PATTERN DI VERSI TY TO SUPPORT A M MO RECElI VER AND
ASSQOCI ATED METHODS Field of the Invention [0001] The
w@e@smse326 nvention relates to the field of PCT/US2006/037074
communi cation systens, and nore particularly, to a
mul tiple-input multiple-output (MM receiver
operating with a conpact antenna array. Background of
the Invention [0002] A multiple-input multiple-output
(MM) wireless conmunications systemincludes a
plurality of antenna elenments at the transmtter and a
plurality of antenna elenents at the receiver. A
respective antenna array is forned at the transmtter
and at the receiver based upon the antenna el enents
associ ated therewith. [0003] The antenna el enents are
used in a nulti-path rich environnent such that due to
the presence of various scattering objects in the
envi ronnment, each signal experiences itiultipath
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Background of the Invention

[0002] A multiple-input multiple-output (MIMO)
wireless communications system includes a plurality of
antenna elements at the transmitter and a plurality of
antenna elements at the receiver. A respective antenna
array is formed at the transmitter and at the receiver
based upon the antenna elements associated therewith.
[0003] The antenna elements are used in a multi-path
rich environment such that due to the presence of
various scattering objects in the environment, each
signal experiences multipath propagation. The receive
antenna elements capture the transmitted signals, and a
signal processing technique is then applied to separate
the transmitted signals and recover the user data.
[0004] The signal processing technique may be a
blind source separation (BSS) process. The separation
is "blind" because it is often performed with limited

information about the transmit signals, the sources of



deconposition (SvVD) . [0005] M MO conmuni cati ons
systens are advantageous in that they enable the

W@ 2paosa3ge of the wireless |ink between the traPcHU$1006/037074
and receiver to be inproved. The nmultipath rich
envi ronnment enables nultiple grthogonal channel s to be
gener at ed t herebetween. Data for a single user can
then be transmtted over the air in parall over
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[0006] Current MIMO communications systems use
spatially diverse antenna elements so that the number
of orthogonal channels that can be formed is not
reduced. The problem with such an implementation is
that the performance of a MIMO communications system is
usually proportional to the number of antenna elements
used.

[0007] Increasing the number of antenna elements
increases the size of the antenna arrays for MIMO
communications systems. When a MIMO receiver is
implemented within a small portable communications
device, there is little available volume for a large
number of antenna elements, and mounting the antenna
elements on the outside of the communications devices
is a problem for the user.

[0008] One approach for providing a more compact
antenna array for a MIMO receiver is disclosed in U.S.
Patent No. 6,870,515. Instead of using spatially

diverse antenna elements, polarization diversity is



[ 0009] Even though a nore conpact antenna array is

provi ded, performance of the M MO communi cati ons
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el enents at the receiver being equal to or greater

than the nunber of antenna elenpents at the
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the number of antenna elements at a MIMO receiver as

compared to the number of antenna elements at a MIMO
transmitter while still providing a robust MIMO
communications system.

[0011] This and other objects, features, and
advantages in accordance with the present invention are
provided by a MIMO communications system comprising a
transmitter, and a transmit antenna array connected to
the transmitter and comprising M antenna elements for
transmitting M source signals.

{0012] On the receive side, a receive antenna array
is connected to a receiver and comprises N antenna
elements for receiving at least M different summations
of the M source signals, with N being less than M. A
signal separation processor may be connected to the
receiver for forming a mixing matrix comprising the at
least M different summations of the M source signals so

that the mixing matrix has a rank equal to at least M.



[0013] The signal separation processor nmay be a blind
signal separation processor. The blind signal
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a zero forcing (ZF) process, and a minimum mean squared

estimation (MMSE) process.

[0015] The receive antenna array advantageously
receives the M different summations of the M source
signals with N antenna elements, wherein N < M. The N
antenna elements generate at least M different antenna
patterns for receiving the M different summations of
the M source signals. The M different summations of
the M source signals, received by the N antenna
elements at the receive antenna array, are used to
populate the mixing matrix so that the mixing matrix
has a rank equal to at least M.

[0016] The rank of the mixing matrix determines how
many signals can actually be separated. The larger the
rank, the more signals can be separated. Consequently,
a compact antenna array having N antenna elements,

which is less than the M antenna elements in the



still providing a robust M MO conmuni cati ons system
[0017] There are a nunber of different enbodi nents of
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be correlated for form ng a phased array. In another
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advantageously allows the rank of the mixing matrix to
be further increased without having to increase the
number of N antenna elements in the receive antenna
array. By increasing the rank of the mixing matrix,
more signals can be separated by the blind signal
separation processor.

[0019] The multiplier effect on the number of
received M different summations of the M source signals
may be accomplished using one or a combination of the
following. Array deflection involves changing the
elevation of the antenna patterns for receiving
additional summations of the source signals. Path
selection may be performed so that all of the
summations of the source signals used to populate the
mixing matrix are correlated and/or statistically
independent. Signal splitting may also be used for
further populating the mixing matrix. The different

summation signals may be split using spreading codes,



summati on signals may be split using spreadi ng codes, -
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ratio, which allows higher data rates, lower error
rates, and/or decreased transmission power.

[0022] For the above two reasons it is advantageous
to increase the rank of the mixing matrix higher than
the M which is associated with the number of usable
channels. This increase of L additional sums in
additional to the usual M can provide for a more robust
MIMO implementation. Depending on the means available
to increase the mixing matrix, the number of receive
antenna elements may still be less than the classical
MIMO M, or increased to M or larger to allow the mixing
matrix rank to increase to N + L > M.

[0023] Another aspect of the invention is directed
to a method for operating a MIMO communications system

as described above.

Brief Description of the Drawings




as descri bed above. Brief Description of the

Drawi ngs[ 0024] FIG 1 is a block diagramof a M MO

W@ 0umss3e@t i ons system in accordance with the PCEESI6/037074

invention. [0025] FIG 2 is a nore detailed bl ock
di agram of the elenents on the_receive side of the

M MO commruni cati ons system as ¢hown in FIG 1 . [ 0026]
FIG 3 is a block diagramof a M MO recei ver operating
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Detigivieet iDascri ption of the Preferred Enbodi ments
i.nvention .w |l now be. de

Egﬂit’%ﬁri e et 1 AP Pt (or t%ymge&ce”er
operating based on path selection for providing
different summations of signals for blind signal
separation processing in accordance with the present
invention.

