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ADAPTIVE MULTI-BEAMFORMING SYSTEMS AND METHODS
FOR COMMUNICATION SYSTEMS
CROSS REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No. 60/779,215, entitled “Quantized-
Feedback Optimal Adaptive Multi-Beam Forming for MIMO Systems,” filed on March 3, 2006, which is

incorporated herein by reference.

TECHNICAL FIELD
The present invention is directed, in general, to communication systems and, in an exemplary embodiment,
to a system and method for adaptively selecting antenna weighting parameters for a multiple-antenna wireless

communication system.

BACKGROUND

The communication of information is a necessity of modern society, which is enabled through the operation
of a communication system. Information is communicated between a sending station and a receiving station by way
of communication channels. The sending station, if necessary, converts the information into a form for
communication over the communication channels. The receiving station detects and recovers the information for
the benefit of a user. A wide variety of different types of communication systems have been developed and are
regularly employed to effectuate communication between the sending and receiving stations. New types of
communication systems have been and continue to be developed and constructed as a result of advancements in
communication technologies.

An exemplary communication system is a radio communication system in which a communication channel
is defined upon a radio link extending between the sending and receiving stations. The radio communication
systems are amenable to implementation as mobile communication systems wherein radio links, rather than fixed,
wireline connections, are employed to define communication channels. A cellular communication system is an
example of a radio communication system that has achieved significant levels of usage. Cellular communication
systems have been installed throughout significant parts of the populated world. Various cellular communication
standards have been promulgated, setting forth the operational parameters of different types of cellular
communication systems.

Generally, a cellular communication system includes a network inﬁ'agtructure that includes a plurality of
base stations that are positioned at spaced-apart locations throughout a geographic area. Each of the base stations
defines an area, referred to as a cell, from which the cellular communication system derives its name. The network
infrastructure of which the base stations form portions is coupled to a core network such as a packet data backbone
or a-public-switched telephone network. Communication devices such as computer servers, telephone stations, ezc.,
are, in turn, coupled to the core network and are capable of communication by way of the network infrastructure and
the core network. Portable transceivers, referred to as mobile stations, communicate with the base stations by way
of radio links forming p<')rtions of an electromagnetic spectrum. The use of the cellular communication system is
permitted, typically, pursuant to a service subscription and users (referred to as subscribers) that communicate by
way of the cellular communication system through utilization of the mobile stations.

Information communicated over a radio link is susceptible to distortion such as dispersion as a result of
non-ideal communication conditions. The distortion causes the information delivered to a receiving station to differ

from the corresponding information transmitted by the sending station. If the distortion is significant, the
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informational content will not be accurately recovered at the receiving station. For instance, fading caused by multi-
path transmission distorts information communicated over a communication channel. If the communication channel
exhibits significant levels of fading, the informational content may not be recoverable.

Various techniques such as spatial diversity are employed to compensate for, or otherwise overcome, the
distortion introduced upon the information transmitted over a communication channel to the receiving station.
Spatial diversity is created through the use, at a sending station, of more than one transmit antenna from which
information is transmitted, thereby creating spatial redundancy therefrom. The antennas are typically separated by
distances sufficient to ensure that the information communicated by respective antennas fades in an uncorrelated
manner. Additionally, the receiving stations sometimes use more than one receive antenna, preferably separated by
appropriate distances.

Communication systems that utilize both multiple transmitting antennas and multiple receiving antennas
are often referred to as being multiple-input, multiple-output (“MIMO”) systems. Communications in a MIMO
system provide the possibility that higher overall capacity of the system, relative to conventional systems, can be
achieved. As a result, an increased number of users may be serviced or more data throughput may be provided with
improved reliability for each user. The advantages provided through the use of spatial diversity are further enhanced
if the sending station is provided with information about the state or performance of the communication channel
between the sending and receiving stations.

A sending station generally cannot measure channel characteristics of the communication channel directly,
such as a channel correlation matrix representing a product of channel impulse response components for the multiple
transmitting antennas. Thus, the receiving station typically measures the channel characteristics of the
comumunication channel. In two-way communication systems, measurements made at the receiving station can be
returned to the sending station to provide the channel characteristics to the sending station. Communication systems
that provide this type of information to multiple-antenna sending stations are referred to as closed-loop transmit
diversity systems. Communication channels extending from the network infrastructure of a cellular communication
system to a mobile station are sometimes referred to as being downlink, or forward-link, channels. Conversely, the
channels extending from the mobile station back to the network infrastructure are sometimes referred to as being
uplink, or reverse-link, channels.

The feedback information returned to the sending station (e.g., the network infrastructure such as a base
station) from the receiving station (e.g., a mobile station) is used to select values of antenna weightings. The
weightings are values including phase delays by which information signals provided to individual antennas are
weighted prior to their communication over a communication channel to the mobile station. A goal is to weight the
information signals in amplitude and phase applied to the antennas in a manner that best facilitates communication
of the information to the receiving station. The weighting values of the antenna approach a conjugate of the
subspace spanned by a downlink channel covariance matrix. Estimation of the antenna weightings can be
formulated as a transmission subspace tracking procedure. Several closed-loop transmit diversity procedures may
be utilized.

As an example, transmit adaptive array (“TxAA™), eigenbeam former, and other techniques may be
employed to advantage. Existing techniques, however, suffer from various deficiencies. For instance, the TxAA
procedure fails to take into account a long-term covariance matrix of the communication channel in the selection of

the antenna weightings, Additionally, the use of an eigenbeam former technique is dependent upon. the number of



10

WO 2007/103108 PCT/US2007/005259

antennas of the sending station. When the number of antennas increases, the complexity of such a technique
increases rapidly.

Considering the limitations as described above, a system and method to control antenna weighting
parameters for multiple antennas employed in a wireless communication system is not presently available for the
more severe applications that lie ahead. Accordingly, what is needed in the art is a system that adaptively selects
antenna weighting parameters and sends quantized increment vectors back to the transmitter, provides fast and
global convergence to the ideal antenna weights, and employs minimal data rate to communicate the results from the
receiver to the transmitter, overcoming many of the aforementioned limitations. In accordance therewith, a wireless
communication system employing multiple antennas would benefit from such an adaptive arrangement without

incurring unnecessary uplink bandwidth or the need to compromise signal strength at the receiving antenna.
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SUMMARY OF THE INVENTION

These and other problems are generally solved or circumvented, and technical advantages are generally
achieved, by advantageous embodiments of the present invention which includes a wireless communication system
including a receiving station and a base station. In one embodiment, the receiving station includes a detector that
measures a downlink channel correlation matrix for multiple antennas of a base station from pilot signals. The
detector also computes an antenna weight increment vector normal to an antenna weight vector for each of multiple
beams transmitted in a slot thereby rendering positive a directional derivative of a total received power for each of
the multiple beams from the multiple antennas of the base station. The detector also quantizes each of the antenna
weight increment vectors component by component to produce a respective quantized antenna weight increment
vector. The receiving station also includes a transmitter that sends each of the quantized antenna weight increment
vectors to the base station. The base station of the wireless communication system includes multiple antennas
weighted by corresponding weighting elements, In one embodiment, the base station includes a beamformer
selector that receives from the receiving station and re-orthogonalizes the quantized antenna weight increment
vector for each of the multiple beams. The base station also includes a weight vector modifier that modifies the
antenna weight vector for each of the multiple beams by adding an increment proportional to the respective re-
orthogonalized quantized antenna weight increment vector thereto.

The foregoing has outlined rather broadly the features and technical advantages of the present invention in
order that the detailed description of the invention that follows may be better understood. Additional features and
advantages of the invention will be described hereinafter which form the subject of the claims of the invention. It
should be appreciated by those skilled in the art that the conception and specific embodiment disclosed may be
readily utilized as a basis for modifying or designing other structures or processes for carrying out the same
purposes of the present invention. It should alsc be realized by those skilled in the art that such equivalent

constructions do not depart from the spirit and scope of the invention as set forth in the appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with the accompanying drawing, in which:

FIGURE 1 illustrates a block diagram of an embodiment of a communication system that provides radio
communication between communication stations via communication channels employing a deterministic
perturbation gradient approximation;

FIGURE 2 illustrates a block diagram of a communication system including an embodiment of a tangential
perturbation gradient system;

FIGURE 3 illustrates is a flow diagram of an embodiment of a method of operating a tangential
perturbation gradient system;

FIGURE 4 illustrates a two-dimensional diagram of an exemplary process of computing a tangential
perturbation vector according to a tangential perturbation gradient system;

FIGURE 5 illustrates a bound for a normalized power function according to a tangential perturbation
gradient system,;

FIGURE:S 6A and 6B illustrate graphical representations comparing a deterministic perturbation gradient
approximation to the tangential perturbation gradient system;

FIGURE 7 illustrates a block diagram of a communication system including an embodiment of a
quantized-feedback optimal adaptive beamforming system;

FIGURE 8 illustrates a functional block diagram of an embodiment of a quantized-feedback optimal
adaptive beamforming system;

FIGURE 9 illustrates a flow diagram of an embodiment of a method of operating a quantized-feedback
optimal adaptive beamforming system;

FIGURE:S 10 to 13 illustrate graphical representations comparing exemplary instances of an evolution of
received signal power for a randomly realized static channel, including representations of a quantized-feedback
optimal adaptive beamforming system;

FIGURES 14A and 14B illustrate graphical representations comparing exemplary error rate performance of
other systems with a quantized-feedback optimal adaptive beamforming system;

FIGURE 15 illustrates a block diagram of a communication system including an embodiment of a
quantized-feedback optimal adaptive multi-beamforming system; ’

FIGURE 16 illustrates a functional block diagram of an embodiment of a quantized-feedback optimal
adaptive multi-beamforming system;

FIGURE 17 illustrates a flow diagram of an embodiment of a method of operating a quantized-feedback
optimal adaptive multi-beamforming system; and

FIGURES 18 and 19 illustrate graphical representations comparing exemplary instances of an evolution of
received signal power for randomly realized static channels, including representations of a quantized-feedback

optimal adaptive multi-beamforming system.
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The making and using of the presently preferred embodiments are discussed in detail below. It should be
appreciated, however, that the present invention provides many applicable inventive concepts that can be embodied
in a wide variety of specific contexts. The specific embodiments discussed are merely illustrative of specific ways
to make and use the invention, and do not limit the scope of the invention.

The present invention will be described with respect to exemplary embodiments in a specific context of
beamforming systems such as a quantized-feedback optimal adaptive (“QFOA”) multi-beamforming system that
adaptively transmits a beamforming vector in a multiple-antenna frequency division duplex (“FDD™) system. The
system is referred to as a quantized-feedback optimal adaptive multi-beamforming solution because the system and
methodology adapt transmit beamforming vectors by computing directions of preferable adaptation and feeding
quantized increment vectors back for a plurality of antenna beams in the same slot to a transmitter. The
beamforming vectors may be applied to a baseband signal or to a higher-level signal coupled to the multiple
antennas. Existing techniques do not utilize a second antenna beam in the same slot. A second antenna beam in the
same slot is formed by selection of antenna weighting parameters from quantized feedback of an increment vector
from a receiving station when multiple antennas are employed at a base station in a wireless communication system.
A second antenna beam formed in the same slot advantageously creates an additional channel capable of providing
more communication services.

The system offers an adaptive diversity technique with global convergence. At each step of the adaptation,
the quantized increment vector for each beam is projected onto a hyperplane tangent to a constraint hypersurface.
The tangential components are then used to adapt the antenna weight. Since the increment vectors for each beam
point in directions that yield sufficient gradients of the objective function subject to the constraints, the convergence
speed is improved. Fast convergence improves the system performance during, for instance, a start-up period and
helps remove the need to continuously track the antenna weights during intermittent periods wherein the transmitter
does not transmit to a mobile station, or while the connection is temporarily suspended or idle. High convergence
speed also provides a fast tracking capability demanded by high mobility applications. Additionally, several

quantization methods are described herein that provide global convergence irrespective of a quantization error, since

‘the gradients are preferably positive at any nonstationary point in a solution space.

For clarity, the description that follows will concentrate on the downlink case so that the transmitter weight
adaptation is performed at a base station (“BS™). The receiving station, in this case, is located at a mobile station
(“MS”). In addition, it is advantageous to perform the adaptation at the base stations as provided in “Transmit
Diversity in 3G CDMA Systems,” by R.T. Derryberry, S.D. Gray, D.M. Ionescu, G. Mandyam, and B.
Raghothaman, JEEE Communications Magazine, pp. 68-75 (April 2002), which is incorporated herein by reference.

The capacity of the future wireless Internet depends strongly on a channel capacity of a wireless interface
between access terminals (such as a mobile station) and access networks (such as a base station). As mentioned
above, one of the methodologies to achieve an increase in capacity of a fading channel is to employ diversity
techniques involving multi-antenna arrays at the transmitter or the receiver. When an antenna array is used at the
receiver, multi-dimensional signal processing is employed to improve the detection quality at the cost of increased
receiver complexity. When the transmitter broadcasts from a multi-antenna array, transmit diversity techniques can
be employed to increase the signal quality or the information rate. A methodology for transmit diversity is space-
time coding including the pioneering work of S.M. Alamouti, “A Simple Transmit Diversity Technique for Wireless

Communications,” IEEE J. Select. Areas in Comm., vol. 16, pp. 1451—1458, Oct. 1998, followed by contributions
-6-
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such as V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-Time Block Codes from Orthogonal Designs,”
IEEE Trans. Info. Theory, vol. 45, pp. 1456—1467, July 1999, C. B. Papadias and G. J. Foschini, “A Space-Time
Coding Approach for Systems Employing Four Transmit Antennas,” in Proc. IEEE Int. Conf. Acoust., Speech, Sig.
Processing, vol. 4, pp. 24812484, May 7-11, 2001, and C. B. Papadias and G. J. Foschini, “Capacity-Approaching
Space-Time Codes for Systems Employing Four Transmitter Antennas,” IEEE Trans. Info. Theory, vol. 49, pp.
726732, March 2003, all of which are incorporated herein by reference.

Space-time coding employs multiple transmit antennas. When a receiver is equipped with multiple
antennas, a coding gain is achieved by employing a signal allocating scheme across multiple antennas and multiple
symbol periods. (See, also, G. J. Foschini, “Layered Space Time Architecture for Wireless Communication in a
Fading Environment When Using Muiti-Element Antennas,” IEEE J. Select. Areas in Comm., pp. 1437-1450, 1996,
which is incorporated herein by reference.) A diversity gain is also achieved by virtue of independent or weakly
correlated fading among the antennas. The coding gain, however, is absent when only one receive antenna is used,
rendering any gain possible only via transmit diversity.

Parallel to space-time coding is a beamforming methodology, which employs multiple, transmit antennas.
A crucial difference between space-time coding and beamforming is that in the latter, the antennas transmit the same
signal weighted by a different scale factor wherein the scale factor is a complex weighting parameter. The weights
are constrained due to a limit on the total transmit power, but the distribution of the weights can be “steered” in such
a way that the received signal is imbroved according to a certain criterion such as the total received power which,
under certain conditions, is equivalent to improving the effective signal-to-noise ratio (“SNR™) and the channel
capacity. When the set of weights are appropriately selected and tracked in the case of fading, both fading diversity
and steering gains can be achieved.

To perform the aforementioned beamforming methodology, direct or indirect knowledge about the
downlink channel is necessary. Some of this knowledge can be extracted from the uplink channel information,
provided that the uplink and downlink channels are correlated. (See, e.g., G. G. Raleigh, S. N. Diggavi, V. K. Jones,
and A. Paulraj (“G.G. Raleigh, er al.”), “A Blind Adaptive Transmit Antenna Algorithm for Wireless
Communication,” in Proc. IEEE Int. Comm. Conf,, vol. 3, pp. 1494-1499, Tune 18-22, 1995, which is incorporated
herein by reference.) In frequency division duplex (“FDD") systems wherein the uplink-downlink frequency
separation is normally larger than the signal bandwidth, the correlation between the uplink and downlink channels is
weak or non-existent, although the long term correlation exists as supported by the works of G.G. Raleigh, ez al.
Unfortunately, long term correlation diminishes the fading diversity gain.

