(19) World Intellectual Property Organization

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

International Bureau

(43) International Publication Date

12 September 2003 (12.09.2003) PCT

(10) International Publication Number

WO 03/075471 A2

(51) International Patent Classification”: H04B
(21) International Application Number: PCT/US03/05647

(22) International Filing Date: 26 February 2003 (26.02.2003)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
60/361,055 1 March 2002 (01.03.2002) US
60/380,139 6 May 2002 (06.05.2002) US
10/064,482 18 July 2002 (18.07.2002) US

Related by continuation (CON) or continuation-in-part
(CIP) to earlier application:

UsS 10/064,482 (CIP)
Filed on 18 July 2002 (18.07.2002)

Applicant (for all designated States except US):
COGNIO, INC. [US/US]; 101 Orchard Ridge Drive,
Suite 350, Gaithersburg, MD 20878 (US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): TESFAI, Yohannes

[ER/US]; 2230 George C. Marshall Drive, Apartment 104,
Falls Church, VA 22043 (US). VAIDYANATHAN, Chan-
dra [IN/US]; 10411 Montrose Avenue, #202, Bethesda,
MD 20814 (US). SUGAR, Gary, L. [US/US]; 15307C Di-
amond Cove Terrace, Rockville, MD 20850 (US).

Agent: FLOAM, Andrew D.; Cognio, Inc., 101 Orchard
Ridge Drive, Suite 350, Gaithersburg, MD 20878 (US).

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VN,
YU, ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FIL, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, SE, SI,
SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

03/075471 A2

(54) Title: SYSTEM AND METHOD FOR JOINT MAXIMAL RATIO COMBINING USING TIME-DOMAIN BASED SIGNAL

PROCESSING
100 200
Communication Communication
Device Device
jmo 220
110 whp
Euo 220 230
> -l 2 ‘
Transmit w ) H 2 e Combiner/
Shaping Fiiter Equalizer
160 y : 220
Tt Y/wo
In
Computation M EMRDZ Computation | _.260
Blocks Blocks
240
/
[
i Transmit
ngsgﬁ:/ Shaping Filter

(57) Abstract: A spatial signal processing system and method are provided to optimize the received signal-to-noise ratio (SNR)

O at a first radio communication device based on the transmit filter at another radio communication device. Using an estimate of the

channel derived from a signal received at one device from another device, an iterative process is provided to determine complex
weights for one or more tapped delay-line transmit filters at each of two communication devices that optimize the received SNR.



wO 03/075471 A2 NN 00 0O

Published: For two-letter codes and other abbreviations, refer to the "Guid-
—  without international search report and to be republished  ance Notes on Codes and Abbreviations"” appearing at the begin-
upon receipt of that report ning of each regular issue of the PCT Gazette.



10

15

20

25

30

WO 03/075471 PCT/US03/05647

SYSTEM AND METHOD FOR JOINT MAXIMAL RATIO COMBINING
USING TIME-DOMAIN BASED SIGNAL PROCESSING

This application claims priority to U.S. Provisional Application No.
60/361,055, filed March 1, 2002, and to U.S. Provisional Application No.
60/380,139, filed May 6, 2002, the entirety of both of which are incorporated

herein by reference.

BACKGROUND OF THE INVENTION

The present invention is directed to a joint temporal and spatial antenna
processing scheme useful in wireless communication applications, such as short-
range wireless applications.

Antenna diversity schemes are well known techniques to improve the
performance of radio frequency (RF) communication between two RF devices.
Types of antenna diversity schemes include antenna selection diversity and
maximal ratio combining. In an antenna selection diversity scheme, a radio
communication device selects one of N (e.g., two) antennas for transmission to a
particular communication device based on which of its N antennas best received a
signal from that radio communication device. On the other hand, maximal ratio
combining schemes involve scaling the signal to be transmitted with a complex
antenna weight associated with a corresponding one of a plurality of antennas. A
signal received by a plurality of antennas can also be weighted by a plurality of
complex receive antenna weights. Selection of the antenna weights to optimize
communication between two communication devices determines the performance
of maximal ratio combining schemes.

A joint maximal ratio combining antenna processing technique is one in
which a first communication device, having a plurality of antennas, weights a
signal to be transmitted by its antennas to a second communication device also
having a plurality of antennas. The second communication device weights and
combines the received signals received by its antennas. The transmit weights and
receive weights are determined to optimize the link margin, e.g., optimize the
signal-to-noise ratio of signals received by one device from the other. Techniques

related to joint maximal ratio combining, also called composite beamforming
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(CBF), are the subject matter of above-identified commonly assigned co-pending

application. These techniques significantly extend the range of communication
between the two communication devices.

An approach is desired for a joint maximal ratio combining technique that
requires relatively low complexity computations be performed in a communication

device.

SUMMARY OF THE INVENTION

A spatial signal processing system and method are provided to optimize the
received signal-to-noise ratio (SNR) at a radio communication device based on the
transmit filter at another radio communication device. An iterative process is
provided to determine complex weights for tapped delay-line transmit filters at
each of two communication devices that optimize the received SNR. When one
communication device receives a signal from another device, it generates a receive
filter matrix from a signal received by its one or more antennas. The receive filter
matrix is comprised of one or more sub-matrices each being a convolution matrix
derived from a receive filter sub-vector, wherein each receive filter sub-vector
defines one or more complex weights associated with a receive tapped-delay line
filter for the one or more antennas. The receiving device computes the eigenvector
corresponding to the maximum eigenvalue of a product of the receive filter matrix
and a Hermitian of the receive filter matrix. This eigenvector is the principal
eigenvector of that matrix multiplication product. The principal eigenvector is
comprised of one or more sub-vectors each having a length corresponding to a
number of taps of a transmit tapped-delay line filter associated with the one or
more antennas. From the one or more sub-vectors of the principal eigenvector one
or more transmit filter sub-vectors that form a transmit filter vector are determined.
Each transmit filter sub-vector corresponds to the one or more antennas of the
second communication device and defining one or more complex weights
associated with the transmit tapped-delay line filter for the one or more antennas of
the second communication device. The transmit filter vector is used by that device

transmitted a signal back to the other device.
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The two communication devices will ultimately converge to transmit filter

vectors that optimize the received SNR at the output of the receive filters of the
other device. The range of communication, i.e., distance between the devices, is
significantly increased using the techniques described herein.