[0028] FIG. 5 is a block diagram of a MIMO receiver
operating based on spreading codes for providing
additional summations of signals for blind signal
separation processing in accordance with the present
invention.

[0029] FIG. 6 is a block diagram of a MIMO receiver
operating based on in-phase and quadrature signal
components for providing additional summations of
signals for blind signal separation processing in

accordance with the present invention.

Detailed Description of the Preferred Embodiments

[0030] The present invention will now be described
more fully hereinafter with reference to the
accompanying drawings, in which preferred embodiments
of the invention are shown. This invention may,

however, be embodied in many different forms and should



acconpanyi ng drawi ngs, in which preferred enbodi nents

of the invention are shown. This invention nay,
whowewss32e be enbodi ed in many different fornms BETUS2006/037074

shoul dnot be construed as limted to the enbodi nents

set forth herein. Rather, these enbodi nents are

provided so that this dlsclosﬁre wi Il be thorough and

complete, and will fully convey the scope of the
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of illustrating the present invention, reference will
be made to a transmitter 30 and a receiver 40.

[0032] The transmit antenna array 32 includes M
antenna elements 33(1)-33(M) for transmitting M source
signals 34(1)-34(M). The antenna elements 33(1)-33 (M)
may be spatially correlated, for example. The source
signals 34(1)-34 (M) may be generally referred to by
reference numeral 34, and the antenna elements 33(1)~-
33(M) may be generally referred to by reference numeral
33.

[0033] The receive antenna array 42 includes N
antenna elements 43(1)-43(N) for receiving at least M
different summations of the M source signals, with N
being less than M. Since N < M, a compact antenna |
array may be used at the receiver 40 while still
obtaining a robust MIMO communications system 20, as

will be discussed in greater detail below. The antenna



being less than M. Since N< M, a conpact antenna

array may be used at the receiver 40 while stil
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will be discussed in greater detail below The

ant ennael enents 43(1) -43 (N) may be generally

referred to by reference nuieral” 43. [0034] The

respective antenna arrays 32, 42 are _used in a
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interferer source signals 35 from an interferer 37 may
exist within the scattering environment 50 and
interfere with the separation of the desired source
signals. Various means to increase the mixing matrix
may be advantageously used to populate the mixing
matrix beyond a rank of M, as will be discussed in
greater detail below.

[0036] The receive antenna array 42 captures the M
different summations of the M source signals 34 and a
signal processing technique is then applied to separate
the signals. A blind signal separation (BSS) processor
44 is connected to the receiver 40 for forming a mixing
matrix 46 comprising the at least M different
summations of the M source signals so that the mixing
matrix has a rank equal to at least M. The blind
signal separation processor 44 separates desired source

signals from the mixing matrix 46.



matri x 46 conprising the at | east Mdifferent

sunmati ons of the M source signals so that the m xing
woriorioss3b@as a rank equal to at | east M. The bPECTUS2006/037074

si gnal separation processor 44 separates desired
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correlation properties. If the signal-to-noise ratios

of the source signals are high, the signal separation
process can stop with PCA.

[0039] If the signal-to-noise ratios of the source
signals are low, then ICA separates the source signals
based on statistical attributes involving the third and
fourth moments of the source signals. Some source
signals are Gaussian, and their third and fourth
moments are dependent on the first and second moments.
A random noise source can be Gaussian, and spread
spectrum signals are designed to appear Gaussian to
decoders by other than their specific spreading code.
Under specific conditions, an aggregate of signals can
appear Gaussian due the central limit theorem. The ICA
approach can separate one Gaussian signal. As an
alternative to ICA and PCA, SVD separates source
signals from the mixture of source signals based upon

their eigenvalues.



decoders by other than their specific spreading code.
Under specific conditions, an aggregate of signals can
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| ess than M. The receive antenna arra¥l42 i's not
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SOréhaivéh&nﬁamﬁmnaraayayzfmnnﬁuaephasedtannayemements

ot BELE 4R B PO npCehavRRSl b WREEF K TaBLEERESGEAl
Cf§éﬁﬁa€i££§fgﬂtt§é”ﬁ 8bust@nak §nalbess, with N and M
being greater than 1 and with N being less than M. The
recelve antenna array 42 is not limited to any
particular configuration. The receive antenna array 42
may include one or more antenna elements 43. The
antenna elements 43 may be configured so that the
antenna array forms a phased array or switched beam
antenna, for example.
[0042] For the purpose of building the mixing matrix
46, the goal is create different sums of signals. The
signals of interest can actually always be lower than
the interferers in this application and still be
separated. Because of this significant difference in
purpose, the distances between antenna elements 43 need
not be of a specific separation as is normally required
by active and passive beam forming antenna arrays.
[0043] The receiver 40 is connected downstream to
the receive antenna array 42 for receiving at least M

different summations of the M source signals 34. A



signals of interest can actually always be | ower than

the interferers in this application and still be
waepanassedl. Because of this significant differpemesionso37074

pur pose, the distances between antenna el enents 43

need not be of a specific separation as is normally

requi red by active and passiVéLzoe‘am form ng antenna ,
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an BT SHRiRS Be0U e 2 ot @id 696 BUTRHY BRS nayohessor
corgd gured as part of the blind signal separation
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of th ecej ve our c i gnal er eas e | I
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first and second moments of the different summations of
the received source signals, whereas the ICA module 64
operates based on the third and fourth moments of the
same signals. The SVD module 66 performs signal
separation based on the eigenvalues of the different
summations of the received source signals.

[0045] The correlation processing initially
performed by the PCA module 62 determines an initial
separation matrix 68(1) for the different summations of
the source signals, and the ICA module 64 then
determines an enhanced separation matrix 68(2) for
separating the source signals in the mixing matrix 46.
If the signals are separated by the SVD module 66, a
separation matrix 68(3) is also determined for
separating the different summations of the received
source signals in the mixing matrix 46.

