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(57) ABSTRACT

[An equal gain composite beamforming technique which
includes the constraint that the power of the signal output by
cach antenna 1s the same, and 1s equal to the total power of
the transmit signal divided by the number N of transmit
antennas from which the signal 1s to be transmitted. By
reducing output power requirements for each power ampli-
fier, the silicon area of the power amplifiers are reduced by
as much as N times (where N 1s equal to the number of
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transmit antennas) relative to a non-equal gain composite
(51) Int. CL. beamforming technique.] A method and apparatus arve dis-
HOI1Q 3/28 (2006.01) closed for a transmission technique by a wireless commu-
(52) U.S. CL nications device which includes providing that the power
CPC e, H010 3/28 (2013.01) applied to each transmit antenna may be equal to the total
(58) Field of Classification Search power of the transmit signal divided by the number N of
CPC e, HO4B 7/02; HO1Q 3/28 transmit antennas from which the signal is to be transmitted.
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The device may determine a total transmit power and
produce a multi-carrier signal for transmission. Accord-
ingly, the device may apply a power to each of the N transmit
antennas, for the multicarrier signal, which is equal to the
total transmit power divided by N. Further, the device may
produce a weight for each of the N transmit antennas used.
The device may weight the multi-carrvier signal for each
antenna per the produced weight. Each transmit antenna

signal may be amplified by an amplifier coupled to that
anienna.

(60)

(58)

(56)
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SYSTEM AND METHOD FOR ANTENNA
DIVERSITY USING EQUAL POWER JOINT
MAXIMAL RATIO COMBINING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

Notice: More than one reissue application has been filed
for the reissue of UJS. Pat. No. 7,851,674. The reissue
applications are reissue application Ser. No. 13/755,945
which reissued as U.S. Pat. No. RE45,425 on Mar. 17, 2013,
reissue application Sev. No. 14/563,231 which reissued as
U.S. Pat. No. RE46,750 on Mar. 6, 2018, and the present
application.

[This application is a continuation of U.S. application Ser.
No. 10/800,610, filed Mar. 15, 2004, which 1s a continuation

of U.S. application Ser. No. 10/174,689, filed Jun. 19, 2002,
pending, which in turn claims priority to U.S. Provisional
Application No. 60/361,0335, filed Mar. 1, 2002, to U.S.
Provisional Application No. 60/365,797 filed Mar. 21, 2002,
and to U.S. Provisional Application No. 60/380,139, filed
May 6, 2002. The entirety of each of the alorementioned
applications are incorporated herein by reference.]

CROSS-REFERENCE 10O RELATED
APPLICATIONS

This application is a continuation reissue of U.S. patent

application Ser. No. 14/563,231 filed Dec. 8, 2014, which
reissued as U.S. Pat. No. RE46,750 on Mar. 6, 2018, which
is a continuation reissue of U.S. patent application Ser. No.
13/755,945 filed Jan. 31, 2013, which reissued as U.S. Pat.
No. RE45,425 on Mar. 17, 2015, which is a reissue appli-
cation of U.S. patent application Ser. No. 11/879,156 filed
Jul. 16, 2007, which issued as U.S. Pat. No. 7,881,674 on
Feb. 1, 2011, which is a continuation of U.S. patent appli-
cation Ser. No. 10/800,610 filed Mar. 15, 2004, which issued
as US. Pat. No. 7,245 881 on Jul. 17, 2007, which is a
continuation of U.S. patent application Sev. No. 10/174,659
filed Jun. 19, 2002, which issued as U.S. Pat. No. 6,785,520
on Aug. 31, 2004, which claims the benefit of U.S. Provi-
sional Application Ser. No. 60/361,055 filed Mar. 1, 2002,
U.S. Provisional Application Ser. No. 60/365,797 filed Mar.
21, 2002, and U.S. Provisional Application Ser. No. 60/380,
139 filed May 6, 2002, the contents of which are hereby

incorporated by reference herein.

BACKGROUND OF THE INVENTION

The present invention 1s directed to an antenna (spatial)
processing useful 1n wireless communication applications,
such as short-range wireless applications.

Composite Beamforming (CBE) 1s an antenna processing,
technique 1n 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. Similarly, the second communication
device weights and combines the received signals received
by 1ts antennas. A multiple-input/multiple-output (MIMO)
optimized communication system 1s defined by CBF. The
transmit weights and receive weights are determined to

2

optimize the link margin between the devices, thereby

significantly extending the range of communication between

the two communication devices. Techniques related to com-

posite beamforming are the subject matter of above-identi-
> fied commonly assigned co-pending application.

There 1s room for still further enhancing this CBF tech-
nique to optimize cost and implementation issues at the
expense of only slight degradation 1n performance. Such a
solution 1s extremely valuable in manufacturing a cost-

" effective integrated circuit solution.