The above and other objects and advantages will become more readily
apparent when reference is made to the following description taken in conjunction

with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of two communication devices performing time-
domain based composite beamforming.

FIG. 2 is a diagram showing an exemplary channel matrix.

FIG. 3 is a diagram showing exemplary transmit filter vectors.

FIG. 4 is a flow diagran{ illustrating an iterative process for time-domain
based composite beamforming between two communication devices.

FIG. 5 is a graphical diagram showing exemplary results of the time-
domain based iterative process.

FIG. 6 is a graphical diagram showing performance loss for ideal channel
conditions.

FIG. 7 is a graphical diagram showing performance loss for the iterative
process.

FIG. 8 is a block diagram of a communication device suitable for

implementing the time-domain composite beamforming signal processing.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring first to FIG. 1, two radio communication devices 100 and 200 are

shown that communicate with each other across a wireless transmission channel
that can be defined by a channel matrix H (or H, where © denofes the transpose
operator). When the signal-to-noise ratio (SNR) at the output of the receive filters
of one device is optimized with respect to the transmit filters at the other device,
the ideal transmit filter vector wr is given by the eigenvector corresponding to the

maximum eigenvalue emax of (HH), which is the principal eigenvector of (HH),
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where ¥ denotes the Hermitian operator. This ideal case assumes that the devices

have direct knowledge of the channel, obtain from training sequences or from a
separate signal containing channel information that is transmitted from one device
to the other.

Described below is a system and method to optimize the SNR at the output
of the receive filters of one device (hereinafter referred to as the received SNR)
with respect to tapped delay-line transmit filters at another device without direct
knowledge of the channel between the devices. Using an estimate of the channel
obtained from a signal received at one device from another device, an iterative
process is provided that determines the transmit filters at the communication device
at each iteration. The transmit filters at each device converge to a received SNR
that is within 1-2dB of the ideal case SNR in about 2 to 3 iterations for more than
90% of channel realizations.

With this background, communication device 100 includes, among other
components, a transmit shaping filter 110, a plurality of transmit antenna filters 120
and N plurality of antennas 130. There is a transmit antenna filter 120 associated
with each antenna 130. The transmit antenna filter 120 is, for example, a tapped
delay-line filter having a number of taps. For each tap of the tapped delay-line
filter, there is a complex weight having a magnitude component and a phase
component. For example, a single tap delay-line filter has a single weight, and
therefore a flat or constant magnitude and a flat or constant phase response across
frequency. The characteristic of each transmit filter 120 is defined by a transmit
filter sub-vector w'zp;, where i is the antenna index (i =1 to N), and the length of
the transmit filter sub-vector corresponds to the number of taps of the transmit
antenna filter 120. The entry in each sub-vector defines the corresponding tap
weight for the delay-line filter. The transmit filter sub-vectors can be grouped
together form a transmit filter vector. The filter vector and sub-vectors will be
described further hereinafter.

Similarly, for purposes of processing a received signal, the communication
device 100 comprises a plurality of receive antenna filters 140 and a
combiner/detector 150. There is a receive antenna filter 140 coupled to an

associated antenna 130. Each receive antenna filter 140 is, for example, a tapped
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delay-line filter having a number of taps, and is essentially a matched filter. A

combiner/equalizer 150 is coupled to the receive antenna filters 140. The
characteristic of each receive filter 140 is defined by a receive filter sub-vector
Ww'rp2 having a length corresponding to the number of taps of the receive antenna
filters 140. The entry in each receive filter sub-vector wr 1 defines the
corresponding complex tap weight for the delay-line filter. There are computation
elements or blocks represented by reference numeral 160 in communication device
100 that perform discrete signal computations with respect to the transmit antenna
filters 120 and receive antenna filters 140 described hereinafter.

Communication device 200 includes components similar to those in
communication device 100. Communication device includes a plurality of
antennas 210, a plurality of receive antenna filters 220 and a combiner/equalizer
230. There is a receive antenna filter 220 (i.e., a matched filter) associated with
each antenna 210. The communication device 200 has M plurality of antennas.
The characteristic of each receive antenna filter 220 is defined by a receive filter
sub-vector W' pz, where j is the antenna index (j = 1 to M). The receive filter sub-
vectors can be grouped together form a receive filter vector. On the transmit side,
there is a transmit shaping filter 240 and a plurality of transmit antenna filters 250
each associated with a corresponding one of the antennas 210. The characteristic
of each transmit antenna filter 250 is defined by a transmit filter sub-vector w'rp;.
Like communication device 100, the receive antenna filters 220 and the transmit
antenna filters 250 are, for example, tapped delay-line filters of a number of taps.
The length of the receive filter sub-vectors W pa correspond to the number of taps
of the receive antenna filters 220, and the length of the transmit filter sub-vectors
v_vi 72 correspond to the number of taps of the transmit antenna filters 250.
Communication device 200 has computation elements or blocks represented by
reference numeral 260 that perform discrete signal computations with respect to the
transmit antenna filters 210 and receive antenna filters 250 described hereinafter.
While FIG. 1 shows that communication devices 100 and 200 each have a plurality
of antennas, it should be understood that one of them, for example, communication
device 200, may have a single antenna (and therefore a single transmit antenna

filter and a single receive antenna filter). In this case, only one of the two devices
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of the communication link adapts its transmit filter to optimize the receive SNR at

the device with the single antenna. The device with multiple antennas will adapt its
receive filter to optimize its receive SNR from the device with a single antenna.