[0046] From each respective separation matrix 68(1)-

68 (3), the separated signals are represented by



performed by the PCA nodule 62 determnes an initial
separation matrix 68(1) for the different sunmations
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det erm nes an enhanced separation matrix 68(2) for
separating the source signals in the mxing matri x 46.
If the signals are separated by3 the SVD nodul e 66, a
separation matrix 68(3) is also determ ned for
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how many signals can actually be separated. For

example, a mixing matrix having a rank of 4 means that
4 source signals can be separated. Ideally, the rank
of the mixing matrix 46 should at least be equal to the
number of signal sources M. The larger the rank, the
more signals that can be separated. As the number of
sources M increases, then so does the required number
of antenna elements N. The ‘515 patent discussed in
the background section discloses that the number of
antenna elements N at the receiver are equal to or
greater than the number of antenna elements M at the
transmitter, i.e., N > M.

[0049] The receive antenna array 42 advantageously
receives the M different summations of the M source
signals 34 with N antenna elements 33, wherein N < M.
The N antenna elements 43 generate at least M different
antenna patterns for receiving the M different

summations of the M source signals. The M different



nore signals that can be separated. As the nunber of
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t he background section discloses that the nunber of
antenna elenments N at the receiver are equal to or
greater than the nunber of antiéhra el enents Mat the
transmtter, i.e. ;, M. [0049] The receive
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antenna array 42 may be oriented to recelve
| | @&y [dpgvantages to exceeding M. For instance, not all of

the N antenna elements 43 at the receive antenna array
42 may be oriented to receive the M linearly
independent summations. Likewise, not all of the
received summations are sufficiently linearly
independent. There may also be L other signals that
degrade the signal to noise ratio in addition to the M
known signal streams being separated.

[0052] Consequently, it is advantageous to take
advantage of increasing the rank of the mixing matrix
to M+L when possible. Another advantage of separating
interference or noise sources is a resultant reduction
in the signal-to-noise ratio, which allows higher data
rates, lower error rates, and/or decreased transmission
power.

[0053] For example, L interferer source signals 35
may exist and interfere with separation of the desired

source signals 34 from the mixing matrix, with L being



I ndependent sunmations. Likew se, not all of the
recei ved summations are sufficiently linearly
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degrade the signal to noise ratio in addition to the M
known si gnal streans being separated. [0052]
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receiver. However, for purposes of illustrating the
present invention, the following discussion will focus
on the M source signals.
[0054] There are a number of different embodiments
of the receive antenna array 42. The N antenna
elements 43 may be correlated for forming a phased
array. In another embodiment, the N correlated antenna
elements 43 may comprise at least one active antenna
element and up to N~1 passive antenna elements for
forming a switched beam antenna. In addition, at least
two of the N correlated antenna elements may have
different polarizations.
[0055] Other embodiments of the receive antenna
array 42 have a multiplier effect on the received M
different summations of the M source signals. This
advantageously allows the rank of the mixing matrix 46

to be further increased without having to increase the

number of N antenna elements 43 in the receive antenna



present invention, the follow ng discussion will focus
on the Msource signals. [0054] There are a nunber of
walrdof7essspd enbodi ments of the receive ant enna BCT/H204Q037074
The N antenna el enents 43 may be correlated for
form ng a phased array. In another enbodi nent, the N
correl ated antenna el enents 43°may conprise at | east
one active antenpa el enment and up to NI passive
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spreading codes, or they may be split into in-phase (I)
and quadrature (Q) components.

[0057] The different embodiments of the receive
antenna array will now be discussed in greater detail
with reference to FIGS. 3-6. Referring now to FIG. 3,
array deflection will be discussed. The receive
antenna array 142 comprises N antenna elements 143 for
generating N initial antenna patterns for receiving N
different summations of the M source signals. The
receive antenna array 142 also comprises an elevation
controller 141 for selectively changing an elevation of
at least one of the N initial antenna patterns for
generating at least one additional antenna pattern so
that at least one additional different summation of the
M source signals is received thereby.

[0058] A receiver 140 is connected to the receive
antenna array 142 and receives the N different

summations of the M source signals using the N initial



The different summation signals may be split using
spreadi ng codes, or they may be split into in-phase

w@ bgo7assd2qquadr at ure (Q conponents. [0057] ThePCT/US2006/037074
di fferent enbodi nents of the receive antenna array
wi |l ‘now be discussed in greater, detail wth reference
to FIGS. 3-6. Referring nowto AIG 3 , array
defle%}ion wi || be discussed. The receive antenna
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provides signal sums suitable for increasing the rank

of the mixing matrix can be utilized with a deflection
mechanism. The deflection will generate two distinct
and mixing matrix usable signal sums for each of the
antenna array means. There is therefore a 2 times
multiplier effect by utilization of this technique.
[0061] If the array deflection is segmented into K
distinct areas associated with an antenna, each of the
K areas can provide for 2 independent deflection areas
and entries into the mixing matrix. For instance, if
the antenna array can provide N summations by itself
and there are K distinct deflection areas, the number
of signal sums in the mixing matrix may be 2NK.

[0062] Separating source signals provided by M
signal sources based on path selection will be
discussed in reference to FIG. 4. The receive antenna
array 242 comprising N elements 243 for forming at

least N antenna beams for receiving at least N



equal to M. The processor 144 separates desired
signals fromthe mxing matri x 146. [0060] In general,
wa@apyasgseaina array means whi ch provi des si gnal PEL/IS2006/037074

suitable for increasing the rank of the mxing matrix
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controller 250 for forming different beams for
receiving new different summations of the M source
signals to replace the different summations of the M
source signals that are not correlated or statistically
independent in the mixing matrix 246. As a result, at
least M different summations of the source signals are
received so that the mixing matrix has a rank at least
equal to M. The desired source signals are then
separated from the mixing matrix 246.