Since beamforming employs some detailed knowledge about the downlink channel, it has been proposed in
the literature to employ a feedback path from the receiver to the transmitter via which downlink channel information
estimated based on the downlink pilots is sent. (See, e.g., D. Gerlach and A. Paulraj, “Adaptive Transmitting
Antenna Arrays with Feedback,” IEEE Sig. Proc. Letters, vol. 1, pp. 1437-1450, Oct. 1994, R. W. Heath Jr. and A.
Paulraj, “A Simple Scheme for Transmit Diversity Using Partial Channel Feedback,” in Proc. Asilomar Conf.
Signals, Systems & Computers, vol. 2, pp. 1073-1078, Nov. 1-4, 1998, D. Gerlach and A. Paulraj, “Spectrum Reuse
Using Transmitting Antenna Arrays with Feedback,” in Proc. IEEE Int. Conf. Acoust., Speech, Sig. Processing, vol.
4, pp. IV97-1V100, April 19-22, 1994, and J.W. Liang and A. J. Paulraj, “Forward Link Antenna Diversity Using
Feedback for Indoor Communication Systems,” Proc. IEEE Int. Conf. Acoust., Speech, Sig. Processing, vol. 3, pp.
1753-1755, May 1995, all of which are incorporated herein by reference.)
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To be practical, due to bandwidth constraints, the feedback rate should be reasonably low. The
beamforming operation at a base station should therefore be designed in such a way that the base station relies on
limited feedback information from the mobile station. In this respect, B.C. Banister, et /. proposed to adaptively
select the total delivered power by employing the random perturbation gradient approximation principle. (See, e.g.,
B.C. Banister and J.R. Zeidler (“B.C. Banister, ef al.”), “A Simple Gradient Sign Algorithm for Transmit Antenna
Weight Adaptation with Feedback,” IEEE Trans. Sig. Processing., vol. 51, pp. 1156-1171, May 2003, which is
incorporated herein by reference.) At each adaptation step, a randomly generated perturbation vector is added and
then subtracted from the previous antenna weight vector. The addition and subtraction results are used as the
antenna weight vector in two consecutive transmission half-slots. The term half-slot generally refers to or signifies a
time duration sufficiently long for the purpose of channel and power estimation. The information sent back from the
mobile station is a one-bit flag indicating which half-slot has the higher delivered power. The next weight vector is
updated to the one used in the half-slot with higher delivered power.

A similar technique has been proposed by B. Raghothaman (see, e.g., B. Raghothaman, “Deterministic
Perturbation Gradient Approximation for Transmission Subspace Tracking in FDD-CDMA,” in Proc. IEEE Int.
Comm. Conf,, vol. 4, pp. 2450-2454, May 11-15, 2003, and as further described in U.S. Patent No. 6,842,632
entitled “Apparatus, and Associated Method, for Facilitating Antenna Weight Selection Utilizing Deterministic
Perturbation Gradient Approximation,” to Raghothaman, et al., issued January 11, 2005, which are incorporated
herein by reference), which employs the fact that the mean perturbation gradient aligns with the true gradient of the
objective function using an orthogonal perturbation set. (See, e.g., A. Cantoni, “Application of Orthogonal
Perturbation Sequences to Adaptive Beamforming,” IEEE Trans. on Antennas and Propagation, vol. 28, pp. 191—
202, March 1980, which is incorporated herein by reference.)

A related application to B. Raghothaman is provided in U.S. Patent Application Publication No.
2005/0064908 entitled “Apparatus, and Associated Method, for Assigning Data to Transmit Antennas of a Multiple
Transmit Antenna Transmitter,” to Boariu, et al., published March 24, 2005, which is incorporated herein by
reference. As described above, a perturbation gradient approximation technique is used for the selection of antenna
weightings at a sending station employing transmit antenna diversity. In accordance therewith, B. Raghothaman
uses an approximation technique that facilitates the selection of the antenna weighting values to enhance
communications between a sending station and a receiving station. A perturbation vector is selected at the sending
station for communication over the communication channel to the receiving station. The perturbation vector is
selected in an order from a selected set of vectors formed from vector values. The antenna weightings for the
antennas of the sending station are perturbed in a first manner during a first portion of a time period and in a second
manner during a second portion of a time period. During the first portion of the time slot, the antenna weightings
are perturbed by the perturbation vector in a positive direction. During the second portion of the time slot, the
perturbation vector is applied to the antenna weightings to perturb the weightings in a negative direction.

The receiving station measures power levels associated with the information communicated by the sending
station. Separate power level measurements are made during the first and second portions of the time slot.
Differences between the power levels measured during the separate portions of the time slot are determined and
transmitted back to the sending station. The sending station detects values of the calculated differences made at the
receiving station and employs the values to adjust the antenna weightings.

Thus, the deterministic perturbation gradient approximation technique is typically used in cellular

communication systems having a base station that utilizes spatial diversity. Closed-loop transmit diversity is
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provided to select antenna weightings by which to weight downlink signals. The perturbation vectors are applied to
the antenna weightings in positive and negative directions during separate portions of a time period. The weighted
signals are sent by the base station to the mobile station for detection thereof. The mobile station measures power
levels of the signals detected during the first and second portions of the time slot and returns values of differences in
the power levels to the Base station. The values returned to the base station are used to adjust the antenna
weightings at the base station. Inasmuch as deterministic perturbation gradient approximation techniques are used, a
long-term covariance matrix is tracked and utilized to select the antenna weightings.

Referring now to FIGURE 1, illustrated 1s a block diagram of an embodiment of a communication system
that provides radio communication between communication stations via communication channels employing a
deterministic perturbation gradient approximation. The communication system includes a base station 100 and a
mobile station 170. The communication channels are defined by radio links such as forward-link channels 105 and
reverse-link channels 110. Information sent to the mobile station 170 is communicated by the base station 100 over
the forward-link channels 105 and information originated at the mobile station 170 for communication to the base
station 100 is communicated over reverse-link channels 110. The communication system may be a cellular
communication system constructed pursuant to any of a number of different cellular communication standards. For
instance, the base station and mobile station may be operable in a code division multiple access (“CDMA”)
communication system such as a third generation (“*3G”) CDMA communication.

The base station 100 forms part of a radio access network that also includes a radio network controller
(“RNC”) 115 coupled to a gateway 120 and a mobile switching center (“MSC™) 125. The gateway 120 is coupled to
a packet data network (“PDN") 130 such as the Internet and the mobile switching center 125 is coupled to a public
switched telephone network (“PSTN™) 135. A correspondent node (“CN™) 137 is coupled to the packet data
network 130 and to the PSTN 135. The correspondent node 137 represents a data source or a data destination from
which, or to which, information is routed during operation of the communication system.

The base station 100 includes a receiver 140 and a transmitter 145, A forward-link signal to be
communicated by the base station 100 to the mobile station 170 is converted into a format for communication over
the forward-link channels 105 by the transmitter 145. Closed-loop feedback information is returned by the mobile
station 170 to the base station 100 by way of the reverse-link channels 110. The mobile station 170 also includes a
receiver 175 and a transmitter 180. The receiver 175 operates to receive, and operate upon, the forward-link signals
transmitted by the base station 100 over the forward-link channels 105, and the transmitter 180 operates to transmit
reverse-link signals over the reverse-link channels 110 to the base station 100.

The base station 100 and the mobile station 170 include multiple antennas, and the base station 100 and the
mobile station 170 combination forms a multiple-input, multiple-output (“MIMO") system. For purposes of clarity,
the base station 100 includes M base station antennas designated 147-1 to 147-M (hereinafter referenced as base
station antennas 147). Also for purposes of clarity, the mobile station 170 includes N mobile station antennas
designated 185-1 to 185-N (hereinafter referenced as mobile station antennas 185).

The base station transmitter 145 includes an encoder 150 that encodes data to form encoded data, The
encoded data is provided to an up-mixer 155 with an up-mixing carrier v(t) to generate an up-mixed signal. The up-
mixed signal is provided via weighting elements (two of which are referenced and designated as first and second
weighting elements 160, 162, respectively) on separate branches to ones of the base station antennas 147. Once the

up-mixed signals are weighted, the weighted signals are applied to the base station antennas 147 for transmission to
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the mobile station 170. Of course, other operations may be performed on the weighted signals prior to transmission
to the mobile station 170.

The base station 100 also includes a deterministic perturbation gradient approximation system that adjusts
the values of the weightings applied to the first and second weighting elements 160, 162 in a manner that enhances
antenna weighting selection pursuant to a closed-loop transmit diversity system. The deterministic perturbation
gradient approximation system (which may be embodied in hardware, software, or combinations thereof) includes a
perturbation vector selector (“PVS™) 165 that operates to select perturbation vectors formed of vector values
(indicating a perturbed amplitude and phase) retrieved from a perturbation vector buffer (“PVB™) 167. The
perturbation vectors selected by the perturbation vector selector 165 are provided to a perturbation vector applicator
(*PVA”) 169 for application to the first and second weighting elements 160, 162. The perturbation vectors perturb
the weightings of the first and second weighting elements 160, 162 and, in turn, the values of the signals transmitted
by the base station’s antennas 147. The forward-link signals generated on the forward-link channels 105, weighted
with the perturbation vectors, are delivered to the mobile station 170.

The mobile station 170 includes a detector 190 (which may be a subsystem of the receiver 175) that detects
and measures characteristics representing power levels of the perturbations of the forward-link signals (again,
weighted forward-link signals) transmitted by the base staiion 100. The characteristics associated with the forward-
link signals are thereafter transmitted by the mobile station transmitter 180 to the base station 100. The
characteristics are thereafter employed by the base station 100 to adjust the weightings of the first and second
weighting elements 160, 162 for the base station antennas 147 to refine the forward-link signals.

The deterministic perturbation gradient approximation system operates to provide a deterministic
perturbation gradient approximation that provides tracking of long-term feedback. The deterministic perturbation
gradient approximation technique may build upon stochastic perturbation gradient approximations (“SPGAs”) and
may use a procedure referred to as gradient descent. Gradient descent involves adaptively converging to a point in a
vector space corresponding to the global minimum (or maximumy) of a cost function such as total received power
defined on the space. At each iteration of the adaptation, an estimate of the gradient of the cost function is formed,
and the estimate of the optimal vector is revised such that it moves in the direction of the gradient vector. The
process can be visualized in three dimensions involving a 2-D vector space, as moving closer to the bottom of a cost
function bowl at each iteration,

The most widely used gradient search technique is the stochastic gradient search, which is applied in the
least mean squares algorithm for adaptive finite impulse response (“FIR™) filtering. One of the features of adaptive
time-domain FIR filtering is that an input stochastic vector process is acting upon the filter, which is dimensionality
analogous to the filter, and can be used to estimate the cost function gradient vector. In certain other situations, like
neural network learning, it is necessary to use other methods for arriving at the gradient vector. One such method is
called the simultaneous stochastic perturbation gradient approximation technique, in which, at each iteration, the
effect of a stochastic perturbation on the cost function is studied. Based thereon, an estimate of an optimal vector is
moved toward or away from the direction of the “random” perturbation vector.

The stochastic perturbation technique mentioned above has been applied to the problem of transmission
subspace tracking for closed-loop transmit diversity and MIMO systems. In order for this SPGA technique to be
possible, user-specific pilot signals are employed, which carry the perturbed weights based on which the cost
function is estimated. The user-specific pilot signals are also used to coherently demodulate the received signal,

since the average of the user-specific pilot signal over two slots provides the weighted composite channel estimate
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necessary for coherent demodulation. In many proposals for high-speed packet access wireless communication
systems, however, there is no provision for user-specific pilot signals. Hence, the existing SPGA techniques cannot
be implemented in such situations where there is no user-specific pilot signal. Another disadvantage of the existing
SPGA techniques is that the user-specific pilot signals are usually transmitted with the same power as the traffic
signal, which is quite low when compared to the non-user-specific pilot signals, henceforth referred to as common
pilot signals. This arrangement leads to a degradation in the channel estimate and hence the performance of the
communication link as such.

A possible method for increasing the reliability of the channel estimate is to use a combination of the
channel estimates from the common pilot signals along with an estimate of the weights applied at the transmitter 145
of the base station 100. These weights can be known to the mobile station 170 if the same set of random
perturbation vectors applied at the transmitter 145 of the base station 100 can be replicated at the receiver 175 of the
mobile station 170. The aforementioned technique involves operating a complex random number generator at both
the base station 100 and the mobile station 170 in a synchronized manner. The complexity and synchronization
issues make this an undesirable alternative.

The use of the deterministic perturbation gradient approximation technique overcomes the limitations as set
forth above. The deterministic perturbation makes it unnecessary to operate two synchronized random vector
generators. Also, a method of extracting the cost function from the traffic signal itself may be employed, thereby
rendering a user-specific pilot signal unnecessary. B. Raghothaman provides support to estimate the optimal
antenna weights (designated “w”) for transmission between the base station 100 and the mobile station 170
including quantitative support via equations. In accordance therewith, a perturbation method is employed that
provides an approximation to the gradient of the cost function to the transmitter with a feedback signal.

The convergence of the deterministic perturbation gradient approximation method can be shown to be

similar to that of the stochastic perturbation approach. The randomness of the perturbation has been stated as a

condition for convergence. One of the considerations seems to be that a deterministic perturbation will lead to a
biased estimate. Another consideration is that only a random perturbation may lead to convergence to a global
minimum. From this point of view, the iterative procedure may be trapped in a local minimum on the condition that
the cost function surface is flat in the directions pertaining to each of the perturbation vectors, at that local
minimum. The probability of such an occurrence is relatively small, especially in a time varying fading channel
environment. Additionally as described in B. Raghothaman, an approach to obtaining the cost function is to use the
traffic channel itself. The only disadvantage of the usage of the traffic channel itself is that the actual weights
applied are perturbed from the values dictated by the adaptation.

While the techniques of B.C. Banister, et a/. and B. Raghothaman employ a similar feedback, the
deterministic perturbation method of B. Raghothaman turns out to have a faster average convergence speed. In
addition, deterministic perturbation allows both the mobile station and the base station to synchronize the
adaptation, a feature that is difficult to implement with the random perturbation method of B.C. Banister, et al.

Referring now to FIGURE 2, illustrated is a block diagram of a communication system including an
embodiment of a tangential perturbation gradient system. It should be understood that the tangential perturbation
gradient system may be a deterministic or random perturbation gradient system. The communication system
includes a base station 200 and a receiving station (e.g., mobile station 270). The communication channels are
defined by radio links such as forward-link channels 205 and reverse-link channels 210. Information sent to the

mobile station 270 is communicated by the base station 200 over the forward-link channels 205 and information
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originated at the mobile station 270 for communication to the base station 200 is communicated over reverse-link
channels 210,

The communication system may be a cellular communication system constructed pursuant to any of a
number of different cellular communication standards. For instance, the base station and mobile station may be
operable in a code division multiple access (“CDMA”) communication system such as a third generation (“3G™)
CDMA communication that provides for IXEV-DV (“EVolution, Data and Voice”) data and voice communications.
Those skilled in the art, however, realize that the tangential perturbation gradient system and other perturbation
gradient systems described herein are employable in any number of communication systems including other types of
cellular communication systems such as a global system for mobile (“*GSM”) communications systems that provides
for general packet radio service or enhanced data for GSM evolution data services, each of which also provides for
data communications. The communication system is also representative of other types of radio and other
communication systems in which data is communicated over channels that are susceptible to distortion caused by
fading or other conditions. Those skilled in the art should understand that the principles described herein are
operable in any communication system employing closed-loop transmit diversity.

The base station 200 forms part of a radio access network that also includes a radio network controller
(*RNC”) 215 coupled to a gateway 220 and a mobile switching center (“*MSC”) 225. The gateway 220 is coupled to
a packet data network (“PDN) 230 such as the Internet backbone and the mobile switching center 225 is coupled to
a public switched telephone network (“PSTN™) 235. A correspondent node (“CN™) 237 is coupled to the packet
data network 230 and to the PSTN 235. The correspondent node 237 represents a data source or a data destination
from which, or to which, information is routed during operation of the communication system.

The base station 200 includes a receiver 240 and a transmitter 245. A forward-link signal to be
communicated by the base station 200 to the mobile station 270 is converted into a format for communication over
the forward-link channels 205 by the transmitter 245. Closed-loop feedback information is returned by the mobile
station 270 to the base station 200 by way of the reverse-link channels 210. The mobile station 270 also includes a
receiver 275 and a transmitter 280. The receiver 275 operates to receive, and operate upon, the forward-link signals
transmitted by the base station 200 over the forward-link channels 205, and the transmitter 280 operates to transmit
reverse-link signals over the reverse-link channels 210 to the base station 200.

The base station 200 and the mobile station 270 include multiple antennas, and the base station 200 and
mobile station 270 combination forms a multiple-input, multiple-output (“MIMO”) system. For purposes of clarity,
the base station 200 inciudes M base station antennas designated 247-1 to 247-M (hereinafter referenced as base
station antennas 247). Also for purposes of clarity, the mobile station 270 includes N mobile station antennas
designated 285-1 to 285-N (hereinafter referenced as mobile station antennas 285).