SUMMARY OF THE INVENTION

An equal gain composite beamforming technique 1s pro-
vided that adds the constraint that the power of the signal
output by each of the plurality of transmit antennas is the
same, and 1s equal to the total power of the transmait signal
divided by the number N of transmit antennas from which
»o the signal 1s to be transmitted. This reduces output power

requirements at each antenna. /n an example, the signal may

be a multi-carrier signal. Further, a weight may be produced

for each of the N transmit antennas. By reducing output

power requirements for each power amplifier, the silicon
25 area of the power amplifiers are reduced by as much as N
times (where N 1s the number of transmit antennas) relative
to non-equal gain CBF. Many implementation advantages
are achieved by equal gain CBF, including savings 1n silicon,
power requirements, etc.

Moreover, an amplifier may be used to amplify a signal.
Also, the multi-carvier signal may be an orthogonal fre-
quency division multiplex signal, in an example. In addition,
the multi-carrier signal may have a plurality of K subcar-
riers. In a further example, a power may be applied to each
of the K subcarriers per antenna which is equal to the total
transmit power divided by KN. Further, the multi-carvier
signal may be weighted for each of the N antennas per the
produced weight. In vet a further example, each weight may
40 vary with a sub-band. Additionally, the multi-carrier signal

may be transmitted on an uplink channel. In still another
example, the total transmit power may be scaled. The
multi-carrvier signal may be filtered in another example.
The above and other objects and advantages will become
45 more readily apparent when reference 1s made to the fol-
lowing description taken in conjunction with the accompa-
nying drawings.

15

30

35

BRIEF DESCRIPTION OF THE DRAWINGS

50
FIG. 1 1s a block diagram of two communication devices
performing equal gain composite beamiorming.
FIG. 2 shows frequency dependent weights for two anten-
nas that are frequency shaped, but not equal gain.
55  FIG. 3 shows equal gain frequency dependent weights for
two antennas.
FIG. 4 1s a block diagram of a communication device
capable of performing equal gain composite beamiorming.
FIG. 5 1s a flow diagram showing an adaptive algorithm
60 to obtain equal gain transmit antenna weights for first and
second communication devices in communication with each
other.
[F1G.6] FIG. 6 is a graphical diagram illustrating conver-
gence of the adaptive algorithm shown in FIG. 5.
65  FIG. 7 1s a graphical diagram illustrating a performance
comparison between equal gain composite beamiorming
and non-equal gain composite beamiforming.
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FIG. 8 1s a block diagram of a composite beamiorming
transmission process for a multi-carrier baseband modula-

tion scheme.

FIG. 9 1s a block diagram of a composite beamiorming,
reception process for a multi-carrier baseband modulation
scheme.

FIG. 10 1s a block diagram of a composite beamiorming,
transmission process for a single carrier baseband modula-
tion scheme.

FIG. 11 1s a block diagram of a composite beamiorming,
reception process for a single carrier baseband modulation
scheme.

FI1G. 12 1s a flow diagram for a process that 1s useful when
one device on the communication link 1s composite beam-
forming capable and the other device uses antenna selection
diversity capable.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring first to FIG. 1, a system 10 1s shown 1n which
a first communication device and a second communication
device 200 communicate with each other using radio fre-
quency (RF) communication techniques. The devices use
composite beamforming techniques when communicating
with each other. In particular, communication device 100 has
N plurality of antennas 110 and communication device 200
has M plurality of antennas 210. According to the composite
beamforming (CBF) technique also described 1n the afore-
mentioned co-pending application filed on even date, when
communication device 100 transmits a signal to communi-
cation device 200, it applies to (1.e., multiplies or scales) a
baseband signal s to be transmitted a transmit weight vector
associated with a particular destination device, e.g., com-
munication device 200, denoted w,, ;. Similarly, when com-
munication device 200 transmits a baseband signal s to
communication device 100, it multiplies the baseband sig-
nals by a transmit weight vector w, ,, associated with
destination communication device 100. The (MxN) fre-
quency dependent channel matrix from the N plurality of
antennas of the first communication device 100 to M plu-
rality of antennas of the second communication device 200
1s H(k), and the frequency dependent communication chan-
nel (NxM) matrix between the M plurality of antennas of the
second communication device and the N plurality of anten-
nas of the first communication device is H(k).

The transmit weight vectors w,,_;, and [w,.] w, , each
comprises a plurality of transmit weights corresponding to
cach of the N and M antennas, respectively. Each transmit
weight 1s a complex quantity. Moreover, each transmit
welght vector 1s frequency dependent; it may vary across the
bandwidth of the baseband signal s to be transmitted. For
example, 1f the baseband signal s 1s a multi-carrier signal of
K sub-carriers, each transmit weight for a corresponding
antenna varies across the K sub-carriers. Similarly, if the
baseband signal s 1s a single-carrier signal (that can be
divided or synthesized into K frequency sub-bands), each
transmit weight for a corresponding antenna varies across
the bandwidth of the baseband signal. Therefore, the trans-
mit weight vector 1s dependent on frequency, or varies with
frequency sub-band/sub-carrier k, such that [w, ] w,.
becomes w,_ (1), or more commonly referred to as w_(k),
where k 1s the frequency sub-band/sub-carrier index.

While the terms frequency sub-band/sub-carrier are used
herein 1n connection with beamforming 1 a frequency
dependent channel, 1t should be understood that the term
“sub-band” 1s meant to include a narrow bandwidth of
spectrum forming a part of a baseband signal. The sub-band
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may be a single discrete frequency (within a suitable fre-
quency resolution that a device can process) or a narrow
bandwidth of several frequencies.