[0065] A rake receiver is a radio receiver designed
to counter the effects of multipath fading. It does
this by using several independent receivers each
delayed slightly in order to tune in to the individual
multipath components. It can be used by most types of
radio access networks. It has been found to be
especially beneficial for spreading code types of

modulation. Its ability to select specific incident



the M source signals. [0064] The blind signal

separation processor 244 also determnes if the
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correlated or statistically independent, and if not,

t hen cooperates wth the contraoller 250 for formng

different beans for receiving 1few di fferent summations

of the Msource signals to replace the different

surargriadnadhs ek sidurusl gilghealas thateanr® fptchange the

OO Fh T S G s L ICRAMEN I RS0 2a.
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fadiniy. |RoméddA Hys tmusiHp s@agidarer megrivdent240

recei ver.s ea del ayed. slightlyedn d '

t he TRdi Vi uﬁj rnaﬁl? N irpeacfer]l%egrn%oé,nseén't s%ﬁ‘fq{ c%—%{%gp eﬁ%ée%"‘%@ 256
Mo sdontptiese Dfk ridide e cess dwllowd kg # tdhdse been dfolttbath
to be especially beneficial for spreadi ng code types.
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ch?n%ﬁigg%%n?% E%Wﬁef%%in%&gi%}a é’sﬂepar at(i:%ﬁve
pr cogssora 244endri0esinSstwed i el netfor m Iy thies N

ant en beans. as di.sc ed, above .may be lied to all
S i PG ST e o e il
skidded d ndheedddd FOre dDWA =isd efBceiher$ €256 VESr
assenbly 240 conprjses N rake receivers 256. Each rake
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components of the at least N different summations of
the M source signals, and the mixing matrix has a rank
equal up to kN, where kN is at least equal to M.
[0067] In particular, when CDMA waveforms propagate
they often encounter multiple paths from the source to
the destination. A rake receiver 256 is specifically
designed to capture a number of these individual
instances and combine them for a more robust signal
decoding. While the original signal propagates along
each path, its properties are modified by the unique
characteristics of the path. In some circumstances,
the modification to the correlation and/or statistical
properties of the received signal will be large enough
so that they can be treated as separable signal
streams. A modified rake receiver 256 could be used to
extract each modified stream and feed it as a unique

entry into the mixing matrix 246. While this means of

increasing the rank will not always be available, it



of the M source signals received by the respective
antenna el enent connected thereto. In this
wa@eovi7iosgse@t i on, the blind signal separation prBCEESING/037074
244 is connected to the N rake receivers 256 for

formng the mxing matrix 246, The m xing matri x 246
conprises up to at | east kNXﬁ?férent mul tipath
conponents of the at least N different sunn@%ions of

t el M steirdetai pparsalhpdlened iikPRgiHat+PR has a rank

; , KNI o M.
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extLagt ogachk wRdi Eigdast raaanard freedthe ascaiweirque
entry into the mxing matrix 246. \Wile this nmeans %f

i nEpwaveng the raaRiWer assemiivayédOheesdsi [Lapdetect a
itwil| ten il able i i |tk p ;
envpp%ﬁﬁeﬁ?s%% g% ?%ﬁﬁg%nggfbﬁﬁgggenh gged§%F€68%S of the
Wikbgeashigkealr eaeoverer256 cadlexphe mikkiegdimefterient246 to
pat hs, the nore general approach applicable to any
nmoduBHfifefie8¢nkedle is beam formng. This differs

;fQGB%Bﬁ rake;8eei wen 1256 ngi Nee eamdsidifg: ifmrsad
or desired signal enhancenent as well as

populating the mixing matrix A. In one approach, the
summation signals are split using spreading codes. 1In
another approach, the summation signals are split using
in-phase (I) and quadrature(Q) modules.

[0070] Signal splitting using spreading codes will
now be discussed in reference to FIG. 5. The receive
antenna array 342 comprising N antenna elements 343 for
receiving at least N different summations of the M
source signals. A code despreader 350 is connected to
the N antenna elements 343 for decoding the at least N
different summations of the M source signals. Each one
of the N different summations includes k codes for
providing k different summations of the M source
signals associated therewith.

[0071] A receiver assembly 340 is connected to the
code despreader 350 for receiving at least kN different
summations of the M source signals. A blind signal

separation processor 344 is connected to the receiver



desired signal rejection. The difference however is
that the rejected signal may actually be anot her

wo eoogiosss2e©f the signal intended for the recei VRET/US2006/037074
However, the receiver assenbly 240 needs to detect a
nunber of these uni que propagation path versions of
the sane signal in order to bl d the m xi ng matrix
246 to a sufficient rank. [0069] Signal splitting is
al STl Y o140 uFehekopping a2 imgr i T SF Ry HE8 r¢MArising
In t%{lee.aaappfeo%& ’kl]% he; SHTRL O&ﬁhag@ﬁéé? ale SPLi Yshpge
spreadi ng ‘codes. | n"anot'her ~appr oach, the sunmmation
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codl YR riouF B Hr eSSk | 3 52T erfcet 19 %‘@afstg M.
Ther{£ael M3 adi GITR. S5 Y2 B31dh OOFPEE S5 AN EPARates
el ements 343 for receiving at least N different
surfr it sfurde M oouke e somnEhe . Mk b dnales bk e3der
350, nnected to.the N .antenn ts:3 f .
decHITTEr  he et rhdied o Tre rant ERhati Shet e Trectred
SO thsl Phatise Loshe aesOf ivde N ghdf esent t Singatspnise
i ncludes_k codes for providing k different, summati ons
of 4RI MIbutRered g st strPat el therBirthd Tab7iF A
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despreader 350 for recelving at |east kN different
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separation processor_ 344 is connected to.the .
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M source signals. The mxing matrix 346 has a rank

equbt RIFPEVDSKIE WiEh eeclestliendy FankPheaf bt Betagover a

eqqgir%%%héregﬁgh$@ianéjgnal separati on processor 344

separa
[0073] The same spreading code is processed with the

received signal sum (desired signal, undesired signals
and unknown noise sources). This causes the desired
signal to be reconstructed back to its original
frequency bandwidth, while the interferers are spread
over the wide frequency band.

[0074] The above listed CDMA implementations
actually have many signal streams simultaneously using
the same frequency band. Each signal stream uses a
code that is ideally orthogonal to all the others. If
this condition is met at the decoder, it means that
only the signal of interest will be despread.