The base station transmitter 245 includes an encoder 250 that encodes data to form encoded data. The
encoded data is provided to an up-mixer 255 with an up-mixing constant v(t) to generate an up-mixed signal. The
up-mixed signal is provided via weighting elements (two of which are referenced and designated as first and second
weighting elements 260, 262, respectively) on separate branches to ones of the base station antennas 247. Once the
up-mixed signals are weighted, the weighted signals are applied to the base station antennas 247 for transmission to
the mobile station 270. Of course, other operations may be performed on the weighted signals prior to transmission
to the mobile station 270. Of course, the first and second weighting elements 260, 262 may be applied at a baseband

signal level or at a higher level in the signal processing chain.
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The base station 200 also includes a tangential perturbation gradient system that adjusts the values of the
weightings applied to the first and second weighting elements 260, 262 in 2 manner that enhances antenna weighting
selection pursuant to a closed-loop transmit diversity system. The tangential perturbation gradient system (which
may be embodied in hardware, software, or combinations thereof) includes a tangential perturbation vector selector
(“TPVS™) 265 that operates to select a tangential component of perturbation vectors formed of vector values
(indicating perturbed amplitude and phase) retrieved from a perturbation vector buffer (“PVB”) 267. The tangential
component of the perturbation vectors selected by the perturbation vector selector 265 are provided to a tangential
perturbation vector applicator (“TPVA™) 269 for application to the first and second weighting elements 260, 262.
The tangential components of the perturbation vectors perturb the weightings of the first and second weighting
elements 260, 262 and, in turn, the values of the signals transmitted by the base stations antennas 247, The forward-
link signals generated on the forward-link channels 205, weighted with the tangential components of the
perturbation vectors, are delivered to the mobile station 270.

The mobile station 270 includes a detector 290 (which may be a subsystem of the receiver 275) that detects
and measures characteristics representing power levels of the perturbed forward-link signals (again, weighted
forward-link signals) transmitted by the base station 200. The characteristics associated with the forward-link
signals are thereafter transmitted by the mobile station transmitter 280 to the base station 200. The characteristics
are thereafter employed by the base station 200 to adjust the weightings of the first and second weighting elements
260, 262 for the base station antennas 247 to refine the forward-link signals.

The tangential perturbation gradient system operates to provide a tangential perturbation gradient
approximation that provides tracking of long-term feedback. The tangential perturbation gradient approximation
technique may build upon stochastic perturbation gradient approximations (“SPGAs”) or deterministic perturbation
gradient approximations selected from a deterministic set of perturbations and may use a procedure referred to as
gradient descent.

Referring initially to the signaling model, consider a base station with M transmit antennas and a mobile

station (“a receiving station”) with N receive antennas. Let x(n) denote the unit-power information sequence:

(wz'th o} - Eﬂx(n}2]= 1)

to be transmitted over the A/ antennas. Assuming transmit and receiver filters constitute a Nyquist pulse, a

noiseless Nyquist-rate sampled sequence received at the r-th receive antenna can be modeled by:

y,(n>=§w,gh,,, (t)x(n 1)

where w, denotes the /-th transmit antenna weight, ,.,,(7) represents the discrete-time channel impulse response
between the -th transmit antenna and the 7-th receive antenna. The delay spread of the channel impulse response is

denoted by D. In order to constrain the total transmit power, the antenna weight vector, defined as:

A T
w=[w,,w2,...,wM] ,
satisfies:

wiw=1.

At time 2, the vector of observations from all the receive antennas is:
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()= 3, (n) 9, (1), ()]

Assuming that the transmitted information sequence x(n) is white, the received signal power is:

J(w) = Ely™ (2)y* ()] = w" Rw

where the channel correlation matrix R is given by:

N
R = Y HH!,
“ha(0) B .. k(D)
hr.Z (0) hr.Z (1) e hr,Z (D)

LY (O) Ly (1) e by (D )
It should be understood that the operators (.)*, (.)” and () = (()*)” denote complex conjugation, transposition and

hermitian, respectively. Note that in addition to the information sequence x(n), each transmit antenna also carries

a pilot sequence covered by a predetermined spreading sequence. The channel impulse response for each transmit-
receive antenna pair can be estimated from the associated pilot. It is important to point out that in multiple access
systems, each mobile station associated with a different antenna weight vector w and the signal model above is
applicable to any one mobile station. For notational simplicity, the time dependency of the channel matrix H, has
been suppressed. Nonetheless, in most cases of practical interest, the channel can be considered block-wise constant
where the block duration is on the order of the channel coherence time, typically long enough for a channel
estimation purpose.

An objective of the tangential perturbation gradient system and method is to increase the received power
function J(w) subject to the constraint provided above. Even though the channel correlation matrix R can be
estimated from the pilot sequences, it is often not practical due to bandwidth constraints to send the entire matrix to
the base station. In order to adapt the antenna weight vector w at the base station, the mobile station can compute
the values of the received power function J(w.), J(w,) and feed back the sign of J(w.) — J(w.,) for any antenna weight
vectors w.., w. employed in place of a single weight vector w in two consecutive half-slots.

Turning now to FIGURE 3, illustrated is a flow diagram of an embodiment of a method of operating a
tangential perturbation gradient system. For purposes of simplicity, the circumstances wherein the perturbation
vector is parallel to the antenna weight vector is not illustrated with respect to FIGURE 3.

If k denotes a slot index, the tangential perturbation gradient system and method is provided as set forth
below.

1. Generate initial antenna weights w(l) with Jlw(1)|| = 1.

2. Set a slot index counter k= 1.

3. Generate a unit 2-norm (i.e., a Euclidean norm) perturbation vector d(%k). This vector can be selected
cyclically from a deterministic set that spans the entire complex vector space C¥, or can be generated randomly (see,
for instance, the separate publications by B.C. Banister, et al. and B. Raghothaman referenced above).

4. Compute a tangential perturbation vector o(k) and perturbed antenna weighting vectors w. (%), w.(k):
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d ~[w (k)d (k)
o(k)= \/1 —|w* yd|

, |w” (k)d, =1

0, " (k)| =1

w(k) + po(k) H

— e, (k)d} =1
w(R)=1 VL4 b

w(k), w" (kyd| =1

w(k) — po(k) wh
—_— (k)d|=1

w(k), " (k)d| =1

where s a real-valued step size, typically 0 < u < 1. Note that the second branch in each of the above equations
corresponds to a case where the perturbation vector d is parallel to the antenna weight vector w(k), although the
probability of such occurrence is quite small.

5. Use the perturbed antenna weight vectors w.(k), w.(k) in place of the antenna weight vector w to
transmit the first and second half-slots of the k-th slot, respectively. At the mobile station, the received power
functions (or characteristics thereof) J(w..(k)), J(w.(k)) are measured and the sign bit:

sy =sign{s (v, (8)~ S ow_ ()},
is sent back to the base station. In order to keep the adaptation from getting stuck at a local stationary point, albeit
unlikely, the following convention is provided:
. 241, a=20

L
which is slightly different from the common convention where the sign of zero is zero. Note that it is preferable that
the mobile station also knows the weight vector w(k). In the deterministic perturbation method of B. Raghothaman,
this is relatively straightforward to accomplish since the perturbation vector d(%) is selected from a deterministic set.
However, it is more difficult to provide this information to both the base station and the mobile station and it may
necessitate synchronization of the random generators at both ends of the link depending on the application.

6. Updafe the antenna weight vector w according to:

ow(k) + aus(k)o(k), |w” (k)dI #1

w(k +1) = .
w(k), [w" (ya| =1

where:
A 1
A=
N1+ p?
7. Set slot index counter & «— & + 7 and loop back to step 3.

In accordance with the aforementioned method, FIGURE 4 provides a two-dimensional diagram of an

exemplary process of computing a tangential perturbation vector o(k) from a perturbation vector d and then
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computing the half-slot antenna weight vectors w (%), w_(%). A dotted line (designated SRF) represents the surface
wiw=1.
The properties of the constrained power function can be supported as hereinafter provided. The tangential
perturbation gradient system is a time-recursive solution to the optimization problem:
W,, =argmax w" Rw,
w

subject to g(w) = 0 where:

A
gw)y=1—w"w.

Using the Lagrange multiplier method, the local maximizers w; i= 1,2, ..., M, satisfy:

Rw, = Aw,.
Therefore, the 4; s are the eigenvalues of the channel correlation matrix R and the w;’s are the corresponding
eigenvectors thereof. Since the channel correlation matrix R is a nonnegative definite Hermitian matrix, A; > 0 for
all i and:

R=WAW?Y,
where:

W = [Mﬁ,wvz,...,1¢g,],and

A = diag(d,4,,..., 4, ).

It is customary to arrange the eigenvalues and the eigenvectors such that A; > %, > ... > A Furthermore, ¥ satisfies

wiw = ww' = Iy, where I is the identity matrix of size M. By defining u = wH w, the power function can be

rewritten as:

c(u)iu”Au =J(w).
Since # and w have a one-to-one mapping, each stationary point of the power function C(w) in the u-space
corresponds to a unique stationary point of the power function J(w) in the w-space.

In support of the foregoing, define:

Sg=&ug@d=0}
That is, S, represents the surface of the unit hypersphere #”u = 1. Let 1, denote the i-th column of the identity
matrix Iy Ifd;>2; =1, then the u; is a saddle point of the power function Cri) over the surface S,

A proof of this lemma can be sketched as follows. First, note that u; is a stationary point of the power
function C(u) over the surface S,. This is due to the fact that the directional derivative of the power function C(u) in
the direction of v; is zero, where v; is any unit vector parallel to the hyperplane tangent to the constraint surface S, at
# = u;. Indeed, since u; =-V ,,”g(ui) which is orthogonal to the level surface g() = 0, then v u; = 0. Hence, the

directional derivative of the power function C(%) in the direction of v; at u = y; is:
H H H
D, Clu;)=v, V. uC) +V,CQu)v, = v Ay +ulf 4v = 0,

which establishes that u; is a stationary point of the power function C(s) over the surface S,. We now establish that
u; is neither a local maximum point nor a local minimum point of the power function C(u) over the surface S;. Since
the power function C(u) is analytic in » and continuous over the surface S, it is sufficient to show that there exist

vectors e and f with arbitrarily small magnitudes such that:
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g, +¢e) =0,
gl +f) =0,
Clu; + ¢) > C(uy), and
Clu; + 1) < Cluy.
5 Such vectors indeed exist. For example, for any complex ¢y, ey, . . ., ¢, with e; # 0, and for any complex fi+1; fi+2, -

<o fu with fig # 0, if

e = eu; +euy, +---+e _u,_ +u, —u

Jlel” +lesf? +les? +1
U + froathig + Suallio +o0+ futhy
VIHAul® ol +-+1fo?

then g(i; + ) = 0 and g(1y; + f) = O hold. Note that ||le|] — Oand ||f]| = Oase,— 0; k=1,2,...,i—1andf,— 0;
10 =j+1,i+2, ..., M. Also,

i

Iellzll +|e2|21,2 '*'"“"'ei—llz;ti—l + 4

le1|2 +’e212 +---+|e,~_1l2 +1

C(u,- +e) = >A; = C(ui),
/11' +|fi+1l2’1i+1 +lf;‘+2|2’q‘i+2 +'“+|fM|2/1M
1 "'1f1+1|2 +‘f}+2|2 +-- +lfM|2

which satisfy C(i; + €) > C(u;) and C{y; + ) < C(u;), respectively.

The above lemma has a practical implication. Since the constrained power function C(u) has no local

Clu,+f) =

14

15 maximum in the surface S, the tangential perturbation gradient system converges to the global maximum. If the
maximum eigenvalue of the channel correlation matrix R has multiplicity n, then uy, u,, . . ., u, are the global
maximum points of the power function C(w) in the surface S, However, how close the system and method can get
to a global maximum point depends on the step size 4. A smaller step size u in general yields a smaller steady-state
error and a slower initial speed of convergence and vice versa. Thus, the step size ur should be selected to balance

20 the convergence speed and the continuing antenna weight changes necessitated by changing transmit receive path
dispersions.

The properties of the tangential perturbation gradient system and method will hereinafter be explored.
Since the probability that the perturbation vector d is parallel to the antenna weight vector w(k) is very small, we

explore the other cases for the our purposes of expediency. From the following relationship:

d =[w? (kyd i) .
25 o(k)= , w" (k)d| =1
Jl—lw”(k)dlz | |

the tangential perturbation vector o(k) has a unit magnitude and is parallel to the hyperplane tangent to the constraint
surface S, since wdo) = 0. Therefore, at each step of the adaptation, the end of the antenna weight vector w(k)
is moved by the same distance (i.e., the antenna weight vector w(k) is moved through a constant angular change).
To see this quantitatively, the projection of weight vector w(%k) onto w(k + 1) is relatively constant for  since:

30 w!(Ewk+)=«a.

To see this another way:
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Wik +1) = wik)|* = 20— ).

This is a feature of the tangential perturbation gradient system that makes it converge faster than the perturbation
methods of B.C. Banister, ef al. and B. Raghothaman. For the perturbation methods, the projection of the antenna
weight vector w(k) onto the antenna weight vector w(k+1) changes with k since it depends on the direction of the
perturbation vector d at time k.

To see that the tangential perturbation gradient system has a gradient ascent behavior, the directional
derivative of the power function J(w) in the direction of the tangential perturbation vector o(k) and evaluated at the

antenna weight vector w = w(%) is:
Doy JW(K)) = o ()Y, J(w(k)) +V ,J(w(k))o(k)
= o (K)Rw(k) +w" (k)Ro(k)

1447

r [ 0w, () - T (w_(K))].

which together with:

A
s(k)=sign{s (w, (k) - I (w_(¥))},
indicates that s(k) is the sign, and therefore a coarse estimate, of the directional derivative of the power function J(w)

in the direction of the tangential perturbation vector o(k). Hence, the following relationship:
w(k +1) = aw(k) + qus(k)o(k),  |w" (k)dl #1,

can be rewritten as:

wlle 1) = o) + g - sign{D, gy (o).

which can be viewed as a gradient-sign iteration subject to the constraint g(w) = 0.

The step size and steady-state error will hereinafter be described. Since both the initial speed of
convergence and the steady-state error tend to increase with the step size y, it is sensible, especially in a static or
slow-fading channel environment, to start with a large step size and decrease it monotonically over time until it
reaches a sufficiently small value. To relate the step size to the steady-state error, the static channel case (constant
R) is analyzed.

Suppose that at time £, the system reaches a global maximum so that the antenna weight vector w(k) = w;.
The system evolves between time k and & + 1 by decreasing the power function J(w) from 4, to a smaller value. The
worst case behavior is reviewed where power function J(w(k +i)) decreases at every time epoch fromi=J to i=p
for some p 2 1. In an actual operation, the value p is small (on the order of unity) since the probability that the
power function J(w) decreases for the value p consecutive time steps decreases quickly with the value p.

Suppose the antenna weight vector w(k) = w, and let p > 1. The normalized power function JGw(k + p))/d;
is bounded below by:

B,<

i-xw(m»,

where the bound B, is given by the following recursion. Fori=1,2,...,p—1,
J, = a?,

2

3

B = «
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B, = a’(J;+2ug;), '
e = ale +ug).
diy = ald, +uh;),
Jm = ch.

Since:

B, < %}-J(Wﬁ p)).

is a deterministic bound, it only represents a loose bound. An average bound is obtained by taking into account the
distribution of the antenna weight vector w(k -+ i} in steady state.

We observe that the bound B, for the normalized power function depends on the step size s Therefore; the
step size p value can be chosen so that the steady-state error stays below a certain level. FIGURE 5 shows the
bound B, for the normalized power function as a function of the step size g and for various values p. This bound
explains quantitatively that the steady-state error increases with the size of the step size u.

A graphical representation comparing the deterministic perturbation gradient approximation (denoted
“DPGA”) to the tangential perturbation gradient system (denoted “T-DPGA”) is illustrated with respect to FIGUREs
6A and 6B. The graphical representation includes the tangential perturbation gradient system without the tangential
projection step with step sizes of 0.2 and 0.3 in FIGURES 6A and 6B, respectively. The illustrated graphical
representation is provided for two transmit antennas, one receive antenna and 3, 10, and 30 kmph flat fading. An
advantage of the tangential perturbation gradient system due to better tracking is visible at higher velocities.

Thus, a tangential perturbation gradient system and method for adaptive beamforming have been described.
The tangential perturbation gradient system speeds up the convergence of the ordinary perturbation method.
Additionally, the power function has no local maximum in the constraint set. Therefore, the tangential perturbation
gradient system more rapidly converges to the global maximum. A lower bound on the power function has been
developed which shows quantitatively that the steady-state error can increase with the adaptation step size, and
based on this bound the step size can be selected to keep the relative steady-state error below a pre-set value, It
should be noted, however, that this bound is relatively loose and therefore the step size selected according to this
bound is provided for illustrative purposes only.

In view of the improvements realized with the deterministic perturbation gradient approximation, the

principles provided thereby speed up the convergence associated therewith. Instead of adding the perturbation
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vector to the weight vector, a tangential component of the perturbation vector to the constraint surface (preferably
representing a constrained power level) is constructed, and the tangential component is used to update the weight
vector. In accordance therewith, the tangential perturbation gradient system is a gradient-sign system, wherein the
gradient in this case is the directional derivative of the cost function in the direction of the tangential perturbation
vector.

Regarding beamforming in general, an attractive feature of beamforming is that when the number of
resolvable paths is smaller than the number of transmit antennas, then beamforming outperforms space-time coding
scheme, provided that the beamforming methodology converges to a global maximum as supported by B.C.
Banister, et al. The price paid for this gain in performance is the fact that beamforming employs downlink channel
knowledée or a feedback bandwidth. Space-time coding, on the other hand, is typically a blind methodology
wherein channel knowledge is not assumed at the transmitter.