The receiving communication device also weights the
signals received at i1ts antennas with a receive antenna
weight vector w__ (k). Communication device 100 uses a
receive antenna weight vector w, (k) when receiving a
transmission from communication device 200, and commu-
nication device 200 uses a receirve antenna weight vector
W, »(k) when recerving a transmission from communication
device 100. The recerve antenna weights of each vector are
matched to the received signals by the receiving communi-
cation device. The receive weight vector may also be
frequency dependent.

Generally, transmit weight vector w,_; comprises a plu-
rality of transmit antenna weights w,_ , =B, (k)e"®" "%,
where [3, (k) 1s the magnitude of the antenna weight, ¢1,1,(k)
1s the phase of the antenna weight, 11s the antenna index, and
k 1s the frequency sub-band or sub-carrier index (up to K
frequency sub-bands/sub-carriers). The subscripts tx,1
denote that 1t 1s a vector that commumnication device 100 uses
to transmit to communication device 2. Similarly, the sub-
scripts tx,2 denote that 1t 1s a vector that communication
device 200 uses to transmit to communication device 100.

Under the constraint of an equal gain composite beam-
torming (EGCBF) process, the power of the transmit signal
output by each transmit antenna 1s the same, and 1s equal to
the total power associated with the transmit signal (P, )
divided by the number of transmit antennas. Thus, for
communication device 100, that 1s P, /N. For communica-
tion device 200, that 1s P, /M. Consequently, each power
amplifier associated with an antenna need only support 1/N
of the total output power. Example: For N=4, P_ =17 dBm,
cach power amplifier need only support a max linear output
power of 17-10log(4)=11 dBm. Thus, whereas for non-
equal gain composite beamforming each power amplifier
must support to the total transmit power, such is not the case
for equal gain beamforming. The equal-gain constraint
makes the power amplifier design much simpler. Equal gain
CBF performs very close to non-equal gain CBF (within 1-2
dB), but costs significantly less to implement in terms of
power amplifier requirements and affords the opportunity to
deploy the power amplifiers on the same silicon integrated
circuit as the RF circuitry.

When considering a frequency dependent communication
channel, the EGCBF constraint implies that for each and
every antenna 1, the sum of the power Iwm.(k)l2 of the
antenna signal across all of frequencies of the baseband
signal (the frequency sub-bands or sub-carrier frequencies
k=1 to K) 1s equal to P, /N. Thuis 1s the equal gain constraint
applied to a frequency dependent channel represented by K
sub-carrier frequencies or frequency sub-bands.

An additional constraint can be imposed on the frequency
dependent equal gain constraint explained above. This addi-
tional constraint 1s a frequency shaping constraint which
requires that at each frequency of the baseband signal to be
transmitted (e.g., frequency sub-band or frequency sub-
carrier k), the sum of the power of signals across all of the
transmit antennas (1w, ,(k)I* for i=1 to N) is equal to P, /K.
This constraint 1s usetul to ensure that, 1n an 1terative process
between two communication devices, the transmit weights
of the two devices will converge to optimal values. An
additional benefit of this constraint 1s that the transmitting
device can easily satisly spectral mask requirements of a
communication standard, such as IFEE 802.11x.

One solution to a system that combines the frequency
selective equal gain constraint and the frequency shaping
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constraint 1s that Iwmi(k)IZZPtx/ (KN). This solution says that
the magnitude of each transmit antenna weight 1s P, /(KN).
If the transmit weight vector 1s normalized to unity, 1.e.,
divided by [P,/(KN)]"?, then the vectors for all of the
antennas across all of the k frequency sub-bands becomes a
NxK matrix of phase values ¢, where i is the antenna
index and k 1s the sub-band/sub-carrier index.

odP1l  Lje2l g3l eV
efP12 olPV2
ol P13 WA
eJPIRK o JPZK L gP3K L JENK

FIG. 2 shows the magnitude of the antenna weights 1n a
2-antenna example that satisiy the frequency shaping con-
straint but not the equal gain constraint. The magnitude of
the antenna weights for the two antennas at each of three
exemplary frequency sub-bands (k, k+1, k+2) are shown.
The sum of the magnitude of the antenna weights of both
antennas at any of the frequency sub-bands shown adds to a
constant value, P, /K.

FIG. 3 shows the magnitude of the antenna weights in the
2-antenna example that satisty the equal gain constraint and
the frequency shaping constraint. In this example, the total
power at antenna 1 (1.e., the total area under the weight curve
across k frequency sub-bands) 1s P/2 (N=2 1n the example)
and the total power of the antennas at any Irequency
sub-band k 1s P/K. Thus, the power or magmtude of the
transmit antenna weight for any given antenna i1s equal
(constant) across the bandwidth of the baseband signal, and
1s equal to P/(KN) for all k. In other words, at each antenna,
the power 1s equally distributed across the bandwidth of the
baseband signal.