[0075] There often is some correlation between the
CDMA signals, so the interfering signals are somewhat
reconstructed along with the desired signal. This is
often due to the delay experienced by the individual
signals, and also the multipath occurrences of the

signals. Some of the undesired signals, especially the



desired source signals fromthe m xing matri x 346.

[ 0072] Depending on the nodul ation of the received
wak@nabss26 t he above described signal splitti ngPeEYSiDe6/037074

used for increasing the rank of the mXxing matrix

wi t hout increasing the nunber N of antenna el enents.

CDMVA | S-95, CDMA2000 and WCDMK4are exanpl es of spread

spectrum communj cations systens in which spreading

codddia i Sived’ 1A comrritirEadva sue hat The uinerrasodeill
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to.all the others. If this condition is met

dedBir T e bry e AT ot HEr bE1 340,
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correl ati on between the CDVA signals, so
|nﬂéﬁﬁéﬁﬁﬂ?Qﬁ%ﬂﬁﬂasQhﬁﬁxﬁﬂﬁwmat reconstructed al ong

W t desi ed si gna This is often due to
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still increase the overall noise va
circumstances this will allow an increase of the mixing

matrix to a value greater than the number of codes. For
example, N antenna elements and M codes may provide NM
matrix rows.

[0078] For illustrative purposes, 3 codes are
assumed known and the 3 known code signals retain their
orthogonality. In the code despreader 350, the mixing
matrix A has top 3 rows and bottom 3 rows each due to
an antenna stream after each stream has been despread
by the 3 known codes. The off diagonal 0 values are
due to the orthogonality of the codes. The column
entries 4, 5 and 6 are for the general case of unknown

signals of the same index.



therefore decrease the signal-to-noise ratio. [0076]

The form of the despread signals equation and the
wak@nabss2¢ hensel ves neet the criteria for blinECEUSINA6/037074

separation processing. In fact, if one of the

di spreadi ng codes is individually applied for each

known signal received by t hé retei ver assenbly 340,

i ndi vi dual sunmmations that neet the | CA node

requi rements ar¢gxpbt aiaped.0 [ 0077k, Thet efayy g5,

as many row entrfi.e vai l abl esfor the m xi matrix as

known codes, asgu#in gf %%urge,aﬁhdzstﬁé@ g ch

produce |inearly *sndep@ndéht asi gaifi@ant@y@bue. Under

the right circurstandgs this will alhowan| increase of

the mxing matrijx‘to|a’val ue great'er thaf’ {f He nunber

of codes. For exdmpl ,Ohl%mteﬂnaaeleﬁanﬁgs M codes

may provide NM I X oows [RO78], FaL idJ ustrrative

pur poses, 3 codes are assuned known and the known

code signals retain their orthogonality. In the code

de er 3 the mxing matrix has, top 3 ro and
botsrltq{)dranf% r O\Assl%eeacsr%%t?el% o an Hi e Cﬁ%{‘%ﬁ%a %f‘f%rg%ch
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di agonal O values are due to the orthogonality of the
codeRVITHOASH Ut éithglecoll Syl s @f etlgromecodes.
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theorem so that they appear as a single Gaussi an
sufficient amount of non-random signals will add up to

a Gaussian signal. The interferers may be non-Gaussian
signal sources or at most one Gaussian signal unknown
to the network.

[0080] After despreading the known codes in the code
despreader 350, the blind signal separation processor
344 receives a mixing matrix 346 of rank 6. The rank
of 6 is derived based upon 2 antenna elements
multiplied by a factor of 3 since 3 codes are known.
[0081] The 6 signals are applied to the blind signal
separation processor 344 wherein the mixing matrix 346
having a rank of 6 is formed. The blind signal
separation processor 344 determines the separation
matrix W from only the received signals modified by the
channels: x = As, where A is the mixing matrix. In the
illustrated example, 6 signals are separable.

[0082] The blind signal separation processor 344
selects the signals to be decoded. For example, the

interferer signals may be dropped and all versions of



signal, e.g., release 4 channels. In other words, a
sufficient amount of non-randomsignals will add up to
w@2@@a0sse@n signal. The interferers may be nonPCRUSENG0B7074
signal sources or at nost one Gaussi an signal unknown

to the network. [0080] After despreadi ng the known
codes in the code despreader'é%bf'the bl i nd signa

separation processor 344 receives a mxing matrix 346
of trenkiesirethe okl ofa®e iselhrtiadd BHrededkrnted signals
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are separabl.e. [0082] The blind si l,.se [
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versions ofthe desired signals are selected. The
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properties between the coded signals are not perfect.
Thizr aets L reprEdent Lerlds ttonal dpereesSe oledepltse, an

R Aol U0 e R OUsbta SIS it by
Shannon’s law an increase in channel capacity.
[0084] Referring now to FIG. 6, the other approach
for increasing the rank of the mixing matrix A without
increasing the number N of antenna elements is to
separate a received mixed signal into its in-phase (I)
and quadrature (Q) components. I and Q components of a
coherent RF signal are components whose amplitudes are

" the same but whose phases are separated by 90 degrees.

[0085] The receive antenna array 442 comprising N
antenna elements 443 for receiving at least N different
summations of the M source signals. A respective in-
phase and quadrature module 450 is downstream to each
antenna element 443 for separating each one of the N
different summations of the M source signals received
thereby into an in-phase and quadrature component set.
[0086] A receiver assembly 440 is downstream to each

in-phase and quadrature module 450 for receiving the at

least N in-phase and quadrature component sets for the



to separate these signals, so their value will be
significantly reduced after the blind signal

W@ e@anagsee®n processing. This | eads to a decr eaBeT/UR2006/037074
noi se, an increase in signal to noise ratio, and as
i ndi cated by Shannon's | aw anvé' crease in channel
capacity. [0084] Referring no o FIG 6 , the other
approach for increasing the rank of the m xing matrix
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M source signals. Each_ in-phase and quadrature
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and the blind signal” separation processor
se@atss desilt dditspuivee &igirtentc mifedmignals.