The communication device block diagram shown in FIG. 1 is useful in a
transceiver that processes signals of any wireless communication modulation
standard or format. Likewise, the methods described herein are applicable to any
wireless communication modulation standard or format. An example is a code
division multiple access (CDMA) format using a single carrier. A more specific
example is the single-carrier scheme of the IEEE 802.11b short-range wireless
standard.

It should be understood to those of skill in the art that FIG. 1 is a
simplification of a communication device architecture to highlight those
components relevant to the composite beamforming techniques described herein.
For example, FIG. 1 omits (for the sake of conciseness) digital-to-analog
converters and a radio frequency (RF) section between the antennas and the
antenna filters. FIG. 8, described hereinafter, is an example of a more complete
exemplary block diagram of a communication device. The components shown in
FIG. 1 are elements that typically are included in a baseband section of a
communication device and may be implemented by discrete elements or by field
programmable gate arrays for digital signal processing integrated circuit
implementations. The combiner/equalizer 150 (and 230) is meant to represent any
suitable signal processing components used in a receiver. For example, in the case
of a decision feedback equalizer (DFE), the combiner/equalizer block includes
feedforward filters, a decision block and a feedback filter. In the case ofa
maximum likelihood sequence estimator (MLSE) receiver, there is a MLSE in the
combiner/equalizer block 160 (and 230), and in the case of a direct sequence spread
spectrum (DSSS) receiver, there is a correlator in the combiner/equalizer block 160
(and 220).

When communication device 100 transmits a signal to communication
device 200, the communication channel between the N plurality of antennas 130
and the M plurality of antennas 210 is defined by a channel matrix H of appropriate

dimension as is shown in FIG. 2, described hereinafter. Similarly, when
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communication device 200 transmits a signal to communication device 100, the

communication channel between the M plurality of antennas 210 and the N
plurality of antennas 130 is defined by a channel matrix H"

Turning to FIG. 2, the channel matrix H is described in further detail. The
channel response from an antenna i of communication device 100 to an antenna jof
communication device 200 is defined by a channel response vector hY and can be
modeled as a tapped delay-line filter having a length or number of taps L. The
channel response vector hY can be written as shown in FIG. 2. The channel
response vector can also be written as a convolution matrix Hy, where i is the index
for the N plurality of antennas of communication device 100 and j is the index for
the M plurality of antennas of communication device 200. The dimensions of the
channel response matrix Hj is (L + LTD1 — 1) x LTD1, where LTD1 is the length
of the transmit filters of the first communication device 100.

Referring back to FIG. 1, the transmit antenna filters 120 in communication
device 100 have a length (i.e., number of taps), and the transmit antenna filters 250
in communication device 200 have a length. The lengths of the transmit antenna
filters 120 and 250 are not necessarily the same, and are chosen according to
implementation/performance requirements. Obviously, the more taps a filter has,
the greater performance it will have, at the expense of implementation cost and
complexity. The length of the receive antenna filters 140 in communication device
100 depends on the length of the transmit antenna filters 250 and the length of the
channel response vector hY suitable for modeling the channel response between the
first and second communication devices. It can be shown that the length of the
receive antenna filters 140 (when receiving a signal from communication device
200) is equal to the sum of the length of the transmit antenna filters 250 plus the
length of the channel response vector hY. Similarly, the length of the receive
antenna filters 210 (when receiving a signal from communication device 100) is
equal to the sum of the length of the transmit antenna filters 120 plus the length of
the channel response vector h. The length of the transmit antenna filters 120 and
250 do not depend on the length of the receive antenna filters 140 and 210,

respectively, and can be set to any desired length. For example, it has been
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determined through simulation that transmit antenna filters 120 and 250 can be

single tap delay-line filters and still achieve acceptable performance.

With reference to FIG. 3, similar to the channel matrix H, there is a transmit
filter matrix W* r.p1 associated with each antenna i of the first communication
device 100 (for transmitting a signal to the second communication device 200). A
transit filter super matrix is matrix comprising a plurality of sub-matrices
corresponding to the transmit filter matrix associated with each antennai. The
transmit filter matrix WiT, p1 1s a convolution matrix representation of the
corresponding transmit antenna filter sub-vector wi rp;. The transmit antenna filter
vector wrp; is essentially a super-vector comprised of a plurality of transmit filter
sub-vectors w'rp;, each transmit filter sub-vector corresponding to or associated
with a transmit filter (FIG. 1), which in turn is associated with one of the plurality
of antennas of the first communication device 100. For notation purposes, the
length of each transmit filter sub-vector of communication device 100 is LTD1, as
described above in conjunction with FIG. 2. Therefore, the length of the transmit
antenna filter vector is N * LTD1. The dimensions of each transmit filter matrix is
(LTD1 +L —1) x L, and the dimension of each transmit filter sub-vector is LTD1
x 1.

Though not shown in FIG. 3, the transmit filter vector of the second
communication device 200 (for transmitting a signal to the first communication
device 100) is similarly defined as w/ 7.02, associated with each antenna j of the
second communication device 200. The length of the transmit antenna filter sub-
vector (and thus the number of taps of the transmit antenna filters 250) for the
second communication device 200 is denoted LTD2. The receive filter matrix for
the first communication device is denoted Wy, p;, and the receive filter matrix for
the second communication device is denoted Wg p,. Each receive filter matrix
comprises a sub-matrix for each antenna of that device. Bach sub-matrix is a
convolution matrix derived from the receive filter sub-vector associated with the
corresponding antenna depicted in FIG. 3. The filter length LTD1 of the first
communication device and the filter length of LTD2 of the second communication

device need not be the same.
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FIG. 4 illustrates the iterative process 400. The process 400 is described