For EGCBFE, the optimization problem becomes

argmax{w"__ (K H*(&Hk)w, (&)}, subject to

W, (])1“=P ./ (NK). (1)

A closed-form solution to equation (1) 1s difficult to obtain
since 1t requires the solution of a non-linear system of
equations. However, the following necessary conditions for
the solution to (1) have been derived and are given below:

Optimal w, _satisfies w,_=kHw__ for some nonzero con-
stant k.

Optimal w,_ satisfies Im(A*H”"He®)=0, A=diag(e’®",
e, .., w, ==, &, L, "N One
solution to equation (1) 1s an adaptive algorithm for EGCBF.
Although the algorithm 1s not necessarily optimal in terms of
solving equation (1), 1t 1s simple to implement and simula-
tions have verified that 1t converges reliably at the expense
of only a 1-2 dB performance penalty relative to non-equal
gain CBF. This adaptive algorithm 1s described hereinafter
in conjunction with FIG. 5.

The communication devices at both ends of the [link ,]
link, 1.e., devices 100 and 200 may have any known suitable
architecture to transmit, receive and process signals. An
example of a communication device block diagram 1s shown
in FIG. 4. The communication device 300 comprises an RF
section 310, a baseband section [420] 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 device may
have only two antennas. The RF section 310 has a trans-
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mitter (Ix) 312 that upconverts baseband signals for trans-
mission, and a recerver (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 signals to
corresponding ones of each of the plurality of antennas via
separate power amplifiers for simultaneous transmission.
Similarly, the Rx 314 downconverts and supplies received
signals from each of the plurality of antennas to the base-
band section 320. The baseband section 320 performs pro-
cessing of baseband signals to recover the information from
a recerved signal, and to convert information 1n preparation
for transmission. The baseband section 320 may implement
any of a variety ol communication formats or standards,
such as WLAN standards IEEE 802.11x, Bluetooth™, as
well as other standards.

The intelligence to execute the computations for the
composite beamiorming techniques described herein may be
implemented 1n a variety of ways. For example, a processor
322 1in 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 beamiorming steps described herein. Alterna-
tively, an application specific integrated circuit (ASIC) may
be configured with the appropriate firmware, e.g., field
programmable gates that implement digital signal process-
ing instructions to perform the composite beamiorming
steps. This ASIC may be part of, or the entirety of, the
baseband section 320. Still another alternative 1s for the
beamiorming computations to be performed by a host pro-
cessor 332 (in the host 330) by executing instructions stored
in (or encoded on) a processor readable memory 334. The
RF section 310 may be embodied by one integrated circuat,

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.

Regardless of the specific implementation chosen, the
composite beamforming process 1s generally performed as
follows. A transmit weight vector (comprising a plurality of
complex transmit antenna weights corresponding to the
number of transmit antennas) 1s applied to, 1.e., scaled or
multiplied by, a baseband signal to be transmitted, and each
resulting weighted signal 1s coupled to a transmitter where
it 1s upconverted, amplified and coupled to a corresponding
one of the transmit antennas for simultaneous transmission.
At the communication device on the other end of the link,
the transmit signals are detected at each of the plurality of
antennas and downconverted to a baseband signal. Each
baseband signal 1s multiplied by a corresponding one of the
complex recerve antenna weights and combined to form a
resulting receive signal. The architecture of the RF section
necessary to accommodate the beamforming techniques
described herein may vary with a particular RF design, and
many are known 1n the art and thus 1s not described herein.

With reference to FIG. 5, an adaptive procedure 400 for
determining near optimum transmit antenna weight vectors
for first and second communication devices will be
described. The antenna weight parameters in FIG. 4 are
written with indexes to retlect communication between a
WLAN access point (AP) and a station (STA), but without
loss of generality, it should be understood that this process
1s not limited to WLAN application, but 1s useful 1n any
short-range wireless application. The AP has Nap antennas
and the STA has Nsta antennas. Assuming the AP begins
with a transmission to the STA, the initial AP transmait
weight vector w,,» (k) 1s [1,1, . . . 1], equal gain and
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normalized by 1/(Nap)'’* for all antennas and all frequency
sub-bands/sub-carriers k. Phase for the transmit antenna
weights 1s also 1nitially set to zero. The index T indicates it
1s a transmit weight vector, index AP indicates 1t 1s an AP
vector, index O 1s the 1teration of the vector, and (k) indicates
that 1t 1s frequency sub-band/sub-carrier dependent. The
index 1 1s the antenna index. The transmit weight vectors
identified 1n FIG. 5 form an N x K matrix explained above.