[0088] In the case of differential encoding the
nature of the modulation needs to be analyzed to
determine if I and Q meet the linearity requirement.
For instance, it has been shown for GSM that the GMSK
encoding can be assumed linear when used with
appropriate filtering, and processed in the receiver as
if it were BPSK encoding. Since BPSK meets the
requirements for blind signal separation processing,
the I and Q process described can be used.

[0089] I and Q components can be used with any of
the above described antenna array embodiments to
populate the mixing matrix A. When I and Q is used,
the mixing matrix A can be populated as if 2 times the
number of antenna elements were used. The antenna
elements could be of any diversity form such as
uncorrelated, correlated or polarized. The N antenna

elements with each element’s signal sum split into I



the mxing matrix 512. [0087] By separating the
received m xed signals into | and Q conponents, the

W@ 2we/08832¢ he mi xi ng matrix increases by a factpeT/082086/037074
A s long as the I and Q conponents are encoded with
different data streans, then the m xed signal received
at any antenna el ement may be gflit into two different
m xed signals. [0088] In the case of differential
encééidn§ chereaktorte @towh@emod@kaQNonmdagkmdamﬂymlxed
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processi ng, the Q process cri bed can be used.

[ 0089] sigandsQ Eanponénthesanshmsusedlwluh anynofaltshe be

abo es rlbed ant.enn r enbodi nents to populate
thegﬁP%Fﬁé Sat Py ; anahg CP%QHBGQ s uéeéacFﬁg fritx ien g rom
mat [i xn& gannbanpepdhatedmnastif 3nH|KeaeEﬂ%c@Q@%%ra9%as
antenna el ements were used. The antenna ei enents coul d

be SPraFQed?OE?§PPyaFéﬁﬁ1§9éﬁda§rgﬁédﬁr8K§tédms for the
corﬁ§g§58dmggrgglarlzed The N antenna el enents wth
each element’s signal sumsplit into land Q conponents
pro&Dﬂ@é]for Zahyniegéndentivhxednsi goakrsefBodAmendts of

t,.th k of .th t 2N, where 2N
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invention is not to be limited to the specific
embodiments disclosed, and that modifications and
embodiments are intended to be included within the

scope of the appended claims.



I and Q, N antenna el enents, and K defl ections areas
for the antenna array woul d provide 2KN suns for the
waorzoor8g3e@t ri Xx. [ 0091] Many nodi ficati ons and BCTE82006/037074
enbodi nents of the invention will cone to the m nd of
one skilled in the art having the benefit of the
teachings presented in the f—orzegoi ng descriptions and
t he associated drawings. Therefore _it is _understood
that the inventionFATWRICE £8 tHFATMER £3:the
speci fic enbodi nents di sclosed, and that nodifications
and enbodi nents are intended to be included within the
scope of the lapperided:idlig s iFHATC WHIICH B 1S-CHATIVED (MGEMO)
1 . Amultiple-input multiple-output (M MO
Corﬁﬂﬂmuc%ﬁagﬁﬁso%sysstyesrﬁe%r% NiMg"H transmitter; a
transmt ant enra-ardm@cicmnected to said transmtter
and conprising Mantenna el ements for transmtting M,
source si gnalds;tRnwtldi vertenng ek Rt drtaysatd

CO%%%&&T%&KS%% faﬁ%eg;iféitegjl@gﬁ% COMA S NG Hhadt enag,

el enent s r recelv east Mdifferent summations
of treerdMiiscuinoe Mignates stiidgreld bei ng | ess than M
and a signal separation processor connected to said
recei ver for a\‘d%ﬁ‘?‘f‘gvear'm xing matrix conprising the at

| east M diffef edcSuraRId M Dfathey MemEce@i gnadsid
so that the mxing matrix has a rank equal to at | east

M resiyes gidl eEpRiratineh hraoveswm TamarparRy ng
desﬁ:lerceedfm;i% GR Sﬂlege@g M fcﬂ)f%é%ﬂn Nf¥htions of the M

source signals, Qith N being less than M; and

a signal separation processor connected to
said receiver for forming a mixing matrix comprising
the at least M different summations of the M source
signals so that the mixing matrix has a rank equal to
at least M;

sald signal separation processor for
separating desired source signals from the mixing

matrix.

2. A MIMO communications system according
to Claim 1 wherein L interferer source signals exist
and interfere with separation of the desired source
signals from the mixing matrix, with L being greater
than 1; wherein said mixing matrix also increase its
rank by L sums in addition to the M different
summations of the M source signals so that the mixing

matrix has a rank equal to at least M + L.

3. A MIMO communications system according

to Claim 1 wherein said receive antenna array comprises



matrix. 2 . A M MO comuni cations system according to
Claiml wherein L interferer source signals exist and
WO paoe0Bssee Wit h separation of the desired sourB€T/US2006/037074
signals fromthe mxing matrix, with L being greater
than 1 ; wherein said mxing matrix also increase its
rank by L sums in addition to4the Mdifferent
summati ons of the M source sighals so that the mxin
maty icotasl at edrdneguad ¢ ermnteafter Merming 32 phasg
conmuni cati ons systemaccording to Claim21 wherein
saitf r®Cei ve antenna array conprisesN correl ated
antenna el enents for formng a phased array. 4. A MM
conmuni cati ons system according to Claim21 wherein

sai d receive @nt erfhdHI? a5OEBHPFFRREONE cBY FEFRL ggeerding
an“ﬁ?ﬂﬁhﬁﬁﬁn?n%ﬁeréfﬁdsgi&0{é@é§&§daﬁ@éﬁﬂgaa§£§§EB&ﬁprises

conprising at |east one active antenna el ement and up
t 0 WN-dopasia tved cant eomaa et bemenss f osafdrii agracsatkedhed

beam ant enn 5. M MO conmuni catjons, system., .
acc%ﬂ?ﬁ?ﬁﬁt%ﬁ??%?ﬁ%1c%ﬂ%?%?hn%a%5 %%ﬁﬁ%t¥%% JFTERE Fptenna
SOUS CEnSh NS 05 tbNeal . phsside MMESOIUDEREHEONSOr
system according to Claim1 wherein said receive

ant Eowming rayseonpredeleNicarieldt ed ant enna el enents,
and wherein at least two of said N correl ated antenna

el enents have different polarizations . 7. A MM
conmuni cat i ons. syshenTEo cootihngitat Cbasnsgswher ecaorfang

di fferent, polarjzatijons e orthogonal _tp, one anot her.
8. %PN?kﬁ?%oﬁnﬁh?ﬁ%f?oﬁ%géy§F%W?ng%raanhe i 860k28

signals is linear.