with respect to communication between the first communication device (denoted
by the index D1) having N antennas and the second communication device
(denoted by the index D2) having M antennas. It is to be understood that the
process is applicable to any wireless communication application, such as, for
example, a short-range wireless application. The process begins in step 410 when
the first communication device transmits a signal to the second communication
device using an initial transmit filter vector wrp;0=1[10...0,10...0,10...0,10.. .0]T
according to the notation shown, normalized by the factor 1/(N)%, where N is the
number of antennas of the first communication device. The purpose of this factor
will be described hereinafter. The initial transmit filter vector has a unity value at
the initial position in each sub-vector for each antenna. In step 410, the first
communication device transmits a signal with the initial transmit filter vector to the
second communication device. The second communication device receives the
transmitted signal, and from the received signal, the second communication device
estimates a vector corresponding to the product Wg, p; peg, Where g is the vector
[10...0]". From this quantity, the second communication device obtains the initial
receive filter vector wr p2 ¢ and builds the receive filter matrix Wg py 9 with
dimensions that, after further computations, will result in a transmit filter vector
wr p; that has the desired filter length.

In step 420, the second communication device computes a principal
eigenvector urp; which is the eigenvector corresponding to the maximum
eigenvalue of the product of {(Wgpy, o) Wg 20}, The principal eigenvector urpz0
has a length of M * LTD2. The principal eigenvector uzpz,0 1s a super vector, or
vector of sub-vectors, where each sub-vector #// 7.02,0 has a length LTD2 and is used
to derive the transmit antenna filter sub-vector w7y for a corresponding antenna
of the second communication device.

Each transmit filter sub-vector _14_/ 7.p2 can take on one of two values as
shown in FIG. 4. In one case, the transmit filter sub-vector y’ 7.p2 1s equal to the
corresponding sub-vector /730 of the principal eigenvector urpz. This is called
the non-equal gain case indicated “NON-EG” in FIG. 4. In another case, the

transmit antenna sub-vector w/ 7.2 is equal to the corresponding sub-vector Wr D2,0
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of the principal eigenvector ur,ps,p divided by the norm of that sub-vector /7.3

and by (M)*. This case is called the equal-gain case, indicated “EG” in FIG. 4.
This further computation equal-gain normalizes the magnitude of each filter sub-
vector so that the power of the signal transmitted at each antenna using the transmit
filter sub-vectors is equal. This equal gain constraint is advantageous because it
has been found to yield performance very close to non-equal gain antenna
processing (within 1-2 dB), but substantially reduces the power output
requirements for each power amplifier associated with each antenna. The
advantages of equal-gain composite beamforming are further described in the
aforementioned co-pending application entitled “System and Method for Antenna
Diversity Using Equal Gain Joint Maximal Ratio Combining.” The initial transmit
filter sub-vectors used by the first communication device in step 410 can optionally
be equal gain normalized, as indicated in FIG. 4 with the (N)” factor.

In step 420, the first communication device receives the signal transmitted
by the second communication device using the transmit sub-vectors v/ 7p2.and
estimates a vector corresponding to the product Wg p; geo to obtain the initial
receive filter vector wg p7 9. At the next iteration in step 430, the first
communication device performs a process similar to the one performed by the
second communication device in step 420, to compute the principal eigenvector
urps,; and generate therefrom updated transmit filter sub-vectors for each antenna
of the first communication device using either the equal gain computation or non-
equal gain relationship. It should be noted that in the even LTD1 is not equal to
LTD2.

Steps 440 and 450 show that this process repeats and the transmit filter sub-
vectors at the first and second communication devices converge to values that
optimize the received SNR at each of them. The transmit filter sub-vectors
computed at each iteration are stored. Even though the transmit filter sub-vectors
will ultimately converge after several iterations, they can be continuously updated
with each transmission between those communication devices beyond
convergence. In addition, it may also be desirable to store the most recent or
updated transmit filter sub-Veétors in one communication device against and

identifier of the particular destination communication device. In this way, when a
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subsequent communication session is initiated between those same communication

devices, each device can retrieve the stored transmit filter sub-vectors for use in
transmitting signals to the other device.

Optimizing the transmit filters at the first and second communication device
in this way significantly increases the range (i.e., distance) between the devices.
This can be very advantageous in a wireless communication environments, such as
short-range wireless applications. A wireless LAN is one example of a short-range
wireless application.

The computations referred to in the description of the iterative process 400
may be performed by the discrete signal computation blocks 160 and 260 (using
digital signal processing techniques), respectively, in communication devices 100
and 200. For example, when communication device 100 or 200 receives a signal
from the other device, there is a channel estimator computation block that estimates
the composite channel transmit filter response of the transmitting communication
device in order to de‘termine the receive super matrix Wg. There is a computation
block that forms the receive vector wg and from that vector builds the receive
convolution matrix Wiy for each antenna. There are also one or more computation
blocks that compute super matrix Wy, the Hermitian of the receive super matrix
Wg, multiply it with the receive matrix Wy and compute the principle or principal
eigenvector of the matrix product of that matrix multiplication. Computation
blocks are also provided that normalize each sub-vector (divide by the norm of the
principal eigenvectors and by the square-root of the number of antennas) for each
antenna sub-vector. Moreover, the transmit antenna filters and receive antenna
filters in each communication device may similarly be implemented by
computational blocks.

It may be desirable for a first device initiating communication with a second
device to transmit an initial signal or packet to the second device using transmit
delay diversity (TDD) techniques to increase the likelihood that the second device
will receive the initial packet, and therefore be able to beamform back a packet to
the first device. TDD techniques essentially increase the range of the initial packet
and are particularly useful when the channel with the other device is not known,

hence transmit beamforming a signal to that device would not ensure reception by
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the other device. This is the case when transmitting a packet for the first time.

This may be useful when one communication device has not been in
communication with another particular communication device for a significant
period of time. The channel may be different due to a new location of one or both
of the devices and when new objects or obstructions have been placed in the
channel between the devices. Also, an existing communication link may be lost,
and efforts to re-establish it with composite beamforming may not work.