In step 410, a baseband si1gnal 1s scaled by the mnitial AP
transmit weight vector w, , » ,(k), upconverted and trans-
mitted to the STA. The transmitted signal 1s altered by the
frequency dependent channel matrix H(k) from AP-STA.
The STA receives the signal and matches 1ts 1nitial recerve
weight vector wy oy o(K) to the signals received at its
antennas. In step 420, the STA gain normalizes the receive
weight vector Wy o, o(K) and computes the conjugate of
gain-normalized receive weight vector to generate the STA’s
initial transmit weights for transmitting a signal back to the
AP. The STA scales the signal to be transmitted to the AP by
the 1nitial transmit weight vector, upconverts that signal and
transmits 1t to the AP. Computing the conjugate for the
gain-normalized vector means essentially co-phasing the
receive weight vector (1.e., phase conjugating the receive
weight vector). The transmitted signal 1s effectively scaled
by the frequency dependent channel matrix H” (k). At the AP,
the receive weight vector 1s matched to the signals received
at 1its antennas. The AP then computes the conjugate of the
gain-normalized receive weight vector as the next transmuit
weight vector w,,»,(K) and 1n step 430 transmits a signal
to the STA with that transmit weight vector. The STA
receives the signal transmitted from the AP with this next
transmit weight vector and matches to the received signals
to compute a next recerve weight vector wy o, (k). Again,
the STA computes the conjugate of the gain-normalized
receive weight vector wy o, (k) as 1ts next transmit weight
vector W o7, (k) for transmitting a signal back to the AP.
This process repeats for several iterations, ultimately con-
verging to transmit weight vectors that achieve nearly the
same performance as non-equal gain composite beamiorm-
ing. This adaptive process works even 11 one of the devices,
such as a STA, has a single antenna for transmission and
reception. In addition, throughout the adaptive process, the
frequency shaped constraint may be maintained so that for
cach antenna, the transmit antenna weight 1s constant across
the bandwidth of the baseband signal.

FIG. 6 shows that the adaptive algorithm converges to
performance loss that 1s less than 1 dB with 95% probabaility
after 3-4 1terations. FIG. 7 shows simulation results that
indicate that the performance degradation compared to the
non-equal gain composite beamiorming case 1s only 1-2 dB.

Each communication device stores the transmit antenna
welghts determined to most effectively communicate with
cach of the other communication devices that it may com-
municate with. The transmit antenna weights may be deter-
mined according to the adaptive algorithm described above.
When storing the transmit weights of a transmit weight
vector, 1 order to conserve memory space in the commu-
nication device, the device may store, for each antenna,
welghts for a subset or a portion of the total number of
weights that span the bandwidth of the baseband signal. For
example, 1f there are K weights for K frequency sub-bands
or sub-carrier frequencies, only a sampling of those weights
are actually stored, such as weights for every other, every
third, every fourth, etc., k sub-band or sub-carrier. Then, the
stored subset of transmit weights are retrieved from storage
when a device 1s to commence transmission of a signal, and
the remaining weights are generated by interpolation from
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the stored subset of weights. Any suitable interpolation can
be used, such as linear interpolation, to obtain the complete
set of weights across the K sub-bands or sub-carriers for
cach antenna.

With reference to FIG. 8, a beamforming transmission
process 500 1s shown for a multi-carrier baseband modula-
tion scheme. For a multi-carrier modulation system, such as
an orthogonal frequency division multiplexed (OFDM) sys-
tem used in IEEE 802.11a, the data symbols are in the
frequency domain. K symbols are assigned to K sub-carriers
(K=52 for 802.11a). For convenience, each of the transmit
antenna weights are described as a function of (k), the
sub-carrier frequency. The equal gain transmit antenna
weights are computed by any of the processes described
herein at each of the sub-carrier frequencies. There 1s a
signal processing path for each of the N antennas. In each
signal processing path, a multiplier 510 multiplies the fre-
quency domain symbol s(k) by the corresponding equal-gain
transmit antenna weight w, (k) and because w,_ (k) has K
values, there are K results from the multiplication process.
The results are stored 1 a bufler 520 for k=1 to K. An
inverse Fast Fourier Transform (IFFT) 330 1s coupled to the
bufler to convert the frequency domain results stored in
bufler 520 to a digital time domain signal for each of the K
sub-carriers. There may be some adjustment made for cyclic
prefixes caused by the OFDM process. A filter 540 provides
lowpass filtering of the result of the IFFT process. The
digital results of the filtering process are converted to analog
signals by a D/A 550. The outputs of the D/A 550 are
coupled to RF circuitry 560 that upconverts the analog
signals to the appropniate RF signal which 1s coupled via a
power amplifier (PA) 570 to one of the N antennas 580. In
this manner, for each antenna 580, the signal s(k) 1s multi-
plied by respective transmit antenna weights whose phase
values may vary as a function of the sub-carrier frequency
k.

FIG. 9 shows a reception process 600 that 1s essentially
the inverse of the transmission process 500 shown 1n FIG. 8.
There 1s a signal processing channel for each of the antennas
580. RF circuitry 610 downconverts the RF signals detected
at each antenna 580 for each of the sub-carriers. An A/D 620
converts the analog signal to a digital signal. A lowpass filter
630 filters the digital signal. There may be some adjustment
made for cyclic prefixes caused by the OFDM process. A
bufler 640 stores the time domain digital signal 1 slots
associated with each sub-carrier frequency k. An FFT 650
converts the time domain digital signal in builer 640 to a
frequency domain signal corresponding to each sub-carrier
frequency k. The output of the FFT 650 1s coupled to a
multiplier 660 that multiplies the digital signal for each
sub-carrier k by a corresponding receive antenna weight
w,_ (k) for the corresponding one of the N antennas. The
outputs of each of the multipliers 660 are combined by an
adder [670] to recover the digital frequency domain symbol
s(k). The signal s(k) 1s then mapped back to symbol b(k).