Since feedback information is involved between the base station and the mobile station, a protocol is
established in order for the network to recognize the information. In general, a beamformer method should possess
a simple mechanism to make a tradeoff between performance (including speed of convergence and tracking),
feedback rate and computational complexity. The question to address is how to devise a beamforming technique
that offers the “best” performance for any given feedback rate.

Finite feedback information typically represents a quantized version of a vector quantity. The concept of
vector quantization has been addressed in the beamforming literature. For example, a beamforming vector may be
quantized by optimizing a beamformer criterion (typically the received power) over a pre-designed finite codebook
and the index of the vector that optimizes the criterion is sent back to the transmitter. (See, e.g., A. Narula, M.J,
Lopez, M.D. Trott, and G.W. Wornell (“A. Nurala, et al.”), “Efficient Use of Side Information in Multiple-Antenna
Data Transmission over Fading Channels,” IEEE J. Select. Areas in Comm.,, vol. 16, pp. 1423-1436, Oct. 1998,
K.K. Mukkavilli, A. Sabharwal, E. Erkip, and B. Aazhang (“K.K. Mukkavilli, et a/.””), “On Beamforming with
Finite Rate Feedback in Multiple-Antenna Systems,” IEEE Trans. Info. Theory, vol. 49, pp. 2562—2579, Oct. 2003,
and D.J. Love, R. W. Heath Jr.,, and T. Strohmer (“D.J. Love, et al.”), “Grassmannian Beamforming for Multiple-
Input Multiple-Output Wireless Systems,” IEEE Trans. Info. Theory, vol. 49, pp. 2735-2747, Oct. 2003, all of
which are incorporated herein by reference.) Instead of the delivered power, the average data rate, though less
feasible, can be optimized subject to the bit error rate (“BER”) and transmit power constraints. (See, e.g., P. Xia, S.
Zhou, and G. B. Giannakis, “Multiantenna Adaptive Modulation with Beamforming Based on Bandwidth-
Constrained Feedback,” IEEE Trans. Comm., vol. 53, pp. 256-536, March 2005, which is incorporated herein by
reference.)

Codebook-based selection, while representing a nice and simple idea wherein a codebook element selected
in one slot has little or no algorithmic dependence on the previous one, has several drawbacks. In order for the
beamformer to be close to a better-quality solution, the codebook size needs to be sufficiently large. A larger
codebook size, however, employs a higher receiver computational complexity. In addition, a codebook search is
inherently a nonadaptive technique and therefore does not naturally converge to a global maximizer.

A beamforming system and method is now described in an embodiment of a quantized-feedback optimal
adaptive (“QFOA”) beamforming system that is adaptive and further improves global convergence. Convergence
speed is improved by selecting a better increment vector. A quantized version of the increment vector is sent back
to the transmitter. The beamforming systems and methods advantageously are very robust with respect to a

quantization error. In particular, for a very coarse quantization scheme wherein only the sign of each component is
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taken, the loss in convergence speed can be small and the directional derivative (constrained gradient) of the
objective function is nonnegative everywhere. In addition, when the feedback information is represented by only
one bit, global convergence is still assured. According to the aforementioned features, the beamforming systems
and methods provide global convergence regardless of the quantization error. A communication system including
these elements is described in the paper by H. Nguyen and B. Raghothaman, entitled “Quantized-Feedback Optimal
Adaptive Beamforming for FDD Systems,” 2006 IEEE International Conference on Communications, Volume 9,
June 2006, pp. 4202 — 4207, which is incorporated herein by reference.

The signaling model described above is again considered, including a base station with A4 transmit

antennas and a mobile station (“a receiving station”) with N receive antennas. The variables x(n), oi°, y,(n), w,

J(w), R, and H,, are as previously defined. As before, in addition to the information sequence x(n), each transmit
antenna also carries a pilot sequence covered by a predetermined spreading sequence, the channel impulse response
for each transmit-receive antenna pair is estimated from the associated pilot, the time dependency of the channel
matrix H, has been suppressed, and the channel is considered to be block-wise constant.

Regarding beamforming and a receiver, the beamformer (i.e., setting the complex transmit antenna

weights), can be computed in an embodiment of a beamforming system and method such that a received signal

power J (W) is further improved. In the case of flat fading, where the delay D =0, it is well known that

improving the received signal power J (w) is equivalent to improving the effective signal-to-noise ratio (“SNR™),

and hence the channel capacity with the use of maximal ratio combining (“MRC”). (See, e.g., P.A. Dighe, RX.
Mallik, and S.S. Jamuar, “Analysis of Transmitreceive Diversity In Rayleigh Fading,” IEEE Trans. Comm., vol. 51,
pp. 694-703, April 2003, and J.B. Andersen, “Antenna Arrays in Mobile Communications: Gain, Diversity, and
Channel Capacity,” IEEE Antennas and Propag. Mag., vol. 42, pp. 12-16, April 2000, which are incorporated herein
by reference.)

In this case, the noisy received signal is:

z(n) i y(n) + v(n) = wa(n) + v(n)

where:
hl,l hl,z cee hl,M
h ... h
H = 2,1 2.,2 2:,M ’
hN.l hN,Z s hN.M
and

w(n)~cn(o, N,1,,)
model a circular complex white Gaussian noise process of spectral density N o+ Here, Iy denotes an NxN

identity matrix. With MRC, a combiner c is designed such that for any given antenna weight vector w, the post-

combination SNR experienced by an estimate of the transmitted information signal:
JE(n) =c z(n) =" Hwx(n)+ ¢ v(n)

is maximized. This SNR is:
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. E“c”wa(n)lz] o2 e " )
77( > )— E[ICH‘V(nY:I —No PP .

For any given antenna weight vector w, the SNR #(c,w) is maximized when the combiner ¢ is proportional to the

principal eigenvector of the rank-1 matrix Hww” H* _i.e., when:

A
c=cp, =yrHw

for any scalar y # 0. Then,

2 2 2
n(wa,w)=;—*w"H”Hw” =%w”Rw= ;" J(w),

o (4 o
also hereinafter referred to as EQN J.

Thus, with MRC, maximizing the effective SNR # over the antenna weight vector w is equivalent to
maximizing the received signal power J| (w), thus maximizing the Shannon channel capacity as observed by J.B.
Andersen, introduced above. This forms the basis for employing beamforming as a technique to enhance the
channel capacity. When the received signal power J (w) is maximized subject only to the constraint wfw=1 ,

the transmitter achieves maximal ratio transmission (“MRT™), as proposed by T.K.Y. Lo, which provides the
maximum channel capacity. (See, e.g., T.K.Y. Lo, “Maximum Ratio Transmission,” in Proc. IEEE Int. Comm.
Conf., vol. 2, (Vancouver, BC), pp. 1310—1314, June 6-10, 1999, and T.K.Y. Lo, “Maximum Ratio Transmission,”
IEEE Trans. Comm., vol. 47, pp. 1458-1461, Oct. 1999, which are incorporated herein by reference.)

The practical issue arising in FDD systems where the channel is unknown at the transmitter leads to
proposals to feed back a quantized version of the channel information (see reference by A. Narula, ef al. introduced
above) or of the beamformer (see references by K.K. Mukkavilli, et al. and D.J Love, et al. introduced above),
encompassing antenna selection diversity (see references by N.R. Sollenberger and A. Wittneben introduced below)
as special cases. (See, e.g., N. R. Sollenberger, “Diversity and Automatic Link Transfer for a TDMA Wireless
Access Link,” in Proc. IEEE Global Telecom. Conf., vol. 1, (Houston, TX), pp. 532-536, Nov. 29-Dec. 2, 1993,
and A. Wittneben, “Analysis and Comparison of Optimal Predictive Transmitter Selection and Combining Diversity
for DECT,” in Proc. IEEE Global Telecom. Conf., vol. 2, pp. 1527—1531, Nov. 13-17, 1995, which are incorporated
herein by reference.) With respect to the present system and method, the beamformer and the channel information is
not quantized. Instead, a selected (e.g., optimal) increment vector is quantized such that the beamformer retains the
ability to converge to the MRT beamformer.

The case of flat fading is of special interest since it models a large class of practical wireless links. Flat
fading can be used to model ordinary narrow-band channels where the signal bandwidth is small relative to the
carrier frequency. Flat fading can also be employed to model each bin of a wide-band orthogonal frequency

division multiplexing (“OFDM®") system since each bin can be treated as a narrow-band signal. For a general

frequency selective channel wherein the delay (D > O) , maximizing the received signal power J (W) optimizes

J(w
the received SNR, equal to (w)

o

» but does not necessarily optimize the channel capacity. In such a case, the

optimal-capacity receiver employs an equalizer in which the antenna weight vector w is employed in a more
complicated manner than for the MRC receiver, a linear transformation of the antenna weight vector w in:
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c=c,. z yHw.

Referring now to FIGURE 7, illustrated is a block diagram of a communication system including an
embodiment of a quantized-feedback optimal adaptive beamforming system. The communication system includes a
base station 300 and a receiving station (e.g., mobile station 370). The communication channels are defined by
radio links such as forward-link channels 305 and reverse-link channels 310. Information sent to the mobile station
370 is communicated by the base station 300 over the forward-link channels 305 and information originated at the
mobile station 370 for communication to the base station 300 is communicated over reverse-link channels 310.

The communication system may be a cellular communication system constructed pursuant to any of a
number of different cellular communication standards. For instance, the base station and mobile station may be
operable in a code division multiple access (“CDMA™) communication system such as a third generation (“3G")
CDMA communication that provides for 1xEV-DV (“EVolution, Data and Voice™) data and voice communications,
Those skilled in the art, however, realize that the QFOA beamforming system described herein are employable in
any number of communication systems including other types of cellular communication systems such as a global
system for mobile (“GSM”) communications systems that provides for general packet radio service or enhanced
data for GSM evolution data services, each of which also provides for data communications. The communication
system is also representative of other types of radio and other communication systems in which data is
communicated over channels that are susceptible to distortion caused by fading or other conditions. Those skilled in
the art should understand that the principles described herein are operable in any communication system employing
closed-loop transmit diversity.

The base station 300 forms part of a radio access network that also includes a radio network controller
("RNC”) 315 coupled to a gateway 320 and a mobile switching center (“MSC”) 325. The gateway 320 is coupled to
a packet data network (“PDN") 330 such as the Internet backbone and the mobile switching center 325 is coupled to
a public switched telephone network (“PSTN) 335. A correspondent node (“CN”) 337 is coupled to the packet
data network 330 and to the PSTN 335. The correspondent node 337 represents a data source or a data destination
from which, or to which, informatien is routed during operation of the communication system.

The base station 300 includes a receiver 340 and a transmitter 345. A forward-link signal to be
communicated by the base station 300 to the mobile station 370 is converted into a format for communication over
the forward-link channels 305 by the transmitter 345. Closed-loop feedback information is returned by the mobile
station 370 to the base station 300 by way of the reverse-link channels 310. The mobile station 370 also includes a
receiver 375 and a transmitter 380. The receiver 375 (which may include subsystems such as a receive filter and an
equalizer) operates to receive, and operate upon, the forward-link signals transmitted by the base station 300 over
the forward-link channels 305, and the transmitter 380 operates to transmit reverse-link signals over the reverse-link
channels 310 to the base station 300.

The base station 300 and the mobile station 370 may include multiple antennas, and the base station 300
and mobile station 370 combination forms a multiple-input, multiple-output (“MIMO”) system. For purposes of
clarity, the base station 300 includes M base station antennas designated 347-1 to 347-M (hereinafter referenced as
base station antennas 347). Also for purposes of clarity, the mobile station 370 includes N mobile station antennas
designated 385-1 to 385-N (hereinafter referenced as mobile station antennas 385). Those skilled in the art should
understand, however, that any number of antennas (e.g., one receive antenna) may be employed in accordance with

the principles of the present invention.
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The base station transmitter 345 includes an encoder 350 that encodes data to form encoded data. The
encoded data is provided [via a transmit filter (not shown)] to an up~mixer 355 with an up-mixing constant v(t) to
generate an up-mixed signal. The up-mixed signal is provided via weighting elements (two of which are referenced
and designated as first and second weighting elements 360, 362, respectively) on separate branches to ones of the
base station antennas 347. Once the up-mixed signals are weighted, the weighted signals are applied to the base
station antennas 347 for transmission to the mobile station 370. Of course, other operations may be performed on
the weighted signals prior to transmission to the mobile station 370. Of course, the first and second weighting
elements 360, 362 may be applied at a baseband signal level or at a higher level in the signal processing chain.

The base station 300 also includes a QFOA beamforming system that adjusts the values of the weightings
applied to the first and second weighting elements 360, 362 in a manner that enhances antenna weighting selection
pursuant to a closed-loop transmit diversity system. The QFOA beamforming system (which may be embodied in
hardware, software, or combinations thereof) includes a beamformer selector (“BS”) 365 that operates to determine
an updated direction or increment vector based on a quantized increment vector (received by the receiver 340 in the
base station 300) from the mobile station 370. For instance, the beamformer selector 365 may re-orthogonalize the
quantized increment vector. As will become more apparent below, the quantized increment vector may be projected
onto a hyperplane tangent to a constraint hypersurface thereof (e.g., re-orthogonalizes).

The QFOA beamforming system also includes a weight vector modifier (“WEM?™) 367 that modifies a
tangential component of the weight vectors selected by the beamformer selector 367, which are provided to a vector
applicator (“VA™) 369 for application to the first and 'second weighting elements 360, 362. For instance, the weight
vector modifier 367 calculates an antenna weight vector by adding an increment (e.g., of a magnitude of less than
unit Jength) to a previous antenna weight vector proportional to the re-orthogonalized quantized increment vector
and renormalizes the antenna weight vector to unit length (“unit magnitude”). Since the increment vector points in a
direction that yields a sufficient gradient of the objective function subject to the constraint, the convergence speed is
improved. The weightings of the first and second weighting elements 360, 362 determine the values of the signals
transmitted by the base stations antennas 347. The forward-link signals generated on the forward-link channels 305
are delivered to the mobile station 370.

The mobile station 370 includes a detector 390 (which may include subsystems such as a combiner and
may be a subsystem of the receiver 375) that detects and measures characteristics (e. 2., representing power levels) of
the forward-link signals (in accordance with the pilot signals thereof) transmitted by the base station 300. For
instance, the detector 390 may measure a downlink channel correlation matrix for the base station antennas 347
from pilot signals. The detector 390 may measure the downlink channel correlation matrix from a discrete-time
channel impulse response between the base station antennas 347 and the mobile station antenna(s) 385. More
specifically, the detector 390 adapts a transmit vector by computing a direction of preferable adaptation and feeds
the quantized increment vector (e.g., one bit) back to the base station 300.

The detector 390 may also compute an increment vector normal to a previous antenna weight vector
rendering positive (e.g., maximize) a directional derivative of total received power from the base station antennas
347, and quantize the increment vector component by component to produce a quantized increment vector (e.g., via
a uniform quantizer). The quantized increment vector is thereafter employed by the base station 300 to adjust the
weightings of the first and second weighting elements 360, 362 for the base station antennas 347 to refine the
forward-link signals. Of course, the quantized increment vector may adjust the weightings of any number of

weighting elements depending on the number of base station antennas. The QFOA beamforming system is an
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adaptive system and the aforementioned steps may be repeated several times to adapt the transmit antenna weights
towards an optimal or preferable solution depending on the communication system and application.

Tuming now to FIGURE 8, illustrated is a functional block diagram of an embodiment of a QFOA
beamforming system. While the support for the functional blocks will be described in more detail below, an outline
of the respective functions will hereinafter be provided. Beginning with the sending station, a beamforming selector
410 determines an updated direction or increment vector based on a quantized increment vector received from a
receiving station. The quantized increment vector may be projected onto a hyperplane tangent to a constraint
hypersurface thereof. A weight vector modifier 420 modifies a tangential component of the weight vectors selected
by the beamformer selector 410, which are provided to a vector applicator 430 for application of the weight vectors.
Regarding the receiving station, a detector 440 adapts a transmit vector by computing a direction of preferable
adaptation and feeds a quantized increment vector back to the sending station.