In any event, the initial packet is transmitted, in step 410 of FIG. 4, using
TDD techniques rather than with an arbitrary transmit weight vector. For example,
the AP may transmit the initial packet to a STA using TDD. The initial packet may
be a broadcast packet, such as a beacon in IEEE 802.11 parlance, or a directed
packet. When transmitting an initial packet using TDD, the signal to be transmitted
is multiplied by a transmit weight vector (e.g., filtered by a transmit filter vector)
that performs the TDD function, i.e., x(t + 7). In the general case where the
transmit filter length (LTD) is longer than the number of transmit antennas times,
the number of symbols delayed per antenna (i.e. LTD = N*SD, where SD is the
number of symbols delayed per antenna), then the initial transmit wei ghts would be
wr,p1,i0 = 1/sqrt(N) * e;, where e; is a unit vector with all elements equal to 0 except
the ith element which is 1, where i is the antenna index, fori= 1 to N. For example
e = [1,0,0,....]; &2 =[0,1,0,0,...], &3 =[0,0,1,0,0,...], etc. However, in the case
where LTD <N*SD (which is the case when a single tap filter is used for each
antenna, i.e. LTD = 1, and the device has at least two antennas), there are not
enough taps in the filter to delay the signal using the filter, so a separate input
buffer may be used in advance of each filter (e.g., placing a buffer before each
transmit filter 120 in FIG. 1) to generate a delay. For example, for a two antenna
case, there are two buffers, the first buffer would have the read and write pointers
starting from the same location (implying no delay) whereas the second buffer
would have the read pointer lagging the write pointer by SD symbols (implying SD
symbol delay).

The STA would receive the initial packet sent using TDD, receive match to
the received initial packet and then generate transmit weights (as described above

in conjunction with FIG. 4) from the receive weights used to combine the received
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signals, for transmitting a packet to the AP as shown in step 420. From then on, the

process continues as shown in FIG. 4. That is, the AP receives the packet from the
STA, and will receive match to it (gaining knowledge about the channel) to
compute transmit weights for transmitting to that STA.

The same technique may be used in the reverse direction, whereby the STA
transmits an initial packet to the AP using TDD. For example, in the IEEE 802.11
WLAN example, a STA may turn on and either listen for a beacon from an AP or
transmit a probe request to the AP. If the STA receives a beacon signal, it can
receive match to it, generate a transmit weight vector, and transmit a packet back to
the AP using transmit beamforming, and the process of FIG. 4 will proceed as
described above. On the other hand, if the STA does not wait for a beacon, and
instead transmits a probe request signal to the AP, it will transmit the probe request
signal using TDD to increase the range of the probe request to increase the chance
that the AP will receive it. Then, the AP can receive match, and beamform back to
the STA, and the process of FIG. 4 will proceed as described above.

FIGs. § to 7 show various performance metrics of the iterative scheme.
FIG. 5 shows the loss in SNR of the iterative scheme of FIG. 4 relative to the case
where the channel state is known at the transmitting device (hereinafter called the
“ideal case”). The loss in SNR due to the iterative scheme is less than 2 dB for
more than 90% of channel realizations.

FIG. 6 shows loss in SNR using the equal gain constraint relative in the
ideal case relative to the non-equal gain ideal case. That is, both communication
devices, when transmitting to the other device, constrain the power of the signal at
each antenna to be equal. The loss in SNR for the equal gain case is less than 1 dB
for more than 90% of channel realizations.

FIG. 7 shows the loss in SNR using the equal gain constraint in the iterative
scheme of FIG. 4. The loss in SNR using equal gain is less than 1 dB for more
than 90% of channel realizations.

FIG. 8 shows a more complete exemplary block diagram of a
communication device useful in accordance with the techniques described herein.
The communication devices at both ends of the link , i.e., devices 100 and 200 may

have any known suitable architecture to transmit, receive and process signals. An

PCT/US03/05647
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example of a communication device block diagram is shown in FIG. 8. The

communication device comprises an RF section 310, a baseband section 320 and
optionally a host 330. There are a plurality of antennas, e.g., four antennas 302,
304, 306, 308 coupled to the RF section 310 that are used for transmission and
reception. The RF section 310 has a transmitter (Tx) 312 that upconverts baseband
signals for transmission, and a receiver (Rx) 314 that downconverts received RF
signals for baseband processing. In the context of the composite beamforming
techniques described herein, the Tx 312 upconverts and supplies separately
weighted sigﬁals to corresponding ones of each of the plurality of antennas via
separate power amplifiers. Similarly, the Rx 314 downconverts and supplies
received signals from each of the plurality of antennas to the baseband section 320.
The baseband section 320 performs processing of baseband signals to recover the
information from a received signal, and to convert information in preparation for
transmission. The baseband section 320 may implement any of a variety of
communication formats or standards, such as WLAN standards IEEE 802.11x,
frequency hopping standards such as Bluetooth™, as well as other protocol
standards, not necessarily used in a WLAN. In the case of frequency hopping
systems, the antenna sub-vectors are computed and stored for each frequency in a
frequency hopping sequence.

The intelligence to execute the computations for the composite
beamforming techniques described herein may be implemented in a variety of
ways. For example, a processor 322 in the baseband section 320 may execute
instructions encoded on a processor readable memory 324 (RAM, ROM,
EEPROM, etc.) that cause the processor 322 to perform the composite
beamforming steps described herein. Alternatively, as suggested above, an
application specific integrated circuit (ASIC) may be fabricated with the
appropriate firmware e.g., field programmable gate arrays (FPGAs), configured to
execute the computations described herein. This ASIC may be part of, or the
entirety of, the baseband section 320. For example, the components shown in FIG.
1 as part of the communication devices may be implemented by FPGAs in the
baseband section 320. Still another alternative is for the beamforming

computations to be performed by a host processor 332 (in the host 330) by
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executing instructions stored in (or encoded on) a processor readable memory 334.