FIGS. 10 and 11 show transmission and reception pro-
cesses, respectively, that are applicable to a single-carrier
baseband modulation scheme, such as that used by the IEEE
802.11b standard. The data symbols in such a system are [m]
in the time domain. FIG. 10 shows a beamiforming trans-
mission process 700. Since 1n a frequency dependent chan-
nel, the transmit antenna weights are frequency dependent,
the passband of the time-domain baseband signal 1s synthe-
s1zed 1nto frequency bins or sub-bands (K bins or sub-bands)
and equal gain transmit beamforming weights are computed
for each frequency bin using any of the processes described
herein. There are processing channels for each antenna. In




US RE47,732 E

9

cach processing channel, transmuit filters 710 are synthesized
with the frequency response specified by the beamiorming
weights. Thus, each transmit filter 710 has a frequency
response defined by the transmit antenna weight w_ (1)
associated with that antenna. The data symbol s(n) 1s passed
through the transmit filter 710 which 1n effect applies the
frequency dependent antenna weight w, (1) to the data
symbol s(n). The D/A 720 converts the digital output of the
transmuit filter 710 to an analog signal. The RF circuitry 730
upconverts the analog signal and couples the upconverted
analog signal to an antenna 750 via a power amplifier 740.

FIG. 11 shows a reception process 800 suitable for a
single carrier system. There 1s a processing channel for each
antenna 750. In each processing channel, RF circuitry 810
downconverts the received RF signal. An A/D 820 converts
the downconverted analog signal to a digital signal. Like the
frequency dependent transmit antenna weights, the receive
antenna weights are computed for the plurality of frequency
sub-bands. Receive filters 830 are synthesized with the
frequency response specilied by the frequency dependent
recerve beamforming weights w_(1) and the received digital
signal 1s passed through filters 830 for each antenna, eflec-
tively applying a frequency dependent antenna weight to the
received signal for each antenna. The results of the filters
830 are combined 1n an adder 850, and then passed to a
demodulator 860 for demodulation.

FIG. 12 shows a procedure for use when only one of the
two devices supports beamforming. For example, N-CBF 1s
supported at a first communication device (an AP) but not at
a second communication device (a STA). In this case, the
STA 1s likely to support 2-antenna Tx/Rx selection diversity
as discussed previously. IT this 1s the case, 1t 1s possible for
the AP to achieve 3 dB better performance than Nth order
maximal ratio combining (MRC) at both ends of the link.

When a STA associates or whenever a signmificant change
in channel response 1s detected, the AP sends a special
training sequence to help the STA select the best of 1ts two
antennas. The training sequence uses messages entirely
supported by the applicable media access control protocol,
which 1 the following example 1s IEEE 802.11x.

The sequence consists of 2 MSDUs (1deally containing
data that 1s actually meant for the STA so as not to mcur a
loss i throughput). In step 900, the AP sends the first MSDU
using a Tx weight vector having equal gain orthogonal
transmit weights (also optionally frequency shaped). For
example, 1f the number of AP antennas 1s 4, the transmuit
weight vector is [1 1 1 1]7. In step 910, the 2-antenna
selection diversity STA responds by transmitting a message
using one of [its’] izs two antennas; the antenna that best
received the signal from the AP. The AP decodes the
message Irom the STA, and obtains one row of the H matrix
(such as the first row h ;). In step 920, the AP sends the
second MSDU using a frequency dependent transmit weight
vector which 1s orthogonal to the first row of H (determined
in step [610] 9/0), and equal-gain normalized such that the
magnitude of the signals at each antenna 1s equal to P/N. In
addition, the transmit weight vector may be frequency
shaped across so that at each frequency of the baseband
signal, the sum of the power output by the antennas of the
first communication device 1s constant across. When the
STA receives the second MSDU, 1t forces the STA to
transmit a response message in step [630] 930 using the
other antenna, allowing the AP to see the second row of the
H matrnix, such as h ,. Now the AP knows the entire H
matrix. The AP then decides which row of the H matrix wall
provide “better” MRC at the STA by computing a norm of
cach row, h , and h ,, of the H matrix and, and selecting the
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row that has the greater norm as the frequency dependent
transmit weight vector for further transmissions to that STA
until another change 1s detected 1n the channel. The row that
1s selected 1s equal gain normalized before 1t 1s used for
transmitting to that STA.

Equal gain composite beamforming provides significant
advantages. By reducing output power requirements for
cach power amplifier, the silicon area of the power ampli-
fiers are reduced by as much as N times (where N 1s equal
to the number of antennas) relative to non-equal gain CBF.
The silicon area savings translates into a cost savings due to
(1) less silicon area, and (2) the ability to integrate the power
amplifiers onto the same die (perhaps even the same die as
the radio frequency transceiver itsell).

The efliciency (ethiciency being defined as the output
power divided by DC current consumption) for each power
amplifier 1s N times larger in the EGCBF case than in the
non-equal gain CBF case. With EGCBFEF, the same output
power as non-equal CBF 1s achieved with N times less DC
current.