6. A MIMO communications system according
to Claim 1 wherein said receive antenna array comprises
N correlated antenna elements, and wherein at least two
of said N correlated antenna elements have different

polarizations.

7. A MIMO communications system according
to Claim 6 wherein the different polarizations are

orthogonal to one another.

8. A MIMO communications system according
to Claim 1 wherein said receive antenna array generates
N initial antenna patterns for receiving at least N
different summations of the M source signals; and
further comprising an elevation controller connected to
said receive antenna array for selectively changing an
elevation of at least one of the N initial antenna
patterns so that at least one additional different

antenna pattern is generated for receiving at least one



to Caim1 wherein said receive antenna array
generates N initial antenna patterns for receiving at
wo e@sn3df2ali f f erent summati ons of the M source BCTONS1086/037074
and further conprising an el evation controller
connected to said receive ant ?lrbna array for
sel ectively changi ng an el evati”on of at |east one of
the Ninitial antenna patterns so that at |east one

ad a3 igridnad fFEFARl ht@hid pal (IH TS Femaat ed?For

r eGH MG, atnd %?i%iﬁg@aqﬂ}it)& IR ON 5 Thee Mt
source signals; an erein the m xing trix further
conprd seoncheachtitisast] ahief Beidirtti onaimali idrerehtthe M
sunmation of the M. source signals,.the mxing matrix
haviHtf & e At 5 R o dharer
di ffenedl sy irafsod dhenddiSoueel sd gned SerfeCcittslions
usi ng the additional antenna patterns, with a o

resil thity M Aifinae |sana e Rl wolng the addiimpal
COTMI SR [N el e Acear did ho Q almil Mherels peing
sai d recel ve antenna array generates” at [east N

anteennal beannk. for receiving at |east N different

sunmmati ons of the M source signals, with N and M bei ng
greater than 2 ; and further conprising a controller

connected to gai d A eIy BB I dP§tem according
selectively formng the at | east N antenna beans; said

si gral Cleripariatyior 9o cessdrr et sov e enm mrFiy t frenerates
di f ' . Sj
cort o bt ARG Kegt MACKEEA A RS Rese v

t heit fooparatsungnad tdhsavfl dontd cddwercd osidmahs ngwith N
di fferent. beans for receiving new dJJ'Effer ent sunmpt | ons
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suaid s Of ddigh M EQUNes SddatScdhdd Af€Md array for

selectively forming the at least N antenna beams; said
signal separation processor also

determining if the different summations of
the M source signals are correlated or statistically
independent, and if not, then

cooperating with said controller for forming
different beams for receiving new different summations
of the M source signals to replace the different
summations of the M source signals that are not
correlated or statistically independent in the mixing

matrix so that the rank is at least equal to M.

10. A MIMO communications system according
to Claim 1 further comprising a code despreader
connected to said N antenna elements for decoding at
least N different summations of the M source signals,
each one of the N different summations including k

codes for providing k different summations; wherein



correlated or statistically independent in the m xing

matrix so that the rank is at |east equal to M. 10. A
wOkMD0BS3RETUNI cat i ons system accordi ng to C ai mPAT/US2006/037074

further conprising a code despreader connected to said

N antenna el ements for decodi at least N different

sunmati ons of the M source §igﬁéré, each one of the N

di fferent summati ons including k codes for provid%ng k
di fasicrite GRTRE | ThsCOMIRT T e PR eteiemrreader

connect £ 4p S8l (b ASSDIPAEr d Alnd Se 00R deasie ki

dif nmmat | ons M source signals; and
wherminces s st Ynal arskpérate om priotessynal osemaraielon

m xing matrix_conprising the at least kN differe
ST DI o TR NG T 07 QAT T W LS T o 1
ranke 2t lieasdi Ped Aheddnd ©ids di. te MiMdurce signals,
communi cations systemaccording to Claim1 further

corprtilsingresebsbedtFamk i gt pheatt dirfi st bre fbdul e
connected downstreamto each antenna elenent in said
recei ve antenna array for separating each one of the M
di fferent sunivati ansMIMO tdeivhsics itEoss geas sem egecording

thereby. i nt o, apn i n-phase and quadr at ure conponent set;

and UHH BT 5ot W S e AT USh5 19 of P ORBSsbrS bR mRLERE and
M X PBE & ROBPT & St Ah bt é@agdwrdt fbdhief@néach antenna
sumrati ons of the M source signhals, with each in-phase
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wherei n said signal separation processpr copprises
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desiged- SOUEE o L8O Sy f FOMME hend it ROng matrix comprising

at least 2N different summations of the M source
signals, with each in-phase and gquadrature component
set providing 2 inputs into the mixing matrix, with a
resulting rank at least being equal 2N, where 2N is at

least equal to M.

12. A MIMO communications system according
to Claim 1 wherein said signal separation processor
comprises a blind signal separation processor, and
separates the desired source signals from the mixing
matrix based on at least one of principal component
analysis (PCA), independent component analysis (ICA),

and single value decomposition (SVD).

13. A MIMO communications system according
to Claim 1 wherein said signal separation processor

separates the desired source signals from the mixing



matri x based on at |east one of principal conponent
anal ysis (PCA) , independent conponent analysis (I1CA)

w0 2ana3seagl e val ue deconposition (SVD) . 13. BCMUMD06/037074
conmuni cati ons system according to Claim21 wherein
sai d signal separation processor separates the desired
source signals fromthe mxin trix based on a
know edge based processing signal extraction process.