With respect to the beamforming system and method, due to the transmit power limitation, the beamformer

should satisfy the scalar constraint g(w) = (), where the constraint function g(w) is defined as:

A
gw)=1-ww.
An objective is to develop an adaptive solution for the maximization problem:

A
wmax = arg max J(w),
weS,

where:

A
S, = {w: g(w)= 0}.
Suppose that the antenna weight vector w(k) denotes a solution at the k-th step of the adaptation. The

time variable & also indexes the “slots” of a transmission wherein the duration of each slot is on the order of the
channel coherence time sufficiently long for all channel estimation and pilot tracking purposes. This adaptation is

governed by two conditions, one of which is:

wk)e S, Vk.
The other condition is that the antenna weight vector w(k -+ 1) should be related to the antenna weight vector w(k) in
such a way that the received signal power J (W) has an “optimal™ increase from the antenna weight vector w = w(k)

to the antenna weight vector w = w(k+1). In the unconstrained optimization problem, it is well known that the

antenna weight vector w(k-+1) can be obtained by adding to the antenna weight vector w(%) a scaled version of the

gradient of the received signal power J (w) In other words, for some constant step size p, the antenna weight
vectoris Wk +1) = w(k)+ 1V ol (W(k)), commonty known as the steepest gradient ascent algorithm. The

presence of the constraint w(k) s g‘v'k renders the direct use of the steepest gradient ascent algorithm principally
inapplicable. Indeed, the antenna weight vector w(k+1) could be normalized at each step, but apparently this

process has no mechanism to prevent the received signal power J (W) from decreasing between time % and time % +
1.
To proceed, the concept of directional derivative is employed for a real-valued scalar function. For any

real-valued vector ® € R* (which denotes a Enclidean real vector space with 2M dimensions) and a real-valued
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scalar function f (@) , the directional derivative of | (@) in the direction of a real-valued unit vector v & R* is
given by:
D,f(©)=Vef(®).
It should be noted by convention, V g f(®) is a row vector and V oS (®) is a cotumn vector.
Extending this result to a real-valued scalar function with complex input arguments, the directional

derivative of any real-valued scalar received signal power J (w) in the direction of a complex unit vector 0 € cM

(which denotes a Euclidean complex vector space with M dimensions) is given by:
H
D, J(w)=0"V_,J(w)+V J(wo,
referred to as EQN A. It should be noted by convention, V ,J (w) isarow vectorand V _,J (w) is a column

vector. By extending the real-valued scalar function with complex input arguments, the received signal power

J (w) = f (@) has been expressed as a function of the real-valued vector:

o=piw. ],
wherein the quantities subscripted by R, and 7, denote the real and imaginary parts of the associated quantity,
respectively. Then, D,J(w) is defined as the directional derivative of f° (@) in the direction of:
v=lo.of ]
That is:
A
D,J(w)=D,f(®),
referred to as EQN B.
The result provided by EQN A follows from EQN B by employing the Wirtinger complex calculus (see, P.

Henrici, “Applied and Computational Complex Analysis,” vol. I1I, pp. 287-288, New York, NY: Wiley & Sons,

1986, which is incorporated herein by reference), wherein the operator identities:

o _ e .9
ow 20w, ow )’

and

0 1{ o 4 0
——-—: — — J —
ow 2\ Ow, ow,
yield results consistent with separate differentiation regarding the real and imaginary parts and allow the treatment

of the antenna weight vectors w and w* as independent variables, /.e.,

and

The term S is the closed set that defines a constraint surface with a unit-radius hypersphere centered at the origin.
Therefore, if the tail of the antenna weight vector w(k) is held at the origin of C*, then as the time & — 00, the head
26-
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of the antenna weight vector w(k) leaves a series of “headprints” on the surface of the hypersphere. The antenna
weight vector w(k +1) is obtained by pulling the head of the antenna weight vector w(k) to a close neighboring point
on the surface of the hypersphere in a direction tangent to an equal-level surface (a constraint function) g(w) = 0.
Then, the direction in which the pull results in the steepest rate of increase in the received signal power J(u) is some
increment vector o(%k) that is tangential to the constraint surface S, when the antenna weight vector w = w(k) and

results in the largest directional derivative, i.e.,
olk)=arg max D, (w(k)) = arg m{?.x[o” Rw(k) + w" (k)Ro],
subject to:
o"w(k) = 0, referred to as constraint A, and

1—00 = 0, referred to as constraint B.

The constraint A provides that the increment vector o is tangent to the equal-level surface g(w) = 0 when

the antenna weight vector w = w(k). To see this, the increment vector o should be orthogonal to the gradient of the
equal-level surface g(w), thatis 0 = 0"V 8 (W(k )) =~of w(k) , resulting in constraint A. The constraint B is

the usual condition for the unit increment vector involved in the definition of directional derivative. Thus, the

increment vector o(k) can be obtained by solving for increment vector o in the Lagrange equation:

Rw(k)=I,w(k)- Lo,

subject to the constraints A and B, where /; and /; are the Lagrange multipliers. If the antenna weight vector w(k) is

not an eigenvector of the channel correlation matrix R, then the increment vector is given by:

o<k)=;2—[k-(w” ()R, Jolk)

referred to as EQN C, where:

Ly = w ()R w(E) = b (E)Rw()]

referred to as RELN A,

The case where the iterative antenna weight véctor w(k) is an eigenvector of the channel correlation matrix
R, though very unlikely to occur, will hereinafter be addressed. It should be noted that the result given by EQN C is
available at the receiver. Inasmuch as the receiver is a forward-link receiver, the parameters to calculate the
increment vector o(%) described in EQNC are known or can be determined thereby. In order to make this
information partially available at the transmitter, a quantized version of the increment vector o(%) is sent back to the
transmitter via a feedback channel. Of course, several quantization schemes are possible.

Quantization Scheme I. A good quantization method is to simply take the sign of the real and imaginary

part of each vector component separately, yielding the quantized vector:

5(k) _ SR(kB/;-Afl (k)

2

referred to as EQN D, where:

se(k) = sign(og (k)
s&) = sign(o, (k).
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Note that sign(*) returns a vector whose components are the signs of the individual components of the real-valued
vector argument so that each component of sign(x) is either +1 or -1 for any real-valued vector x. Here, as described
above, we again use the convention sign(0) = 1.

Quantization Scheme II. The above quantization can be generalized to a denser quantization where b bits
are used to represent the real or imaginary parts of each component of the increment vector o(k). The quantization
set is defined as:

A
Q0= {" Gopt_yo o0~y —dos Dos G1s vy qzb-l_;}
which consists of 2° points on the real-number axis and symmetric about the origin. Without loss of generality, it is

assumed that:
9, <g, Vm<n.

Since the quantization set Q is used to quantize a number in the closed interval [-1, 1], the following constraint is

tmposed:
0<gp., <1.
If the following quantization levels are used:
2i+1 | b
q; =§b————1,l=0,1,...,2 ! —1,

referred to as RELN B, then the quantization set O consists of 2° uniformly spaced peints between and including -1
and +1, resulting in a uniform quantization. However, it is perhaps more preferable to design the quantization levels
g; as a function of i such that the quantization set Q bas a higher concentration toward zero, i.e.,
9.1 —49; 2 4q; — ;. , to match the distribution of the real and imaginary parts of the components of the increment
vector o(k).
The quantization of the increment vector (referred to as a quantized increment vector) o(k) is given by:
E(k) - Q(OR (k)) + jQ(OJ (k))
HQ(OR (k)) + jQ(01 (k)]l

referred to as EQN E, where the quantization level g(x) is a component-wise quantizer and has the same dimensions

as x for any real-valued vector x. The /-th element of the quantization level g(x) is obtained by quantizing the I-th

element of x to the closest element in the quantization set Q, ie,
{q(x)}l = argrflegllx, - Vl :

where x; is the I-th element of x. When b = ] and with uniform distribution as represented by RELN B, the
quantization of EQN E reduces to the sign quantization of EQN D.

Quantization Scheme III. The above quantization scheme can be further generalized. The real and/or
imaginary part of one or more components of the increment vector o(k) can be quantized to its sign, or to any value
that has its sign. In particular, if either the real or imaginary part of only one component of the increment vector
o(k) is quantized to its sign, a one-bit feedback scheme is achieved. The fact that the QFOA beamforming system
provides this widely flexible quantization scheme represents an advantage over other presently available systems.

The information that is sent back to the transmitter is the bits that represent the quantized increment vector

'5(k). At this point, the transmitter and the receiver both know the quantized increment vector 5(/6) and the
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antenna weight vector w(k). However, unlike the increment vector o(%), the quantized version 5(k) thereof may no

longer be orthogonal to the antenna weight vector w(%). Nonetheless, at both the transmitter and the receiver, the

(1) = 20 = (o )i
- et [

referred to as EQN F, which is a unit vector re-orthogonalized to the antenna weight vector w(%) and approximates

following may be obtained:

the direction of the increment vector o(k). As described below, the above quantization schemes (including the case
of 1-bit feedback) will satisfy global convergence.

For completeness, the case where the antenna weight vector w(%) is an eigenvector of the channel
correlation matrix R will hereinafter be addressed. In this case, REL A gives /=0 and EQN C yields an

0
indeterminate vector of the form —. However, from:

o{k) = arg max D,J(w(k)) = arg max[o” Rw(k)+ w (k)Ro],

if the antenna weight vector w(k) is an eigenvector of the channel correlation matrix R, then the directional
derivative is zero in any direction tangent to the equal-level surface g(w) = 0 when the antenna weight vector w =
w(k) since this direction is orthogonal to the antenna weight vector w(k). Therefore, any unit increment vector o(k)
orthogonal to the antenna weight vector w(k) is acceptable to pull the antenna weight vector w(k + 1) away from any

local stationary point. There are infinitely many such vectors and herein are listed several thereof, Let
1<m <n <M such that the antenna weight vectors W, (k) #0 and w, (k) # 0, wherein the antenna weight
vector wy(k) denotes the i-th component of the antenna weight vector w(%k). Then,
o(k) _ [o,(k),...s 0, (K), = w, (k). 0,,,(K), ..., 0,_,(k), w,(K), 0,,,(k), ..., 0,, ()}
Vb GF + O

»

referred to as EQN G, is an acceptable candidate, wherein the increment vector 0;(k) = 0 for i # m, n. Note that

the antenna weight vector -w, (%) is placed at the m-th position and the antenna weight vector w,(%) is put at the n-th

position. If M is even, then:

O(k) = [“ W, (k): W (k)» — W, (k)a W; (k), . -,.“ Wy (k)= Wi (k)]H ’
referred to as EQN H is another acceptable candidate. After the selection of the increment vector o(%k), the

quantization process above can be employed to obtain the increment vector 5(/( )
Once the increment vector 5(k) is available, the updated beamformer is given by:
w(ke +1)=aw()+ aus (),
referred to as EQN I, wherein 1 € (0, 1] represents the step size and
1

1+ P .

o =
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Thus, the QFOA beamforming system and method are summarized with respect to the flow diagram of
FIGURE 9 and with a base station with M/ transmit antennas and mobile station with NV receive antennas ag set forth

below.
1. Generate an arbitrary initial base station antenna weight vector w(l) with "w(lm =1 accordingto a

pre-determined procedure. An equal gain beamformer is a recommendable candidate.

2, Setthetimek= 1,

3. Use the “previous” antenna weight vector w(k) to transmit the £-th time slot. At the mobile station, the
channel correlation matrix R is measured from pilot signals, e.g., using the discrete-time channel impulse response
between transmit antennas and receive antenna(s).

4a, If the antenna weight vector w(%k) is not an eigenvector of channel correlation matrix R, the mobile
station computes the antenna weight increment vector o(%) according to EQN C and RELN A. The antenna weight
increment vector o(k) maximizes, or in an alternative embodiment, renders positive a directional derivative of total
received power at the receiving antenna from the multiple antennas of the base station under the constraints that the
antenna weight increment vector o(k) is of unit length and is tangent to the equal-level surface g(w) = 0 at w = w(k),
Le., it is normal to the antenna weight vector w(k). As will be clarified later, the antenna weight vector w(k) is an
eigenvector of the channel correlation matrix R if and only if ;=0 in RELN A. If I, =0, then the antenna weight
increment vector o(k) can be selected as any vector orthogonal to antenna weight vector w(k), several candidates of
which are listed in EQNs G and H.

4b. A quantized version 5(k) of the antenna weight increment vector o(%) is obtained according to EQN

E, or according to EQN D, if b = 1, where b is the number of bits. The quantization of the antenna weight increment
vector o(k) is performed component by component. In a preferred embodiment, a uniform quantizer is employed.

Alternatively, a nonuniform quantizer is employed.
5. The bits that represent the quantized increment vector 'o'(k) are sent back to the base station. At this

point, the base station and the mobile station both know the quantized antenna weight increment vector E(k) and
the antenna weight vector w(k).

6a. The base station and the mobile station “re-orthogonalize” the quantized increment vector E(k) to the
antenna weight vector w(k) to produce the re-orthogonalized (and re-normalized to unit length) antenna weight
increment vector a(k) according to EQN F.

6b. A new (i.e., of unit magnitude, ww = 1) antenna weight vector w(k + 1) is computed from the antenna

weight vector w(k) by the base station and the mobile station according to EQN I using a step size y. The new

normalized antenna weight vector is computed by adding the step size x times the re-orthogonalized quantized

increment vector &(k) to the antenna weight vector, i.e., an increment that is proportional to the re-orthogonalized

quantized antenna weight increment vector 5(]() is added to the antenna weight vector. The resulting new antenna

weight vector is scaled by a normalizing factor so that it is of unit magnitude. The step size g is preferably selected
in the range 0 < ¢ <1, i.e., the length of the increment added to the antenna weight vector w(k) is positive but
preferably less than or equal to unity. In a preferred embodiment, the step size y is a constant which can be readily
determined by simulation or by experiment in view of the application. Exemplary values of the step size u are 0.2
and 0.5.

7. Then, increment the time k to k+./ and loop back to step (3) to repeat the procedure for the next slot.
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The QFOA beamforming methodology as described herein is a time-recursive solution to an optimization

problem:
w,, =argmaxw” Rw,
w

subject to the equal-level surface g(w) = 0. Using a Lagrange multiplier method, the local maximizers w;, i = 1, 2,
M, satisfy:

voey

Rw, = A,w,.
Therefore, the A;'s are the eigenvalues of the channel correlation matrix R and the antenna weight vectors w;’s are the
corresponding eigenvectors of the channel correlation matrix R. Since the channel correlation matrix R is a
nonnegative definite Hermitian matrix, then, as described previously hereinabove for the tangential perturbation

gradient system:
A; 20 forall and
R=WAW*",

where:

W = [w,, Wy enes WM],and

A = diag(A, Ayy.nen Xy ).
Again, it is customary to arrange the eigenvalues and the eigenvectors such that 4, > 1, >---> A, . Further, ¥
satisfies WW = ww' = Ins.

In the following, several properties of the methodology are examined that provide global convergence.

That is, the time & — c0 and the antenna weight vector w(k) —> W,,, where w,,, is an eigenvector of the

channel correlation matrix R belonging to the maximum eigenvalue A, and the received power

signal J(W(k)) —> .

Lemma 1: For any antenna weight vector w(k), there holds:

Dy T (w{k)) = 0,

referred to as RELN C. The equality holds if the antenna weight vector w(k) is an eigenvector of the channel
correlation matrix R. By proof:

Dy (fE) = b (RE()= o ()T}

21,
2R — (o (o), ot
=2 0

It is obvious that the aforementioned equality holds and /, = 0 if the antenna weight vector w(k) is an eigenvector of

the channel correlation matrix R.

The increment vector that directly affects the beamformer update is increment vector O (k ) (see EQN F).
Since the increment vector 5(k) is obtained via a quantization process, a question arises as to whether the
directional derivative of the received signal power J(w) in the direction of increment vector O (k) is still
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nonnegative as the directional derivative in the direction of the increment vector o(%). This question is answered in

the following lemma, which indicates that the inequality D, (,)J (W(k)) 2 0 still holds with the increment vector

o(%) replaced by the increment vector & (k)
Lemma 2: For any antenna weight vector w(k), the directional derivative of the received signal power J{w)

in the direction of the increment vector & (k) is nonnegative, i.e.:

Da(k)-](w(k)) 20.

The equality holds if the antenna weight vector w(k) is an eigenvector of the channel correlation matrix 8. To prove

the aforementioned, it is noted that for any real-valued vector x,
x"g(x)2 0, forx=o0,
wherein the quantization level g(x) is such that sign({g(x)};) = sign(x;). The quantization schemes described above

satisfy the aforementioned property. For the case where the antenna weight vector w(k) is not an eigenvector of the

channel correlation matrix R, the following are defined as set forth below:

m{o(k>}=;;-[RRwR<k>—R,w,ck)—z,uzk<k)],

A
Op =

0, = s{o(k)}=;2-[R,wR(k)+Rkw,<k>—z.w,(k)],

¢ = lalox)+jalo,) ,

o = 1-* @) :

where:

1, = w (k)Rw(k)
is the first Lagrange multiplier in Rw(k) =1 w(k) — 1,0 . The operators 93{} and 5{} return the real and

imaginary parts of the argument, respectively. With some algebra, it can shown that:

Dy T(w() = 25thw (k)5 ()

21
= 'c;z_'[0£9(ok)+01TQ(ol)]
> 0.

wherein the strict inequality holds due to qu(x) 2 O and the fact that the increment vector ok} # 0. If the antenna
weight vector w(k) is an eigenvector of the channel correlation matrix R, then from the above relationship it is clear
that Do(k)J (w(k)) = 0 for any increment vector 5(k) tangent to the equal-level surface g(w) = 0 when the
antenna weight vector w = w(k).