Equal gain CBF reduces power requirements for each of
the power amplifiers, which 1n turn increases the output
impedance of each of the power amplifiers (since impedance
1s 1nversely proportional to current, and supply current
requirements will be reduced). When the output impedance
of the power amplifier 1s increased, the matching networks
required for the power amplifiers are greatly simplified and
require less silicon area. Moreover, reducing power require-
ments for the individual power amplifiers provides greater
flexibility for systems with low supply voltage.

To summarize, a method 1s provided that accomplishes
applying a transmit weight vector to a baseband signal to be
transmitted from the first communication device to the
second communication device, the transmit weight vector
comprising a complex transmit antenna weight for each of N
plurality of antennas of the first communication device,
wherein each complex transmit antenna weight has a mag-
nitude and a phase whose values may vary with frequency
across a bandwidth of the baseband signal, thereby gener-
ating N transmit signals each of which 1s weighted across the
bandwidth of the baseband signal, wherein the magnitude of
the complex transmit antenna weight associated with each
antenna 1s such that the power to be output at each antenna
1s the same and 1s equal to the total power to be output by
all of the N antennas divided by N; recerving at the N
plurality of antennas of the first communication device a
signal that was transmitted by the second communication
device; determining a receive weight vector comprising a
plurality of complex receive antenna weights for the N
plurality of antennas of the first communication device from
the signals received by the N plurality of antennas, wherein
cach receive antenna weight has a magmtude and a phase
whose values may vary with frequency: and updating the
transmit weight vector for the N plurality of antennas of the
first communication device for transmitting signals to the
second communication device by gain normalizing the
receive weight vector and computing a conjugate thereof.
This process may be performed such that at substantially all
frequencies of the baseband signal, the sum of the magnitude
of the complex transmit antenna weights across the plurality
ol antennas of the first communication device 1s constant.
Moreover, where the bandwidth of the baseband signal
comprises K plurality of frequency sub-bands, the magni-
tude of the complex transmit antenna weights associated
with each of the N plurality of antennas 1s such that the
power to be output by each antenna 1s the same and 1s equal
to 1/(KN) of the total power to be output for all of the K
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frequency sub-bands. This process may be embodied by
instructions encoded on a medium or 1 a communication
device.

In addition, a method 1s provided that accomplishes a
method for communicating signals from a first communica-
tion device to a second communication device using radio
frequency (RF) communication techniques, comprising:
applying to a first signal to be transmitted from the first
communication device to the second communication device
a transmit weight vector, the transmit weight vector com-
prising a complex transmit antenna weight for each of the N
plurality of antennas, wherein each complex transmit
antenna weight has a magnitude and a phase whose values
may vary with frequency across a bandwidth of the base-
band signal, thereby generating N transmit signals each of
which 1s weighted across the bandwidth of the baseband
signal, wherein the magnitude of the complex transmait
antenna weights associated with each antenna 1s such that
the power to be output at each antenna 1s the same and 1s
equal to the total power to be output by all of the N antennas
divided by N; from a first response signal at the plurality of
antennas of the first communication device transmitted from
a first of two antennas of the second communication device,
deriving a first row ol a channel response matrix that
describes the channel response between the first communi-
cation device and the second communication device; apply-
ing to a second signal for transmission by the plurality of
antennas of the first communication device a transmit weight
vector that 1s orthogonal to the first row of the channel
response matrix, and wherein the transmit weight vector
comprises a plurality of complex transmit antenna weights,
wherein each complex transmit antenna weight has a mag-
nitude and a phase whose values may vary with frequency
across a bandwidth of the second signal, thereby generating
N transmit signals each of which 1s weighted across the
bandwidth of the baseband signal, wherein the magnitude of
the complex transmit antenna weights associated with each
antenna 1s such that the power to be output at each antenna
1s the same and 1s equal to the total power to be output by
all of the N antennas divided by N; dertving a second row
of the channel response matrix from a second response
signal received from a second of the two antennas of the
second communication device; and selecting one of the first
and second rows of the channel response matrix that pro-
vides better signal-to-noise at the second communication
device as the transmit weight vector for further transmission
of signals to the second communication device. This process
may be performed such that at substantially all frequencies
of the baseband signal, the sum of the magnitude of the
complex transmit antenna weights across the plurality of
antennas of the first communication device 1s constant.
Moreover, where the bandwidth of the baseband signal
comprises K plurality of frequency sub-bands, the magni-
tude of the complex transmit antenna weights associated
with each of the N plurality of antennas 1s such that the
power to be output by each antenna 1s the same and 1s equal
to 1/(KN) of the total power to be output for all of the K
frequency sub-bands. This process may be embodied by
instructions encoded on a medium or in a communication
device.

The above description 1s mtended by way of example
only.