The RF section 310 may be embodied by one integrated circuit, and the baseband
section 320 may be embodied by another integrated circuit. The communication
device on each end of the communication link need not have the same device
architecture or implementation.

To summarize, a method is provided for communicating signals between a
first communication device and a second communication device using radio
frequency (RF) communication techniques. At the first communication device
there are steps of generating a transmit filter vector for processing a signal to be
transmitted from the first communication device to the second communication
device, the transmit filter vector comprised of a plurality of transmit filter sub-
vectors defining one or more complex weights associated with a transmit tapped-
delay line filter, each transmit filter sub-vector associated with a corresponding one
of a plurality of antennas of the first communication device and having a length
corresponding to the number taps of the associated transmit tapped-delay line filter;
and applying the transmit filter vector to a signal to be transmitted from the first
communication device to the second communication device.

At the second communication device there are steps of generating a receive filter
matrix from a signal received by the one or more antennas of the second
communication device from the first communication device, the receive filter
matrix comprised of one or more sub-matrices each being a convolution matrix
derived from a receive filter sub-vector, wherein each receive filter sub-vector
defines one or more complex weights associated with a receive tapped-delay line
filter for the one or more antennas of the second communication device;
computing a principal eigenvector of a product of the receive filter matrix and a
Hermitian of the receive filter matrix, the principal eigenvector comprised of one or
more sub-vectors each having a length corresponding to a number of taps of a
transmit tapped-delay line filter associated with the one or more antennas of the
second communication device; deriving from the one or more sub-vectors of the
principal eigenvector one or more transmit filter sub-vectors that form a transmit
filter vector, each transmit filter sub-vector corresponding to the one or more

antennas of the second communication device and defining one or more complex
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weights associated with the transmit tapped-delay line filter for the one or more

antennas of the second communication device; and applying the transmit filter
vector at the second communication device to a signal to be transmitted from the
second communication device to the first communication device. The transmit
filter vector at either or both of the first and second communication devices may be
normalized at each sub-vector so that the total power associated with a transmitted
signal is divided equally among the plurality of antennas of the first communication
device.

Similarly, a method is provided for radio communication between a first
communication device and a second communication device, comprising steps of
generating a transmit filter vector for processing a signal to be transmitted from the
first communication device to the second communication device, the transmit filter
vector comprised of a plurality of transmit filter sub-vectors defining one or more
complex weights associated with a transmit tapped-delay line filter, each transmit
filter sub-vector associated with a corresponding one of a plurality of antennas of
the first communication device and having a length corresponding to the number
taps of the associated transmit tapped-delay line filter; applying the transmit filter
vector to a signal to be transmitted from the first communication device to the
second communication device; generating a receive filter matrix from a signal
received by the plurality of antennas of the first communication device from the
second communication device, the receive filter matrix comprised of a plurality of
sub-matrices each being a convolution matrix derived from a receive filter sub-
vector, wherein each receive filter sub-vector defines one or more complex weights
associated with a receive tapped-delay line filter process for the each of the
plurality of antennas of the first communication device; computing a principal
eigenvector of a product of the receive filter matrix and a Hermitian of the receive
filter matrix, the principal eigenvector comprised of a plurality of sub-vectors each
having a length corresponding to the number of taps of the transmit tapped-delay
line filter process of the first communication device; and updating from the
plurality of sub-vectors of the principal eigenvector the plurality of transmit filter
sub-vectors. This method may be implemented by instructions encoded on a

medium, such as a processor readable medium, or by instructions that program a
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field programmable gate array, or that define a plurality of digital logic gates in

silicon in an integrated circuit.

Further still, a semiconductor device is provided comprising a plurality of
field programmable configured, or fixed digital logic gates defined, to implement: a
plurality of transmit tapped delay-line filters, each associated with a corresponding
one of a plurality of antennas; a plurality of receive tapped delay-line filters, each
associated with a corresponding one of the plurality of antennas; and one or more
computation blocks that generate a transmit filter vector for processing a signal to
be transmitted to another communication device, the transmit filter vector
comprised of a plurality of transmit filter sub-vectors defining one or more
complex weights associated with the transmit tapped-delay line filter, each transmit
filter sub-vector associated with a corresponding one of the plurality of antennas
and having a length corresponding to the number taps of the associated transmit
tapped-delay line filter; apply the transmit filter vector to a signal to be transmitted
from the other communication device; generate a receive filter matrix from a signal
received by the plurality of antennas from the other communication device, the
receive filter matrix comprised of a plurality of sub-matrices each being a
convolution matrix derived from a receive filter sub-vector, wherein each receive
filter sub-vector defines one or more complex weights associated with a receive
tapped-delay line filter process for the each of the plurality of antennas; compute a
principal eigenvector of a product of the receive filter matrix and a Hermitian of the
receive filter matrix, the principal eigenvector comprised of a plurality of sub-
vectors each having a length corresponding to the number of taps of the transmit
tapped-delay line filter process; and update from the plurality of sub-vectors of the
principal eigenvector the plurality of transmit filter sub-vectors. The
semiconductor device may be, for example, an digital application specific
integrated circuit implemented using field programmable gate arrays or digital
logic implementations, such as CMOS digital logic.

The above description is intended by way of example only.
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‘What is claimed is:

1.