In support thereof, if Db’(k)‘] (w(k)) = (), then the antenna weight vector w(%) is an eigenvector of the

channel correlation matrix R. The aforementioned relationship can be proved by contradiction. Suppose the

antenna weight vector w(k) is not an eigenvector of the channel correlation matrix R. From the following:

Dy (wlK)) = 2:tfw" (DRB ()}
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21
= zgz[o,fq(ok)+ 07 4o, )]’

the values of op = 0; = 0, which leads to the increment vector o(k) = 0. As a result of:

ofk) = 7[R = (" ()l o)
then,

Rulk) = twlk),
which holds if the antenna weight vector w(%) is an eigenvector of the channel correlation matrix R, which, of
course, contradicts the hypothesis that the antenna weight vector w(%) is not an eigenvector of the channel
correlation matrix R.

The above lemmas reveal the gradient-ascent behavior of the QFOA beamforming system. Therefore, the
system converges to an eigenvector of the channel correlation matrix R (i.e., a local maximum of the received signal
power J(w)). Furthermore, the QFOA beamforming system preferably converges to the global maximum due to the
structure of the objective function of the received signal power J(w). It turns out that the received signal power J{w)

has no local maximum over the constraint set S,. This is verified by the following lemma.
Lemma 3: If 4; > A, > A,,, then the antenna weight vector w; is a saddle point of the received signal

power J(w) over the constraint set S,. It is first noted that the antenna weight vector w; is a stationary point of the
received signal power J(w) over the constraint set S;. This is due to the fact that the directional derivative of the
received signal power J(i) in the direction of v; is zero, where v; is any unit vector parallel to the hyperplane tangent

to the constraint set S, at the antenna weight vector w = w;. Indeed, since the antenna weight vector
w, =— Vw,, g(w,.) which is orthogonal to the equal-level surface g(w) = 0, then v:' w; =0. Hence, the
directional derivative of the received signal power J(1) in the direction of v; at the antenna weight vector w = w; is:
N L H H _

DviJ(w,.)~ V; Vw,,,J(w,.)+ VWJ(w,.)v,. =v; 4w, +w Ay, =0,
which establishes that the antenna weight vector w; is a stationary point of the received signal power J(w) over the
constraint set ;. Next, it will be established that the antenna weight vector w;, is neither a local maximum point nor
a local minimum point of the received signal power J(w) over the constraint set S,. Since the received signal power

J(w) is analytic in the antenna weight vector w and continuous over the constraint set S,, it is sufficient to show that

there exist vectors e and f with arbitrarily small magnitudes such that:
w,+e € §,,
w+f e § -
J(W,- +e) > J(w‘.),and
Jw, + f) < J(w,).

Such vectors indeed exist. For example, for any complex scalars e;, e,, ..., e;.;, with e; # 0, and for any complex
scalars fias, firzs..., for With fi# 0, if:

ew, +e,w +“'+€-_W-__ + w,
e = 1771 22 i-1""i-1 '—-wi,and

Ve +les] +- e +1
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f = W+ fraWia + S Wiae + 0+ Wy, _

Ll + il + e

i?

then the following hold:

w,+e € S,

w,+f € §,.
Note that ]| = 0 as e, >0,k=12,...,i—L,and |f| >0 as f; > 0,I=i+1,i+2,..., M. Also,
the relationships as set forth below:

S ve) = LAl A+ ey 42
IelI +I‘22l +"‘+Iei_1l +1

> & =J(w),

A +lf;'+112'1i+1 +|fi+2|2/1i+2 +... +|fM|2'1M

<k =J(w)
1+|fi+1|2 +|fi+2|2 +-e +|fM|2

Jw; + f) =

respectively satisfy:
J(w,. +e) > J(w,.), and
Jw, + f) < Jw,).
From the above lemmas, it can be seen that for the component-wise quantization defined by:

(k) = glox (k) + jalo, (k)
©)= Lo )+ Jalo, O]

{a(x)}; =arg l}lignlx, — |, and

A
Q = {_qzb—l_]a csos =G 90590515 <=0 qzb-l_l}’
that the directional derivative Dy, )/ (w(k)) is nonnegative. Further, the sufficient condition for
Dy (w(k)) 2 0 does not necessarily require component-wise quantization as described by:
x};, = argminlx, —v|.
{a()}; = argminlx, ~|
As a result, the following lemma can be viewed as a corollary of lemma 2.

Lemma 4 (quantization design criterion): Let a(k) i [5; (k), 5,T (k)]T be the quantized version of

A —
O(k) = [0,7; (k) ol (k )]T via a quantizer O, () ,ile, O (k) =0, (O(k)) . For any nonzero O(k) € R™M, let
O(%) and {Q(O(%))}; respectively denote the i-th components of O(%) and Q(O(%)), i= 1,2, ..., 2M. Let S be any
nonempty subset of {1,2, ..., 2M} such that Oyk) # 0 forall i € S, . If {Q(OEN}Ok) >0 foralli € S, and

{OO®)};=0forall i ¢ S, ,then Dy (W(k)) = 0, with equality if and only if the antenna weight vector

w(k) is an eigenvector of the channel correlation matrix R. The result follows from:
Dyt (wk) = 25w (k)RS (k)]
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2]
= 25l gfo0)+ ofalo, )|

This lemma implies that the number of feedback bits can be arbitrary and, hence, adaptable while
maintaining the inequality Ds(k)J (w(k)) 2 0. For instance, one or more nonzero components of O(k) can be

quantized to their respective signs and the remaining components quantized to zero according to a predefined
protocol which selects the index set Sy for the k-th slot. The set S can be periodic in & under practical
considerations. In the extreme case where only one component of O(%) is quantized to its sign and the remaining
components are quantized to zero, we have a one-bit feedback scheme.

Since the objective function J(w) has no local maximum in the constraint set S,, and the directional
derivative is always nonnegative, the QFOA beamforming system converges to the global maximum, If the
maximum eigenvalue of the channel correlation matrix R has multiplicity m, then wy, w,, ..., w,, are the global
maximum points of the received signal power J() in the constraint set S;. However, how close the system can get
to a global maximum point in the steady state depends on the step size. A smaller step size 4 in general yields a
smaller steady-state error and a slower initial speed of convergence and vice versa.

Turning now to FIGUREs 10 to 13, illustrated are graphical representations demonstrating exemplary
instances of an evolution of a received signal power J(w(k)) for a randomly realized static channel including
representations of a QFOA beamforming system. In the illustrated embodiments, the evolution of the received
signal power J(w(k)) is obtained via a deterministic and random versions of the tangential perturbation gradient
approximation system (labeled as “Random Tangential” and “Determ. Tangential”), the random perturbation
method by B.C. Banister, et al. (labeled as “Random™), the deterministic perturbation method by B. Raghothaman
(labeled as “Determ.”) and the QFOA beamforming system described herein. The illustrated embodiments employ

the following parameters for the demonstrated instances with M transmit antennas.

FIGURE M b (bits) u (step size)
10 4 1 0.2
11 4 1 0.5
12 4 2 0.2
i3 4 2 0.5

The curve designated optimal curve corresponds to the case where the exact optimal increment vector o(k)
is sent back; this represents the ideal case where the number of quantization bits is & =0 . As expected, we see

that the QFOA beamforming system has faster convergence speed than the other methods. Also, it is of practical
interest to note that the QFOA beamforming system has a smaller steady-state error for a relatively large step size (¢
= 0.5) and experiences only a small loss in convergence speed compared to the ideal feedback case. It should be
noted, however, that the perturbation methods employ a one-bit feedback while in these plots the QFOA
beamforming system uses multiple-bit feedback.

Turming now to FIGURESs 14A and 14B, illustrated are graphical representations comparing exemplary
error rate performance of other systems with a QFOA beamforming system. In particular, an error rate performance
of the QFOA beamforming system is provided illustrating the uncoded bit error rates of the QFOA beamforming
system and other systems for a four transmit antenna, one receive antenna configuration with receiver velocities of 3
and 10 km/hr. The channel is generated according to a Jakes fading model. The BER curves correspond to the no
beamforming transmission (M = 1), a one bit feedback perturbation-based adaptive system, the quantized weighted

feedback system where the sign of the real and imaginary parts of the weight vector are sent back, and a codebook
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selection method based on a Grassmannian codebook procedure. It should be noted that for the BER results, there is
a delay in the application of the beam vector. That is, for practicality considerations, the weight vector updated in a
given frame is used to transmit the next frame.

Thus, a QFOA beamforming system and method employing quantized feedback adaptive beamforming has
been illustrated and described herein. The feedback information is a quantized version of an updated direction or
incremental vector. It should be understood that with quantization schemes, the method has global convergence
since the objective function has no local maximum in the constraint set and its directional derivative is nonnegative
in the quantized increment vector. It is worth noting the flexibility of the QFOA beamforming system which allows
the quantization resolution (number of feedback bits) to be arbitrary and, therefore, adaptable. Simulation results for
a slow fading channel show that for the Grassmannian codebook-based method, the bit error rate tends to be
somewhat inferior to those of the QFOA beamforming system and DPGA system at high SNRs, which confirms the
earlier conjecture that the codebook-based method does not achieve a global maximizer. For low and medium
SNRs, however, the QFOA beamforming system and the Grassmannian codebook method have similar
performances. With scalar quantization schemes previously described, since the QFOA beamforming system does
not search over a codebook, its complexity has virtually no dependency on the number of feedback bits.

Thus, in the environment of a communications system, a receiving station (e.g., mobile station) includes a
receiver of a QFOA beamforming system that receives a forward-link signal including pilot signals from a
transmitter of a base station employing multiple transmit antennas with different weighting components. The QFOA
beamforming system also includes a detector embodied in the mobile station that measures characteristics of the
forward-link signal in accordance with the pilot signals and provides a quantized increment vector that represents a
preferable adaptation of the weightings for the weighting components to enhance a received signal quality. The
QFOA beamforming system still further includes a transmitter embodied in the mobile station that transmits the
quantized increment vector to the base station via a reverse-link signal. A beamformer selector (e.g., embodied in
the base station) of the QFOA beamforming system operates to determine an updated, re-orthogonalized increment
vector based on the quantized increment vector received from the mobile station. A weight vector modifier of the
QFOA beamforming system produces new components of the weight vector selected by the beamformer selector,
which are provided to a vector applicator for application to the corresponding weighting elements of the transmit
antennas of the base station. The base station thereafter employs the updated weighting elements to transmit the
forward-link signal to the mobile station.

In accordance with a QFOA multi-beamforming system and method, a more detailed analysis thereof for
application in frequency division duplex systems will now be described. The system is referred to as a quantized-
feedback optimal adaptive multi-beamforming solution because the system and methodology adapts a transmit
beamforming vector by computing directions for multiple beams in the same slot of preferable adaptation, and feeds
quantized increment vectors thereof back to a transmitter. The formation of a second beam advantageously
accommodates an additional transmission channel, providing thereby more communication services. The number of
feedback bits for each beam is arbitrary, so it can be as small as one bit, or as large as the feedback bandwidth
allows. This process offers an adaptive diversity technique that allows transmission in orthogonal beam spaces in a
slot, thereby substantially increasing system capacity. The system offers an adaptive diversity technique with global
convergence.

Referring now to FIGURE 15, illustrated is a block diagram of a communication system including an

embodiment of a quantized-feedback optimal adaptive multi-beamforming system, wherein multiple beams are
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transmitted in the same slot. The communication system includes a base station 500 and a receiving station (e.g.,
mobile station 570). The communication channels are defined by radio links such as forward-link channels 505 and
reverse-link channels 510. Information sent to the mobile station 570 is communicated by the base station 500 over
the forward-link channels 505 and information originated at the mobile station 570 for communication to the base
station 500 is communicated over reverse-link channels 510.

The communication system may be a cellular communication system constructed pursuant to any of a
number of different cellular communication standards. For instance, the base station and mobile station may be
operable in a code division multiple access (“CDMA™) communication system such as a third generation (“3G™)
CDMA communication that provides for 1xEV-DV (“EVolution, Data and Voice™) data and voice communications.
Those skilled in the art, however, realize that the QFOA multi-beamforming system described herein are
employable in any number of communication systems including other types of cellular communication systems such
as a global system for mobile (“GSM”) communications systems that provides for general packet radio service or
enhanced data for GSM evolution data services, each of which also provides for data communications. The
communication system is also representative of other types of radio and other communication systems in which data
is communicated over channels that are susceptible to distortion caused by fading or other conditions. Those skilled
in the art should understand that the principles described herein are operable in any communication system
employing closed-loop transmit diversity.

The base station 500 forms part of a radio access network that also includes a radio network controller
(“RNC”) 515 coupled to a gateway 520 and a mobile switching center (*MSC™) 525. The gateway 520 is coupled to
a packet data network (“PDN) 530 such as the Internet backbone and the mobile switching center 525 is coupled to
a public switched telephone network (“PSTN™) 535. A correspondent node (“CN”) 537 is coupled to the packet
data network 530 and to the PSTN 535. The correspondent node 537 represents a data source or a data destination
from which, or to which, information is routed during operation of the communication system. _

The base station 500 includes a receiver 540 and a transmitter 545. A forward-link signal to be
communicated by the base station 500 to the mobile station 570 is converted into a format for communication over
the forward-link channels 505 by the transmitter 545. Closed-loop feedback information is returned by the mobile
station 570 to the base station 500 by way of the reverse-link channels 510. The mobile station 570 also includes a
receiver 575 and a transmitter 580. The receiver 575 (which may include subsystems such as a receive filter and an
equalizer) operates to receive, and operate upon, the forward-link signals transmitted by the base station 500 over
the forward-link channels 505, and the transmitter 580 operates to transmit reverse-link signals over the reverse-link
channels 510 to the base station 500.

The base station 500 and the mobile station 570 may include multiple antennas, and the base station 500
and mobile station 570 combination forms a multiple-input, multiple-output (“MIMO”) system. For purposes of
clarity, the base station 500 includes M base station antennas designated 547-1 to 547-M (hereinafier referenced as
base station antennas 547). Also for purposes of clarity, the mobile station 570 includes N mobile station antennas
designated 585-1 to 585-N (hereinafter referenced as mobile station antennas 585). Those skilled in the art should
understand, however, that any number of antennas (e.g., one receive antenna) may be employed in accordance with
the principles of the present invention.

The base station transmitter 545 includes an encoder 550 that encodes data to form encoded data. The
encoded data is provided [via a transmit filter (not shown)] to an up-mixer 555 with an up-mixing constant v(t) to

generate an up-mixed signal. The up-mixed signal is provided via weighting elements (two of which are referenced
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and designated as first and second weighting elements 560, 562, respectively) on separate branches to ones of the
base station antennas 547. Once the up-mixed signals are weighted, the weighted signals are applied to the base
station antennas 547 for transmission to the mobile station 570. Of course, other operations may be performed on
the weighted signals prior to transmission to the mobile station 570. Of course, the first and second weighting
elements 560, 562 may be applied at a baseband signal level or at a higher level in the signal processing chain.

The base station 500 also includes a QFOA multi-beamforming system that adjusts the values of the
weightings applied to the first and second weighting elements 560, 562 (and, if necessary, antenna weighting
elements for other antennas, not shown) in a manner that enhances antenna weighting selection pursuant to a closed-
loop transmit diversity system. The QFOA multi-beamforming system (which may be embodied in hardware,
software, or combinations thereof) includes a beamformer selector (“BS™) 565 that operates to determine an updated
direction or increment vector for each of multiple beams transmitted in the same slot based on a respective quantized
increment vector (received by the receiver 540 in the base station 500) from the mobile station 570. For instance,
the beamformer selector 565 may re-orthogonalize the quantized increment vectors. As will become more apparent
below, the quantized increment vectors may be projected onto a hyperplane tangent to a constraint hypersurface
thereof (e.g., re-orthogonalizes). The quantized increment vectors may be quantized to one bit.

The QFOA multi-beamforming system also includes a weight vector modifier (“WEM”) 567 that modifies
a tangential component of each of the weight vectors selected by the beamformer selector 567, which are provided
to a vector applicator (“VA”) 569 for application to the first and second weighting elements 560, 562. For instance,
the weight vector modifier 567 calculates an antenna weight vector for each beam by adding a respective increment
(e.g., of a magnitude of less than unit length) to each of previous antenna weight vectors proportional to the
respective re-orthogonalized quantized increment vector, renormalizes the antenna weight vectors to unit length
(“unit magnitude”), and re-orthogonalizes the resulting antenna weight vectors. Since each increment vector points
in a direction that yields a sufficient gradient of the objective function subject to the constraint, for example, each
increment vector points in a direction that renders positive a directional derivative of total received power for a
respective beam from the multiple antennas of the base station, the convergence speed is improved. The weightings
of the first and second weighting elements 560, 562 determine the values of the signals transmitted by the base
stations antennas 547. The forward-link signals generated on the forward-link channels 505 are delivered to the
mobile station 570.