What 1s claimed 1s:

[1. A wireless communication device, comprising:

a plurality of N antennas;

a baseband processor configured to determine a receive

weilght vector of a plurality of complex receive antenna
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weights for each of the plurality of N antennas, the
receive antenna weights applied to a received baseband
signal;

compute a transmit weight vector by computing a conju-

gate of the receive weight vector, the transmit weight
vector comprising a complex transmit antenna weight
for each of plurality of N antennas of the communica-
tion device, wherein each complex transmit antenna
welght has a magnitude and a phase whose values may
vary with frequency across a bandwidth of the base-
band signal, thereby generating a plurality of N trans-
mit signals each of which 1s weighted across the
bandwidth of the baseband signal to be transmitted
from corresponding ones of the plurality of N antennas
to a second communication device, wherein the mag-
nitude of the complex transmit antenna weight associ-
ated with each antenna 1s such that the power to be
output at each antenna 1s the same and 1s equal to the
total power to be output by all of the N antennas
divided by N and such that the sum of the power at each
corresponding frequency across the plurality of trans-
mit signals 1s equal to a constant;

apply the transmit weight vector to a baseband signal for

transmission via the plurality of N antennas; and
update the transmit weight vector by repeating the deter-
mining ol the receive weight vector and computing of
the transmit weight vector each time signals are
received to update the transmit weight vector.]

[2. The device of claim 1, wherein the bandwidth of the
baseband signal comprises K plurality of frequency sub-
bands, and the magnitude of the complex transmit antenna
weilghts associated with each of the plurality of N antennas
1s such that the power to be output by each antenna 1s the
same and 1s equal to 1/(KN) of the total power to be output
for all of the K frequency sub-bands of the communication
device.]

[3. The device of claim 2, further comprising a baseband
memory configured to store, for each of the N antennas,
complex transmit antenna weights for a subset of the K
frequency sub-bands or sub-carriers.]

[4. The device of claim 3, wherein the baseband processor
and the stored subset of complex transmit antenna N and
generate therefrom the complete set of antenna weights for
all of the K {frequency sub-bands or sub-carriers using
interpolation techniques.]

[5. The device of claim 1, wherein the receive weight
vector, the transmit weight vector and the baseband signal of
the are applied to each of K frequency sub-bands of the
baseband signal that correspond to sub-carriers of a multi-
carrier baseband signal or synthesized frequency sub-bands
of a single carrier baseband signal.]

6. A wireless communication device comprising:

a plurality of N antennas;

a processor; and

a transmitter operatively coupled to the plurality of N

antennas and the processor,

wherein the processor is configured to determine a total

transmit power and to produce at least one multi-
carrier signal;
wherein the processor is further configured to produce a
weight for each of the plurality of N antennas;

wherein the transmitter and the processor ave configured
to apply a power to each of the plurality of N antennas,
for the at least one multi-carrier signal, equal to the
total transmit power divided by N; and
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wherein the transmitter and the plurality of N antennas,
using the applied powers, arve configured to transmit the
at least one multi-carrier signal.

7. The wireless communication device of claim 6, wherein
an amplifier, operatively coupled to each of the antennas, is
configured to amplify a signal.

8. The wireless communication device of claim 6, wherein

the at least one multi-carrier signal is an orthogonal fre-
quency division multiplex signal.

9. The wireless communication device of claim 6, wherein
the at least one multi-carrier signal has a plurality of K
subcarriers; and wherein a power applied to each of the K
subcarriers per antenna is equal to the total transmit power
divided by KN.

10. The wireless communication device of claim 6,
wherein the processor is further configured to weight the at
least one multi-carrvier signal for each of the plurality of N
antennas per the produced weight.

11. The wireless communication device of claim 6,
wherein each weight varies with a sub-band.

12. The wireless communication device of claim 6,
wherein the at least one multi-carvier signal is transmitted
on an uplink channel.

13. The wireless communication device of claim 6,
wherein the processor is further configured to scale the total
fransmit power.

4. The wireless communication device of claim 6,
wherein the processor is further configured to filter the at
least one multi-carrier signal.

15. A method comprising:

determining, by a wireless communication device, a total

lransmit power;

producing, by the wireless communication device, at least

one multi-carrvier signal;

10

15

20

25

30

14

producing, by the wireless communication device, a
weight for each of a plurality of N antennas;

applving, by the wireless communication device, a power
to each of the plurality of N antennas, for the at least
one multi-carrier signal, equal to the total transmit
power divided by N; and

transmitting, by the wireless communication device, the at

least one multi-carrier signal using the applied powers.

16. The method of claim 15, further comprising:

for each antenna, amplifving a signal, by an amplifier

coupled to that antenna.

17. The method of claim 15, wherein the at least one
multi-carrier signal is an orthogonal frequency division
multiplex signal.

18. The method of claim 15, wherein the at least one
multi-carvier signal has a pluralitv of K subcarrviers; and
wherein a power applied to each of the K subcarriers per
antenna is equal to the total transmit power divided by KN.

19. The method of claim 15, further comprising:

weighting, by the wireless communication device, the at

least one multi-carvier signal for each of the plurality
of N antennas per the produced weight.

20. The method of claim 15, wherein each weight varies
with a sub-band.

21. The method of claim 15, wherein the at least one
multi-carrier signal is transmitted on an uplink channel.

22. The method of claim 15, further comprising:

scaling, by the wireless communication device, the total

lransmit power.

23. The method of claim 15, further comprising:

filtering, by the wireless communication device, the at

least one multi-carrier signal.
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