14 matx i m@%etﬁnﬁmu T N O A9 theas @ TR 108 G H9R L

14égg¥ ég&&ﬁ\ gdge based signal separation
pr ocess separ es t e desired source signals fromthe

m xing matrix based on at | east one of a zero forC|ng
(ZF) process, d a mni mum nmean squar ed esti mat

(MVBE) proceskl 18% TR NESTRHRA Chtt oty Syt efpcording
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processor separates the desired source signals from

thesepamaigmmtch%%eﬁewaat%ﬁﬁ?%#@w% gource signals
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si gna separa 1'0N° process For operati ng
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system conpri sin transmtting M source signals from
atﬁ%ﬁ%ﬂﬁ?l%mtgﬁﬁ%ﬁ arfEyFeohnected to a transmitter,

the transnmt antenna array conprising M antenna

el enents for transmtting M source signals; rece|V|ng.
at | east |v| d|1$ er eﬁntMéM@nmmmm@tlms M g®teEeaccording

Sl anals LD Noeing Less LhAN M oopslng, 8, EELYEsox

npri si ng enha enen
separates the desired source signals from the mixing

matrix based on a combination of a knowledge based
signal extraction process and a blind signal separation

process.

16. A method for operating a multiple-input
multiple-output (MIMO) communications system
comprising:

transmitting M source signals from a
transmit antenna array connected to a transmitter, the
transmit antenna array comprising M antenna elements
for transmitting M source signals;

receiving at least M different summations of
the M source signals, with N being less than M, using a
receive antenna array comprising N antenna elements;
and

providing the at least M different summations
of the M source signals to a receiver; and

processing by a blind signal separation

processor connected to the receiver the at least M



providing the at | east Mdifferent summations of the M

source signals to a receiver; and processing by a
whbia@3segnal separati on processor connected tBCT/N82006/037074

receiver the at |east Mlifferent sunmati ons of the M

source signals, the pr ocessi_n%ch_n'pri sing formng a

m xing matri x conprising the at” | east Mdifferent

sumat i ons of the M source signals so that the m xing
D S PR SR To Gt NoaE i B4 at TG
desifRE SOHE i s rom the mxing matrix. 17. A

method according 'to Adlm17 wherein L interferer
source signals exist arftbxmirer faamelidnh rRpakat¢@mppising

t he desired urc i gnal s, f r.om t 1 XI | X

with L bei ngscg}eeaatece?l%wsgcn%ﬁ O;{:L uer]{%%eﬂrn%%ﬁn%ar%#g £ the M
addi tional swwidde agdidjridlon do dier athd eastidy matrix has
di fferent summati ons of the M source signals so that

mi xi ng matri @ HEa 8 dfuat teait astnM + L . 18,

A net hod according to qe%ia@algiﬂ@ec{@éﬂé@esé@ﬁ@évgi nals
antenna array conprises correlated antenna el enents

for form ng Eyasdte ariayng MBtA et hod according to
Claim 17 wherein the receive antenna array conprises N
correl ated antenna el enents, the N correl ated antenna

el enents conmri si gy rdtHRAHconNIAc) ivEe M EBANE] wherein L
element and up to NI passive antenna_e| enents for

f orff bRy T8 284 tIHEP Dt e SREANA HtHotere with

accrdi g 19, gﬁﬁﬂe”dé’%‘ﬂfeed Nsddiged e§f§?1¥§l§‘%f&ﬁ‘athe

array conpri ses correl ated antenna el enments, and

wherigiimatmd teagist, twicctofL thesily greater than 1; further
comprising L additional sums in addition to the at
least M different summations of the M source signals so

that mixing matrix has a rank equal to at least M + L.

18. A method according to Claim 17 wherein
the receive antenna array comprises N correlated

antenna elements for forming a phased array.

19. A method according to Claim 17 wherein
the receive antenna array comprises N correlated
antenna elements, the N correlated antenna elements
comprising at least one active antenna element and up
to N-1 passive antenna elements for forming a switched

beam antenna.

20. A method according to Claim 17 wherein
the receive antenna array comprises N correlated
antenna elements, and wherein at least two of the N
correlated antenna elements have different

polarizations.



correl ated antenna el enents have different

pol ari zations .21. A nethod according to Caim 17
wob@re8s32¢ he recei ve antenna array generates NeCTUB2086/037074

antenna patterns for receiving at |east N different

summations of the M source signhals; and further

conprising an el evation contr er connected to the

receive antenna array for selectively changing an

el evation of at |east one of the Ninitial antenna

patterns so that al W&a8lq AR&Addidd Al Al efeNfherein

antenna pattern is generated for receiving at | east
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dlfferent summations of the M source signals received
using the additional antenna patterns, with a resulting

rank at least being equal to M.

22. A method according to Claim 17 wherein
the receive antenna array generates at least N antenna
beams for receiving at least N different summations of
the M source signals, with N and M being greater than
2; and further comprising a controller connected to the
receive antenna array for selectively forming the at
least N antenna beams; the blind signal separation
processor also

determining if the different summations of
the M source signals are correlated or statistically
independent, and if not, then

cooperating with the controller for forming
different beams for receiving new different summations
of the M source signals to replace the different

summations of the M source signals that are not



of the Msource signals to replace the different
sunmati ons of the M source signals that are
WwWmeaocoss3es at ed or statistically i ndependent i nP¢h®ES2006/037074
m xing matrix so that the rank is at |east equal to M
23. A nethod according to C.gim 17 further
conprising a code despreader connected to the N
ant enna el enpents for ,dec.odi];g the at least N different
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different summations; wherein the receiver is
connected to the despreader for receiving at |east kN

different su tign f. the M source si | S; d
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where 2N i s at | east, equal tq . 25. met hod
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| east one of a know edge basedsi gnal extraction

process and a blind signal separation

24. A method according to Claim 17 further
comprising a respective in-phase and quadrature module
connected downstream to each antenna element in the
receive antenna array for separating each one of the M
different summations of the M source signals received
thereby into an in-phase and quadrature component set;
and wherein the blind signal separation processor forms
the mixing matrix comprising at least 2N different
summations of the M source signals, with each in-phase
and quadrature component set providing 2 inputs into
the mixing matrix, with a resulting rank at least being

equal 2N, where 2N is at least equal to M.

25. A method according to Claim 17 wherein
separating the desired source signals from the mixing

matrix is based on at least one of a knowledge based



process
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signal extraction process and a blind signal separation

process.