The mobile station 570 (a “receiving station™) includes a detector 590 (which may include subsystems such
as a combiner and may be a subsystem of the receiver 575) that detects and measures characteristics (e.g.,
representing power levels) of the forward-link signals (in accordance with pilot signals thereof) transmitted by the
base station 500. For instance, the detector 590 may measure a downlink channel correlation matrix for each of
multiple beams for the base station antennas 547 from pilot signals. The detector 590 may measure the downlink
channel correlation matrix from a discrete-time channel impulse response between the base station antennas 547 and
the mobile station antenna(s) 585. More specifically, the detector 590 adapts a transmit vector by computing a
direction of preferable adaptation and feeds a quantized increment vector (e.g., one bit) back to the base station 500.

The detector 590 may also compute an increment vector for each of multiple beams normal to a previous
antenna weight vector rendering positive (e.g., maximizing) a directional derivative of total received power for each
beam from the base station antennas 547, and quantize the increment vectors component by component to produce
quantized increment vectors (e.g., via a uniform quantizer). The quantized increment vectors are thereafter

employed by the base station 500 to adjust the weightings of the first and second weighting elements 560, 562
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associated with the respective antenna weight vector for each beam for the base station antennas 547 to refine the
forward-link signals. Of course, the quantized increment vectors may adjust the weightings of any number of
weighting elements depending on the number of base station antennas. The QFOA multi-beamforming system is an
adaptive system and the aforementioned steps may be repeated several times to adapt the transmit antenna weights
towards an optimal or preferable solution depending on the communication system and application.

Turning now to FIGURE 16, illustrated is a functional block diagram of an embodiment of a QFOA multi-
beamforming system. While the snpport for the functional blocks will be described in more detail below, an outline
of the respective functions will hereinafier be provided. Beginning with the sending station {e.g., base station), a
beamforming selector 610 determines updated directions or increment vectors based on quantized increment vectors
received from a receiving station. The quantized increment vectors may be projected onto hyperplanes tangent to
constraint hypersurfaces thereof. A weight vector modifier 620 modifies a tangential component of the weight
vectors selected by the beamformer selector 610, which are provided to a vector applicator 630 for application of the
weight vectors. Regarding the receiving station (e.g., mobile station), a detector 640 adapts transmit vectors by
computing directions of preferable adaptation and feeds quantized increment vectors back to the sending station.

At each step of the adaptation, quantized increment vectors of the adaptive multi-beamforming solution are
projected onto hyperplanes tangent to constraint hypersurfaces. Tangential components are then used to adapt
antenna weights. Since the optimal increment vectors point in directions that yield a sufficient gradient of the
objective function subject to the constraint, convergence speed is improved. Fast convergence improves system
performance during the start-up period and helps remove the need to continuously track the antenna weights during
intermittent periods where the transmitter does not transmit to a mobile station, or while the connection is
temporarily suspended or idle. High convergence speed also provides a fast tracking capability demanded by high
mobility applications. Additionally, several quantization methods may again be used as described herein that
provide global convergence, irrespective of a quantization error, since the gradient is preferably positive at any
nonstationary point in a solution space.

As mentioned above, beamforming methodology often employs multiple transmit antennas to steer the
signal associated with each mobile station to a base station for another mobile station. To achieve the objective, the
signal feeding each antenna is weighted by an appropriate factor. The weights are constrained due to a limit on the
total transmit power, but the distribution of the weights can be optimized or “steered” in such a way that the
received signal is augmented (e.g., optimized) according to a certain criterion such as the total received power
which, under certain conditions, is equivalent to substantially maximizing the effective signal-to-noise ratio
(“SNR™) and the channel capacity. When the set of weights are optimized and tracked in the case of fading, both
fading diversity and steering gains are achieved in MIMO systems.

In the case where the effective SNR is optimized, the antenna weights form the principal eigenvector of the
channel correlation matrix R. To increase the system capacity, additional data that is beamformed by a vector in the
null space of the principal eigenvector may be transmitted in the same slot. The effective SNR for the additional
signal is augmented (e.g., optimized) when a second beam aligns with an eigenvector belonging to a second
eigenvalue of the channel correlation matrix. This observation will be explained quantitatively below. It tumns out
that the second beam can be tracked by using an analogous methodology as described above leading to global
convergence with quantized feedback.

A system and method are described that tracks not only a first beam, but also can track a second beam,

preferably, simultaneously. The number of feedback bits for each beam is arbitrary, so it can be as little as one bit
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or as large as the feedback bandwidth allows. This technique is adaptive and provides global convergence. While
the first beam globally converges to a first eigenvector as provided above, the second beam is shown herein to
globally converge to a second eigenvector. When the first eigenvalue has multiplicity two or larger, the link
capacity is potentially doubled compared to the single beam case. The convergence speed is substantially
augmented (e.g., optimized) by advantageously finding the increment vector of choice (e.g., optimum vector) for
each beam. A quantized version of the increment vector is sent back to the transmitter. The method is robﬁst with
respect to quantization error. In particular, for a coarse quantization scheme considered herein where only a sign of
each component is taken, the loss in convergence speed is small and the directional derivative (constrained gradient)
of the objective function is nonnegative, preferably everywhere. This represents a feature of the multi-beamforming
system that provides global convergence regardless of quantization error.

Consider again, a signaling model for a base station with A transmit antennas and a mobile station with

N receive antennas. The sequence x(n) again denotes the unit-power information sequence transmitted over the

M antennas, y,(n) denotes the noiseless Nyquist-rate sampled sequence, w, denotes antenna weights for the t-th
transmit antenna weight, 4,,(I) represents the discrete-time channel impulse response between the #-th transmit
antenna and the r-th receive antenna, and D denotes the delay spread of the channel impulse response. Again define

the antenna weight vecior as:

A T
w=[w,,w2,...,wM] R

satisfying
H

w w=1

A vector y(n) of observations from all the receive antennas is:

71) = [,02), 35 () cor v ()]

and the received signal power is:

J(w) z E{yT(n)y‘ (n)]: wHRw’

employing the channel correlation matrix R and channel matrix H, as previously defined. Each transmit antenna

again carries a pilot sequence covered by a predetermined spreading sequence.

The SNR,

A E“c”wa(nxz] o? oo [HWWHHH_k

77(C:W = - = -

E[lc”v(njz:l N, c’e

is maximized when a combiner c is proportional to the principal eigenvector of the rank-1 matrix Fww” H™ | ie.,

when
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A
C = Cpp = YHW

for any scalary # 0, as previously described, and the SNR again becomes

2 2 2
n(wa,w)=%w”H”Hw" =%‘—w”Rw=§; J(w). EQNJ

It is well known that EQN J above is maximized when w = w;, where w is the principal eigenvector of the
channel correlation matrix R belonging to' the principal eigenvalue A;. Let us examine the case where additional
data is transmitted on a second beam = w;, where w,, is the eigenvector belonging to the second eigenvalue A,
(where A, can be equal to 4;). By design, the eigenvectors wy, w, are orthogonal, i.e. w, w; = 0. In this case, the
noisy received signal z(n) is given by:

2(n) = H[wyx; () + wyx, (n) |+ 0(n)
where x,(n) and x,(1) are the information symbols transmitted on the first and second beams, respectively, To
recover x;(n} and x,(n), two combiners ¢, and ¢; are employed:
. . ¢; = yHw) and
c2 = yofw,
for some nonzero y; and y;. Under practical considerations, y; and y,should be [|[Hw|?

and ||Hw»]|” to preserve the amplitude and phase of the signals. Since the eigenvectors w; and w; are orthogonal,
A . H ¥ * HyrH
x1(n) =ci” z(n) =y Ay () +y, Wy H v(n)

N H ¥ * HyrH

Xy(n) = c3 2(n) =y, %, (n) + y,wy H" v(n)
which shows that the demodulated signals on the two beams are decoupled. The effective SNRs for the
demodulated signals are:

0'12/11 /No,a.nd

o2,/ N,
where ¢, and o7, are the powers of the transmitted symbol streams x;(n) and x;(n), respectively. Note that if there
are two or more receive antennas, then second eigenvalue A; is generally nonzero so that the information transmitted
on the second beam can be recovered.

With respect to the QFOA multi-beamforming system and method, due to the transmit power limitation,

the beamformer should satisfy the two scalar constraints g(w) =0 and g(y) = 0 where the constraint function

g(w) is again defined as:

A
gw)=1-ww. EQNK

An objective is to develop an adaptive solution for the multi-beamforming maximization problem:

A

Woax = arg max J (w)
wes, >

and
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A
Wmax =arg max J (w)
l'I/E'S“’ma)t:
where:
A
S, = {w: g(w)=0}
and also

A
Y YN — H,  _
S, = {//.g(!//)—O,w 1//-0},
Suppose that the antenna weight vectors w(k) and y(%) denote the solution at the k-th step of the

adaptation. The time variable k also indexes the “slots” of a transmission wherein the duration of each slot is on the
order of the channel coherence time sufficiently long for all channel estimation and pilot tracking purposes. This

adaptation is governed by two sets of conditions, one of which is:
w(k)e S, Vk,
and
W(k) (=3 Sw(k)Vk .

The other set of conditions is that the antenna weight vector w(k + 1) should be related to the antenna
weight vector w(k) in such a way that the received signal power J (w) has an “optimal” increase from the antenna

weight vector w = w(%) to the antenna weight vector w = w(k+1). Similarly, the antenna weight vector y(k+1)
should be related to the antenna weight vector (k) in such a way that the received signal power J(1) also has an
“optimal” increase from the antenna weight vector y = y(%) to the antenna weight vector w = y(k+I), subject to the

equation above for the antenna weight vector w(k):

w(k)e Sy VK

As previously described, the antenna weight vector w(k+1) can be obtained by adding to the antenna

weight vector w(k) a scaled version of the gradient of the received signal power J (w) , i.e., for some constant step
size p, the antenna weight vector is w(k + l) = w(k) +UV uJ (w(k)) . However, the presence of the constraint

w(k ) € S, Vk renders the direct use of the steepest gradient ascent algorithm principally inapplicable. Indeed, the
antenna weight vector w(k+1) could be normalized at each step, but apparently this process has no mechanism to
prevent the received signal power J (W) from decreasing between time k and time & + 7.

The quantized-feedback optimal adaptive multi-beamforming system represented by EQN K is analyzed

and illustrated such that the antenna weight vector w(k) converges to a eigenvector w; as summarized below.
1) Generate an arbitrary initial base station antenna weight vector w(l) with "w(l)" =1 according to a pre-

determined procedure. An equal gain beamformer is a recommendable initial candidate.
2) Setthe time k=1
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3) Use the “previous” antenna weight vector w(k) to transmit the 4-¢h slot. At the mobile station, the
channel correlation matrix R is measured from pilot signals, e.g., using the discrete-time channel impulse response
between transmit antennas and receive antenna(s).

4q) If antenna weight vector w(k) is not an eigenvector of channel correlation matrix R, the mobile station
computes the antenna weight increment vector o(%) according to EQN C, as reproduced below:

o) =R — (" (E)Rw{i)1, JoiR) EQNC
2

wherein, from RELN A, reproduced below:

1, =y w* ()R wlk) - [w” (£)RW(k)] . RELN A

The antenna weight increment vector o(k) maximizes, or in an alternative embodiment, renders positive the

directional derivative of the total received power at the receiving antenna from the multiple antennas of the base
station under the constraints that the antenna weight increment vector o(k) is of unit length and is tangent to the
equal-level surface g(w) = 0 at w = w(k), i.e., it is normal to the antenna weight vector w(k). Additionally, the
antenna weight vector w(k) is an eigenvector of the channel correlation matrix R if ;= 0. 1f /= 0, then the antenna
weight increment vector o(k) can be selected as any vector orthogonal to antenna weight vector w(k), e.g., such as

by using EQN H as described above.
4b) A guantized version E(k ) of the antenna weight increment vector o(%} is obtained by any of several

quantization schemes. For example, in one scheme, the real and imaginary parts of each component of the antenna
weight increment vector o(%) can be quantized to its respective sign. In another scheme, the real or imaginary part
of one or more components is quantized to its sign and the remaining components are quantized to zero. In the
extreme case where either the real or imaginary part of only one component is quantized to its sign and the

remaining components are quantized 1o zero, a one-bit feedback scheme is employed.
5) The bits that represent the quantized increment vector 0(k) are sent back to the base station. At this
point, the base station and mobile station both know the quantized antenna weight increment vector o(k) and the

antenna weight vector w(k). Note that the quantized increment vector S(k) is normalized based on the feedback
bits.

6a) The base station and the mobile station “re-orthogonalize” the quantized increment vector E(k) to the

antenna weight vector w(k) to produce the re-orthogonalized antenna weight increment vector 5'(k) of unit length

according to EQN F, reproduced below:

5(x) = 2) [ (B li)nt)
J - ) | EQNT

6b) A new (i.e., of unit magnitude, w"w = 1) antenna weight vector w(k + 1) is computed from the antenna

weight vector w(k) by the base station and the mobile station according to EQN 1, reproduced below, using a step
size u:
w(k +1)=awk)+ aud (k)
again, where:
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a=1/+0+ u*).
The new normalized antenna weight vector w(k+1) is computed by adding the step size u times the re-

orthogonalized quantized increment vector & (k) to the previous antenna weight vector, i.e., an increment that is

proportional to the re-orthogonalized antenna weight increment vector 5(k)is added to the previous antenna weight
vector w(k). The resulting new antenna weight vector is scaled by a normalizing factor so that its magnitude is of
unit length. The step size ¢ is preferably selected in the range 0 < g £ 1, i.e., the length of the increment added to
the antenna weight vector w(%) is positive but preferably less than or equal to unity. In a preferred embodiment, the
step size u is a constant which can be readily determined by simulation or by experiment in view of the application.

Exemplary values of the step size u are 0.2 and 0.5,

7) Then, increment the time & ¢— % + 1 and loop back to step 3) to repeat the procedure for the next slot.

Before developing the adaptive solution for a second antenna weight vector yfk), it is noted that when the
number of transmit antennas is M = 2, the second antenna weight vector (k) can be simply tracked by w (%) =
[wak), -w, (k)] wherein the first antenna weight vector wik) = [wy(k), wa(k)]”, which satisfies v ®w(k) =0. It
can be shown that as the first antenna weight vector w(k) converges to an eigenvector wy, the principal eigenvector
of the channel correlation matrix R, the second antenna weight vector y (k) converges to the other eigenvector of the
channel correlation matrix R.

The QFOA multi-beamforming system is developed for the problem represented by the equation:

A

Wmax =arg max J (W)
"I/ESWmax

to adapt the second antenna weight vector i (%) for a number of transmit antennas M > 2. The concept of a
directional derivative is again employed as previously described hereinabove for a real-valued scalar function. The

directional derivative of any real-valued scalar received signal power J (y/) in the direction of a complex unit vector

¢ € CM(which denotes a Euclidean complex vector space with M dimensions) is given by:
H
D)=, Ty)+ ¥, T ),
referred to as EQN L. As noted previously, a gradient vector V,J (r//) is a row vector and VW,, J (t//) is a column

vector. In addition, Vg f (@) is a row vector and Vg f (@) is a column vector. By extending the real-valued

scalar function with complex input arguments, the received signal power J (y/) = f (@) has been expressed as a

function of the real-valued vector:

o=l vl

wherein the quantities subscripted by R, and I,, denote the real and imaginary parts of the associated quantity,

respectively. Then, DyJ(y) is defined as the directional derivative of f (@) in the direction of:

v=lgr, e T

That is:
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A
D,Jy)=D,f(®),
referred to as EQN M.
The result provided by EQN L follows from EQN M by employing the Wirtinger complex calculus,
previously cited, yielding results consistent with separate differentiation regarding the real and imaginary parts and

allow the treatment of the antenna weight vectors y and y* as independent variables, i.e.,

v _
oy

and
a!//* = 0.
%

The set S,y is the closed set that defines a unit-radius hypersphere centered at the origin. The number of

dimensions of this hypersphere is one less than the number of dimensions of the hypersphere given by a surface S,
due to the extra condition & w= 0. Suppose we obtain the second antenna weight vector i (k -+ 1) by pulling
the head of the second antenna weight vector 1 (k) to a close neighboring point on the surface of the hypersphere
in a direction tangent to the equal-level surface g(y) = 0. Then, the direction in which this pull results in the
steepest rate of increase in the received signal power J (W) is some direction ¢(k) that is tangential to the constraint

surface Sy at ¥ =1 (k) and results in the largest directional derivative, i.e.,

(8) = arg = Dy 9(K)) = rgmugefg” Rl + 97 (IR)

EQN N
subject to

Fyw)=0 EQN O

1-¢M6=0 EQN P

WDy @+ Z ¢l =0 EQN Q

The constraint EQN O provides that the increment vector ¢ is tangent to the equal-level surface g(i7) =0 at the

second antenna weight vector i = (k) . To see this, we note that the increment vector ¢ should be orthogonal to

the gradient of the surface g(i), thatis 0 = ¢HVW w8 (K)) =—¢"w (k) , resulting in EQN Q. Constraint
EQN P is the usual condition for the unit direction vector involved in the definition of directional derivative.
Constraint EQN Q ensures that the antenna weight vectors w(k+1) and ¥ (k +1) are orthogonal wherein the

antenna weight vector {(k + 1) is adapted as y (k +1) = @y (k) + &L (k) in the same form as EQN J, with

I being the step size and & =1/ J1+ 1 2 . Thus, the increment vector @(%) can be obtained by solving for the
increment vector ¢ the Lagrange equation:
Ry (k) =myy () + mp 1 wik+1) + mag, EQNR

subject to (EQN O) — ( EQN Q), where m,, m, and m; are Lagrange multipliers.
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For notational simplicity, we use in the sequel the following compact notations defining:

w £ wctl) EQN S
¥ Ey® EQNT
¢ £ . EQNU

To proceed, we define (referred to as RELNs D):
R — e Ry

a; =
‘ 1= 7w ]?
a I e
ag == -—..._'—'__._.._..
(L= 1" w )
a wHRep—wHpg! Ry
/e —_ —_— o .
’ JE(L — [ e )
a wiy
Ay T oo I o
A2(1 — b wi)
& aor. 7R+ P Rl - Ry ww¥ Rep + wiynt R
o = PR ; H o2
1~ gb™wi?
a2 e
Gy = —o———r————1,
#2(1 — b wi?)
EQNUU
After algebraic manipulation, it can be shown that:
my =a; + am;, EQNV
my; = a; + aqsms;, EQNW
0 =cy|ms|’ + ¢y, EQN X

wherein EQN V and EQN W are a consequence of EQN O, EQN Q, and EQN R, while EQN X is a consequence of

EQN P. To find the increment vector ¢, we need to determine the conditions under which the problem represented

by EQN N, EQN O, EQN P, and EQN Q is feasible. Feasibility exists if there exists an m; that solves EQN X. This

is shown in the following lemma.
Lemma 5: There exists ZZ > 0 such that the problem represented by EQN'N, EQN O, EQN P, and EQN
Q is feasible.