A method for communicating signals between a first communication device

and a second communication device using radio frequency (RF)

communication techniques, comprising:

a. at the first communication device:

L

ii.

generating a transmit filter vector for processing a signal to be
transmitted from the first communication device to the second
communication device, the transmit filter vector comprised of a
plurality of transmit filter sub-vectors defining one or more
complex weights associated with a transmit tapped-delay line
filter, each transmit filter sub-vector associated with a
corresponding one of a plurality of antennas of the first
communication device and having a length corresponding to the
number taps of the associated transmit tapped-delay line filter;
and

applying the transmit filter vector to a signal to be transmitted
from the first communication device to the second

communication device;

b. at the second communication device:

i

il.

generating a receive filter matrix from a signal received by the
one or more antennas of the second communication device from
the first communication device, the receive filter matrix
comprised of one or more sub-matrices each being a convolution
matrix derived from a receive filter sub-vector, wherein each
receive filter sub-vector defines one or more complex weights
associated with a receive tapped-delay line filter for the one or
more antennas of the second communication device;

computing a principal eigenvector of a product of the receive
filter matrix and a Hermitian of the receive filter matrix, the
principal eigenvector comprised of one or more sub-vectors each

having a length corresponding to a number of taps of a transmit
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tapped-delay line filter associated with the one or more antennas

of the second communication device;

iii. deriving from the one or more sub-vectors of the principal
eigenvector one or more transmit filter sub-vectors that form a
transmit filter vector, each transmit filter sub-vector
corresponding to the one or more antennas of the second
communication device and defining one or more complex
weights associated with the transmit tapped-delay line filter for
the one or more antennas of the second communication device;
and

iv. applying the transmit filter vector at the second communication
device to a signal to be transmitted from the second
communication device to the first communication device.

2. The method of claim 1, wherein the step of generating the transmit filter
vector at the first communication device further comprises normalizing
each sub-vector of the transmit filter vector so that the total power
associated with a transmitted signal is divided equally among the plurality
of antennas of the first communication device.

3. The method of claim 1, wherein the step of deriving the one or more
transmit filter sub-vectors for the second communication device comprises
equating each transmit filter sub-vector to the corresponding sub-vector of
the principal eigenvector.

4. The method of claim 1, wherein the step of deriving the one or more
transmit filter sub-vectors at the second communication device further
comprises computing the norm of each of a plurality of sub-vectors of the
principal eigenvector and dividing each sub-vector of the principal
eigenvector by the norm and by the square root of the number of plurality of
antennas of the second communication device so that the power of the
signal transmitted by the second communication device is divided equally
among the plurality of antennas of the first communication device.

5. The method of claim 1, and further comprising at the first communication

device steps of:
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iii. generating a receive filter matrix from a signal received by the

plurality of antennas of the first communication device from the
second communication devfce, the receive filter matrix comprised of
a plurality of sub-matrices each being a convolution matrix derived
from a receive filter sub-vector, wherein each sub-vector defines one
or more complex weights associated with a receive tapped-delay
line filter for a corresponding one of the plurality of antennas of the
first communication device,

iv. computing a principal eigenvector of a product of the receive filter
matrix and a Hermitian of the receive filter matrix, the principal
eigenvector comprised of a plurality of sub-vectors each having a
length corresponding to the number of taps of the transmit tapped-
delay line filter of the first communication device; and

V. updating from the plurality of sub-vectors of the principal
eigenvector the plurality of transmi‘lt filter sub-vectors.

6. The method of claim 5, and further comprising repeating steps (iii) through
(v) at the first communication device and steps (i) through (iv) at the second
communication device for signals transmitted between the first and second
communication devices, to converge to transmit filter vectors at the first and
second communication devices that optimize the signal-to-noise ratio of
signals communicated between them.

7. The method of claim 5, wherein the step of updating the transmit filter sub-

. vectors of the first communication device comprises equating each transmit
filter sub-vector to the corresponding sub-vector of the principal
eigenvector computed by the first communication device.

8. The method of claim 5, wherein the step of updating the transmit filter sub-
vectors of the first communication device comprises computing the norm of
each of a plurality of sub-vectors of the principal eigenvector and dividing
each sub-vector of the principal eigenvector by the norm and by the square
root of’ the number of plurality of antennas of the first communication

device.
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The method of claim 1, wherein the step of generating the transmit filter

vector for transmitting an initial signal from the first communication device

to the second communication device comprises generating a transmit filter

vector to perform transmit delay diversity on the initial signal when applied
to the initial signal for transmission to the second communication device.

A method for radio communication between a first communication device

and a second communication device, comprising:

a. generating a transmit filter vector for processing a signal to be
transmitted from the first communication device to the second
communication device, the transmit filter vector comprised of a
plurality of transmit filter sub-vectors defining one or more complex
weights associated with a transmit tapped-delay line filter, each transmit
filter sub-vector associated with a corresponding one of a plurality of
antennas of the first communication device and having a length
corresponding to the number taps of the associated transmit tapped-
delay line filter;

b. applying the transmit filter vector to a signal to be transmitted from the
first communication device to the second communication device;

c. generating a receive filter matrix from a signal received by the plurality
of antennas of the first communication device from the second
communication device, the receive filter matrix comprised of a plurality
of sub-matrices each being a convolution matrix derived from a receive
filter sub-vector, wherein each receive filter sub-vector defines one or
more complex weights associated with a receive tapped-delay line filter
process for the each of the plurality of antennas of the first
communication device;

d. computing a principal eigenvector of a product of the receive filter
matrix and a Hermitian of the receive filter matrix, the principal
eigenvector comprised of a plurality of sub-vectors each having a length
(;orresponding to the number of taps of the transmit tapped-delay line

filter process of the first communication device; and
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e. updating from the plurality of sub-vectors of the principal eigenvector

the plurality of transmit filter sub-vectors.

11. The method of claim 10, wherein the step of updating comprises equating
each transmit filter sub-vector to the corresponding sub-vector of the
principal eigenvector.

12. The method of claim 10, wherein the step of updating further comprises
computing the norm of each of a plurality of sub-vectors of the principal
eigenvector and dividing each sub-vector of the principal eigenvector by the
norm and by the square root of the number of plurality of antennas of the
first communication device so that the power of the signal transmitted by
the first communication device is divided equally among the plurality of
antennas of the first communication device.

13.  The method of claim 10, and further comprising repeating steps (c) through
(e) for each signal received at the first communication device from the
second communication device to update the transmit filter vector at the first
communication device for transmission of signals from the first
communication device to the second communication device.

