should be appreciated that in the
foregoing description of exempliary embodiments of the: invention, various feattxres of
the invention are sometimes grouped together in a singl € embodiment, Figure, o1
description thereof for the purpose of streamlining the dlisclosure and aiding in the
understanding of one or more of the various inventive aspects. This method of
disclosure, however, is not to be interpreted as reflecting an intention that the claimed
invention requires more features than are expressly recited in each claim. Rather, as
the following claims reflect, inventive aspects lie in less than all features of a sitagle
foregoing disclosed embodiment. Thus, the claims following the Detailed Description
are hereby expressly incorporated into this Detailed Description, with each clairm

standing on its own as a separate embodiment of this in-vention.
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CLAIMS:
What is claimed is:
1. A method comprising;

measuring radio frequency signals received at different elexments of an antenna
system over titme, the received signals corresponding at least in paxt to transmissions

received from a system user;
accumuilating the signal measurements into a first matrix;
generating a second matrix representing the transmissions of the system user;

cross-correlating the first and second matrices to form a first cross-correlation
matrix;
cross-correlating the first matrix with itself to form a second cross-correlation

matrix; and

multipl ying the second cross-corxelation matrix with a product of the first cross—
correlation matrix to form a fifth matrix in which the elements of the fifth matrix

characterize the radio channel traversed by transmissions of the system user.

2. The method of Claim 1, swherein the received signals correspond at least
in part to transimissions received from a plurality of system users amd wherein the first
cross-correlation matrix comprises a column for each of the systena users and a row

corresponding to each element of the antenna system.

3. The method of Claim 1, wwherein the product of the first cross-correlatior
matrix comprises the inverse of the product of the first cross-correl ation matrix

multiplied by its transpose and complex conjugate.

4, The method of Claim 1, wwherein generating a secon.d matrix comprises

generating the second matrix using estinnates of the transmissions.

5. The method of Claim 1, wwherein generating a secon.d matrix comprises

generating the second matrix using knovwn sequences stored in mermory.

6. The method of Claim 5, wherein the known sequences are known

training sequences.
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7. The method of Claim 1, wherein the elements of the fifth matrix

comprise an estimated spatial si gnature for the system user.

8. The method of Claim 1, further comprising using the elements of the

fifth matrix as spatial signatures for the system user.

9. The method of Claim 8, wherein each column of the fifth matrix

comprises an estimated spatial signature for one of the plurality of system users.

10. A machine-readable medium having stored thereon data representing
instructions which, when executed by a machine, cause the machine to perform

operations comprising:

measuring radio frequency signals received at different elements of ara antenna
system over time, the received signals corresponding at least in part to transnissions

received from a system user;

accumulating the signal measurements into a first matrix;

generating a second matrix representing the transmissions of the system user;

cross-correlating the first and second matrices to form a first cross-coxrelation
matrix;

cross-correlating the first matrix with itself to form a second cross-coxrelation
muatrix; and

multiplying the second cross-correlation matrix with a product of the first cross-
correlation matrix to form a fifth matrix in which the elements of the fifth matrix

characterize the radio channel traversed by transmissions of the system user.

11. The medium of Claim 10, wherein the received signals correspond at
least in part to transmissions received from a plurality of system users and wherein the
first cross-correlation matrix comprises a column for each of the system users and a

row corresponding to each elexment of the antenna system.

12. The medium of Claim 10, wherein the product of the first cross-
correlation matrix comprises the inverse of the product of the first cross-correlation

matrix multiplied by its transpose and complex conjugate.
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13.  The medium of Claim 10, wherein the instructions for generating a
second matrix comprise instructions which, when executed by the machine, cause the
machine to perform further operations comprising generating the second matrix using

estimates of the transmissions.

14.  The medium of Claim 10, wherein the instructions for generating a
second matrix comprise instructions which, when executed by the machine, cause the
machine to perform further operations comprising generating the second matrix using

known sequences stored in memory.

15.  The medium of Claim 14, wherein the known sequences comprise

known training sequences.

16. The medium of Claim 10, wherein the elements of the fifth matrix

comprise an estimated spatial signature for the system user.

17.  The medium of Claim 10, further comprising irastructions which, when
executed by the machine, cause the machine to perform furthex operations comprising

using the elements of the fifth matrix as spatial signatures for the system user.

18. The medium of Claim 17, wherein each columm of the fifth matrix

comprises an estimated spatial sign ature for one of the pluralit’y of system users.
19. An apparatus comprising:
a receiver coupled to different elements of an antenna system;

a sampler to measure radio frequency signals received at the different elements
of the antenna system over time, the received signals correspornding at least in part to

transmissions received from a system user; and

a signal processor to accumulate the signal measurememts into a first matrix,
generate a second matrix representing the transmissions of the system user, cross-
correlate the first and second matrices to form a first cross-corzxelation matrix, cross-
correlating the first matrix with itself to form a second cross-correlation matrix, and
multiply the second cross-correlation matrix with a product of the first cross-correlation
matrix to form a fifth matrix in which the elements of the fifth matrix characterize the

radio chaninel traversed by transmissions of the system user.
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20. The apparatus of Claim 19, whierein the received signals correspond at
least in part to transmissions received from a plurality of system users and wherein the
first cross-correlation matrix comprises a coluamn for each of the systen users and a

row corresponding to each element of the antenna system.

21.  The apparatus of Claim 19, wherein the product of the first cross-
correlation matrix comprises the inverse of th.e product of the first cross-correlation

matrix multiplied by its transpose and complex conjugate.

22.  The apparatus of Claim 19, wherein the signal processor generates the

second matrix using estimates of the transmis sions.

23.  The apparatus of Claim 19, further comprising a memory and wherein
the signal processor generates the second matxix using known sequence s stored in the

memory.

24.  The apparatus of Claim 23, wherein the known sequencess comprise

known training sequences.

25.  The apparatus of Claim 19, wherein the elements of the fifth matrix

comprise an estim ated spatial signature for the system user.

26.  The apparatus of Claim 25, wherein each column of the fifth matrix

comprises an estinnated spatial signature for ome of the plurality of systean users.
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