14, The method of claim 10, wherein the step of generating the transmit filter
vector for transmitting an initial signal from the first communication device
to the second communication device comprises generating a transmit filter
vector to perform transmit delay diversity on the initial signal when applied
to the initial signal for transmission to the second communication device.

15. A medium encoded with instructions that, when executed, perform a
method comprising the steps of:

a. generating a transmit filter vector for processing a signal to be
transmitted from a first communication device to a second
communication device, the transmit filter vector comprised of a
plurality of transmit filter sub-vectors defining one or more complex
weights associated with a transmit tapped-delay line filter, each transmit
filter sub-vector associated with a corresponding one of a plurality of

antennas of the first communication device and having a length
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corresponding to the number taps of the associated transmit tapped-

delay line filter;

b. applying the transmit filter vector to a signal to be transmitted from the

first communication device to the second communication device;

c. generating a receive filter matrix from a signal received by the plurality
of antennas of the first communication device from the second
communication device, the receive filter matrix comprised of a plurality
of sub-matrices each being a convolution matrix derived from a receive
filter sub-vector, wherein each receive filter sub-vector defines one or
more complex weights associated with a receive tapped-delay line filter
process for the each of the plurality of antennas of the first
communication device;

d. computing a principal eigenvector of a product of the receive filter
matrix and a Hermitian of the receive filter matrix, the principal
eigenvector comprised of a plurality of sub-vectors each having a length
corresponding to the number of taps of the transmit tapped-delay line
filter process of the first communication device; and

e. updating from the plurality of sub-vectors of the principal eigenvector
the plurality of transmit filter sub-vectors.

The medium of claim 15, wherein the instructions encoded on the medium

for performing the step of updating comprises instructions for equating each

transmit filter sub-vector to the corresponding sub-vector of the principal
eigenvector.

The medium of claim 15, wherein the instructions encoded on the medium

for performing the step of updating further comprise instructions that

compute the norm of each of a plurality of sub-vectors of the principal
eigenvector and divide each sub-vector of the principal eigenvector by the
norm and by the square root of the number of plurality of antennas of the
first communication device so that the power of the signal transmitted by
the first communication device is divided equally among the plurality of

antennas of the first communication device.
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The medium of claim 15, and further comprising instructions that repeat

steps (c) through (d) for each signal received at the first communication

device from the second communication device to update the transmit filter

vector at the first communication device for transmission of signals from
the first communication device to the second communication device.

The medium of claim 15, wherein the instructions encoded on the medium

define digital logic gates that perform the computations of steps (a) through

(e).

The medium of claim 15, wherein the instructions are processor readable

instructions, that when executed by a processor, cause the processor to

perform steps (a) through (e).

A communication device comprising the medium of claim 15, and further

comprising:

a. transmitter to be coupled to the plurality of antennas to upconvert
transmit signals for transmission via respective ones of the plurality of
antennas; and

b. areceiver to be coupled to the plurality of antennas to downconvert
signals received by the plurality of antennas.

The medium of claim 15, wherein the instructions encoded on the medium

for generating the transmt filter vector for transmitting an initial signal

from the first communication device to the second communication device
comprises instructions for generating a transmit filter vector to perform
transmit delay diversity on the initial signal when applied to the initial
signal for transmission to the second communication device.

A semiconductor device comprising a plurality of gates configured to

implement:

a. aplurality of transmit tapped delay-line filters, each associated with a
corresponding one of a plurality of antennas;

b. aplurality of receive tapped delay-line filters, each associated with a
corresponding one of the plurality of antennas;

c. one or more computation blocks that:
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i. generate a transmit filter vector for processing a signal to be

transmitted to another communication device, the transmit filter
vector comprised of a plurality of transmit filter sub-vectors
defining one or more complex weights associated with the
transmit tapped-delay line filter, each transmit filter sub-vector
associated with a corresponding one of the plurality of antennas
and having a length corresponding to the number taps of the
associated transmit tapped-delay line filter;

ii. apply the transmit filter vector to a signal to be transmitted from
the other communication device;

iii. generate a receive filter matrix from a signal received by the
plurality of antennas from the other communication device, the
receive filter matrix comprised of a plurality of sub-matrices
each being a convolution matrix derived from a receive filter
sub-vector, wherein each receive filter sub-vector defines one or
more complex weights associated with a receive tapped-delay
line filter process for the each of the plurality of antennas;

iv. compute a principal eigenvector of a product of the receive filter
matrix and a Hermitian of the receive filter matrix, the principal
eigenvector comprised of a plurality of sub-vectors each having
a length corresponding to the number of taps of the transmit
tapped-delay line filter process; and

v. update from the plurality of sub-vectors of the principal
eigenvector the plurality of transmit filter sub-vectors.
The semiconductor device of claim 23, wherein the computation blocks
update the plurality of transmit sub-vectors by equating each transmit filter
sub-vector to the corresponding sub-vector of the principal eigenvector.
The semiconductor device of claim 23, wherein the computation blocks
update the plurality of transmit sub-vectors by computing the norm of each
of a plurality of sub-vectors of the principal eigenvector and dividing each

sub-vector of the principal eigenvector by the norm and by the square root
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of the number of the plurality of antennas so that the power of the signal

transmitted is divided equally among the plurality of antennas.

26. A radio communication device comprising the semiconductor device of
claim 23, and further comprising:

a. aplurality of antennas;

b. transmitter to be coupled to the plurality of antennas to upconvert
transmit signals for transmission via respective ones of the plurality of
antennas; and

c. areceiver to be coupled to the plurality of antennas to downconvert
signals received by the plurality of antennas.

27.  The semiconductor device of claim 23, wherein the computation blocks that
generate the transmit filter vector for processing an initial signal for
transmission from the first communication device to the second
communication device define a transmit filter vector that performs transmit
delay diversity on the initial signal when processing the initial signal for
transmission from the first communication device to the second

communication device.
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