Proof: Since ¢, is independent of 7, if 7 w# 0 then obviously there exists H > 0 such that ¢y and ¢
have opposite signs so that there exists an m; that solves EQN X.

It remains to show that the problem is feasible for WH w=0. Inthis case, c; =1, so the problem is
feasible if ¢y > 0. For i o w=0, there exist M — 2 orthonormal vectors {g3, gy, ..., g} that span the null space of

[Z,_\y]”,i.e., [y, w "g,=0fori=3, .. Mand q,.qu =0J; . We define:

Q= f@;lﬁé LT
It is easy to see that QQ =1, = QQ" where I, denotes the M X M identity matrix. Thus:
co = wRy - (W'RW)’ - [y Rwf’ EQNY
= ¥R - L w] [y wIHRw
-46-



10

15

20

25

WO 2007/103108 PCT/US2007/005259

= Y"RQMQ"Ry EQNZ
>0 EQN AA
wherein

M = Daxz  Oaxgar-m

Oepr-mwa  Taroa
The inequality in EQN AA holds since 44> 0. It remains to show that feasibility exists for ¢;=0. From EQN Z, ¢,
=Qif qu Ry =0 fori=3, ..., M, which holds if R belongs to the range space of [y, w]. Thatis,
RZ =u Y +u, w for some scalars u; and u,. In this case, the problem is feasible since any unit increment vector
@ in the null space of [, w] solves the problem for any fZ > 0. This increment vector ¢ satisfies all the
constraints of EQN O, EQN P, EQN Q and DzJ (Z) =0.

Lemma 6: If 1 2 1 , then ¢, <0 for all k.

g 12
b
Proof: From the equation for ¢, in RELNs D we see that ¢, <0 if 72 > —:——lgz— . Since
l—lt// H

w (k)" w(k) =0 by design,
W wl? = ) [w (k) + opslE])?
= |ap(k)¥ 5(k)|2
£ (o).
Therefore,

g (ap)® lf!l‘-"-lg

EAT =T {ay)? 2 1— w2

which implies ¢; <0.

The previous two lemmas indicate that there always exists a I > 0 such that the problem is feasible.
However, the issue remains whether 17 should be varied to achieve feasibility. If that were the case, additional
feedback information would be necessary to inform the transmitter about the value of Zi used in each step.
Fortunately, the answer is no since the problem is always feasible for £ = 4. This fact has an important practical
implication for the reason mentioned above, as proved in the following lemma.

Lemma 7: If i 2 1, then ¢, and ¢, have opposite signs for all k and the problem represented by EQN N,
EQN O, EQN P, and EQN Q is feasible.

Proof: From Lemma 6, we have ¢; <0. We only need to show that ¢, > 0. With some algebra, it can be
shown that:

co=|Rw-aiw-a; I w|| 20, EQN BB

which concludes the proof.
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It can be concluded that in the regular case where mj3 # 0, the increment vector ¢ is given by EQN R. The irregular

case is now discussed where m3 =0, due to ¢ = 0. In this case, the increment vector ¢ cannot be derived from
. . . . . 0 .
equation EQN R, which would yield the indeterminate form ¢ = 6 . However, from EQN BB it can be shown that:

Ry =ay + fla,w.
Therefore, as long as the increment vector ¢ satisfies the constraints represented by EQN O, EQN P, and EQN Q,
we have D,J(y) =2R {¢HRZ/_ }=2%R{a,fip" w}=—2R{aw " w}, which is independent of the increment
vector ¢ . This means that any increment vector ¢ satisfying EQN O, EQN P, and EQN Q leads to the same value
for D¢J (_yi) . Thus, any increment vector ¢ that satisfies EQN O, EQN P, and EQN Q is a solution with the same

level of preference.

At this point, the increment vector @ is available only at the receiver. In order to convey the information

to the transmitter, a quantized version ¢ of the antenna weight increment vector ¢ is sent back to the transmitter

(i.e., the base station) via a feedback channel, of which a plurality of quantization schemes are provided above. It

will be shown hereinbelow that the quantization schemes as described previously provide global convergence, i.e.,
w(k)—>w, ask—>oo,

A —7 —T
Quantization Scheme 4: This scheme provides further generalization. Let the vector @ = ¢R N ; ]T be

A —
the quantized version of the vector @ = [¢2 ,¢: 1" via a quantizer Qi("), i.e., ® = Q, (D) . For any nonzero
Lre?Lr,

De R*, let the vectors D, and ii , respectively, denote the i-th components thereof @ and § ,i=1,2, ...,

2M. Let set S be any nonempty subset of {1, 2, ..., 2M} such that the vector @; =0 forall i€ §,. Any
quantization function Q(-) is acceptable if the components & ii.i >0 forall i €., and the components §,~ =0

forall i € S, . Thatis, the component ZQZ,- has the same sign as the component ®; for Z € .5, . This scheme
implies that the number of feedback bits can be arbitrary and, hence, adaptable. For instance, one or more nonzero
components of the vector @ can be quantized to their respective signs and the remaining components quantized to
zero according to a predefined protocol, which selects the index, set S, for the k-th slot. The set Sy can be periodic in
k under practical considerations. In the extreme case where only one component of the vector @ is quantized to its

sign and the remaining components are quantized to zero, we have a one-bit feedback scheme.

The information that is sent back to the transmitter is the bits that represent the quantized version of the

antenna weight increment vector ¢ . At this point, the transmitter and the receiver both know the increment vector

- — s
and antenna weight vectors ¢, ¥ , w= w(k +1). However, unlike the increment vector ¢, the quantized

increment vector ¢ may no longer be orthogonal to the antenna weight vector | . Nonetheless, at both the
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transmitter and the receiver, the adjustments for orthogonalization and renormalization to unit lengih can be
performed as indicated below as RELNs E:

w — (P winp

V1=

y ¢ (v P - p P
#(ky = = oF
Vi- bR - g
— (wHebin a

V1~ luetig?

I

I

[}2

(k)

The second beam is updated according to:
wOctl) = & F(k) + & 1 g (k). EQN CC
It is easy to show that the antenna weight vectors w, Y are orthogonal to the increment vector a (k) . Therefore,

the antenna weight vector ¥ (k) and increment vector @ (k) are orthogonal. It is also easy to see that the antenna

A
weight vectors ¥ (k+1), w=w(k +1) are orthogonal,

Thus, the QFOA multi-beamforming system and method are summarized with respect to the flow diagram

of FIGURE 17 wherein a base station has M transmit antennas and a mobile station has N receive antennas.

1. Generate arbitrary first and second base station antenna weight vectors w{l) and y(1), respectively, of
unit magnitude, i.e., |w(1)|| = 1 and ||y (1)]| = 1, and such that w(1)" y(1) = 0 according to a pre-determined
procedure (designated step 710).

2. Set the time k = I and select step sizes g and [Z for the first and second antenna weight vectors,
respectively, where step size £ = i (designated step 720).

3. Use the antenna weight vector i (k) in place of the second antenna weight vector y to transmit in the k-
th slot. At the mobile station, the channel correlation matrix R is measured from pilot signals (designated step 730).

4. Solve the equation:

0=c, -Jms|* +¢o
for Lagrange multiplier m; in terms of variables ¢y and ¢, defined in EQN UU. If Lagrange multiplier m; # 0,
compute the second antenna weight increment vector @ by solving EQN R:

Ry () =myy (&) + m; 1 wlk+1) + msdb EQNR
for the second antenna weight increment vector ¢. Otherwise, the second antenna weight increment vector ¢ can be

any unit vector in the null space of [y, w]. Then obtain the quantized second antenna weight increment vector $ by
quantizing the second antenna weight increment vector ¢, preferably as described hereinabove (designated step
740).

5. The bits that represent the quantized second antenna weight increment vector $ are sent back to the

base station (designated step 750). At this point, the base station and the mobile station both know the quantized
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second antenna weight increment vector 5 , the second antenna weight vector y, and the first antenna weight vector

w.

6a. The base station and the mobile station then compute the second antenna weight increment vector

¢(k ) re-orthogonalized to the antenna weight vectors w and ;, and renormalized to unit length according to the

equation for the second antenna weight increment vector ¢ (k) in RELNs E.

6b. The base station and the mobile station then compute the second antenna weight vector

!/7(k) orthogonalized to the first antenna weight vector w and renormalized to unit length according to the equation

for the second antenna weight vector l,l7(k ) in RELNs E.

6¢c. The base station and mobile station update the second beam antenna weight vector y to w(k+1)
according to EQN CC (designated step 760).

7. Then increment time kK <— Ak +1 and loop back to step (3) to repeat the procedure for the next slot

(designated step 770).

It should be noted that the quantized first antenna weight vecior and increment vector are computed,
quantized, and sent by the mobile station, and received and processed at the base station as previously described
hereinabove for the QFOA beamforming system.

The QFOA multi-beamforming as described above is a time-recursive solution to the optimization problem
described by the equation:
A
Vmax =alg Imax J(W)

ve Wmax

Using the Lagrange multiplier method, we again see that the local maximizers w;, i = 1, 2, ..., M, satisfy:

Rw, = A,w, EQN DD

Therefore, the ;s are the eigenvalues of the channel correlation matrix R and the w;’s are the corresponding
eigenvectors of the channel correlation matrix R. Since the channel correlation matrix R is a nonnegative definite

Hermitian matrix, again we have A; > 0 for all ; and

R=WAW" EQNEE
wherein )

W = [W,,Wz,---,WM] EQN FF

A = diag(/q'l,/lza"" ﬂ'M) EQNGG

The eigenvalues and the eigenvectors are again arranged, as is customary, such that 4, > 1, > ... = Ay Further, W
again satisfies W7W = ww' =1,,. -

In the following, we examine several properties of the multi-beamforming system that guarantee global
convergence. That is, as k — o0, (k) = w, or J(y(k)) — A,, where w, is an eigenvector of the channel

correlation matrix R belonging to the eigenvalue A,.
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As discussed above, the first antenna weight vector W(k) — W, . Note that the QFOA multi-beamforming
system which tracks the first antenna weight vector w(k) does not depend on the convergence behavior of the second
antenna weight vector y(k). Therefore, to show the global convergence of the second antenna weight vector w(k),
we assume without loss of generality that the first antenna weight vector w(k) has converged to wy. That is, there is
no significant difference between the first antenna weight vector w(k) and the first antenna weight vector w(k + 1)
and we assume that the first antenna weight vector w{k + 1) = w(%) = w, for large k.

Lemma 8: For large £, i.e. w(k + 1) = w(k) = w,, there holds:

Dy (k)= 0
The equality holds if the second antenna weight vector w(k) is an eigenvector of the channel correlation matrix R.

Proof: For large &, by design we have w (k)" [w(k), w(k + 1)] = 0 . RELNs E and EQN CC become
RELNs F:

¥ o=

PN T
V1— g2 — it g2
#r) = o

Yik+1) = ad(ky+ ai

33

é

It is important to note from the last equation above that the second antenna weight vector y(k + 1) is obtained by

pulling the head of the second antenna weight vector y(k) in the direction of the increment vector 5 (k) which is

orthogonal to the second antenna weight vector y(%4). This is a key feature that ensures the global convergence. Let

us define

A 7 E i
o= \/1 — M_IIQ;Q —_ &Hﬁz R
Noting that R w = A, w; = A, w(k) = A, w(k +1) which is orthogonal to the second antenna weight vector ¥ , we
havemy=a,= Z/_H R_g_U_,a2=a3=a4=0, my =0, and m3 = /c, . With a3 =0, we note from EQN BB that ¢, = 0 if

the second antenna weight vector ¥/ is an eigenvector of the channel correlation matrix R. We consider the two
cases where and ¢y # 0 and ¢y = 0. For ¢ # 0, from EQN R we have
Ry — (' Ry

= VD ) EQN FF
Therefore,
Dy, TR = 2 R}
= IR RE - (v Dw - @ D)
- %&.ﬁ@ﬂ R — ¢ Rnew M — ot Rofnp™ B}
2

- Zn R R

. oo -.
- :;(;E‘Eg;{éﬂﬂ.
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referred to as RELNs G.

Note that the middle term in the third equation above is zero. The inequality in the last equation above holds since

by quantization design the corresponding components of the increment vectors ¢R and ¢R have the same sign
—Re ~Re
and the corresponding components of the increment vectors ¢ ; and ¢! also have the same sign.
—I'm dm
If o =0, i.e., the second antenna weight vector { is an eigenvector of the channel correlation matrix R,

then D.;( k)J (v (k)) = 0 by RELNs G because the increment vector ;5 is orthogonal to the second antenna weight

vector I/ by design, /.e. the middle equation in RELNs E and the second equation in RELNs F. The converse can

be proved by contradiction. Suppose D; J(w (k)) = 0, but the second antenna weight vector ¥ is not an

(k)

eigenvector of the channel correlation matrix R. Then ¢, # 0 and the increment vector @ is given by EQN FF.

From the sixth equation of RELNs G, we have Q = (. It follows from EQN FF that the second antenna weight
vector_t is an eigenvector of the channel correlation watrix R, which contradicts the original hypothesis. This
concludes the proof of the current lemma.

Lemma 9: If A, > 4; > 4,,, then the antenna weight vector w; is a saddle point of the received signal
power J{w) over the constraint surface S,,; defined by the equation:

A
. —_ H. o _
S, = :2ly)=0,wy =0}

It is first noted that the antenna weight vector w; is a stationary point of the received signal power J(w) over the
constraint surface §,;. This is due to the fact that the directional derivative of the received signal power J(w) in the

direction of v, is zero, where v; is any unit vector parallel to the hyperplane tangent to the constraint surface S, at

the antenna weight vector w =w;. Indeed, since the antenna weight vector w;, = — Vw,, g(w,.) which is orthogonal

to the equal-level surface g(w) = 0, then v,.H w,; = 0. Hence, the directional derivative of the received signal power
J(w) in the direction of v; at the antenna weight vector w = w; is:

D‘,iJ(wi) = v,.”Vw,, J(w,.) + V“,J(w, )v, = v,"/?,,w, + w,”it,v, =0,
which establishes that the antenna weight vector w; is a stationary point of the received signal power J(w) over the
constraint surface S,,;. Next, it will be established that the antenna weight vector w; is neither a local maximum
point nor a local minimum point of the received signal power J(w) over the constraint surface S,,. Since the
received signal power J(w) is analytic in the antenna weight vector w and continuous over the constraint surface S,,;,

it is sufficient to show that there exist vectors e and f with arbitrarily small magnitudes such that:

w+e € S,

w,+ f € Sy |
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J(Wi-i-e) > J(W,-), and
Jw, + ) < Jw).

Such vectors indeed exist. For example, for any complex scalars ey, ey, ..., e, with ¢; # 0, and for any complex
scalars fiug, fivz - fir With fig# 0, if:

ew, +e,w, +-+e,_ W +w
e = 1771 272 i il —Wi. and

\/|Z|2 +[ezl2 +---+lei_l|2 +1
f = W, + fiaWin + fuaWin + t fu Wy

S+ fal? + 1l 1l

then the following hold:

w+e € S,

w,+f € §,.
Note that [ >0 as ¢, = 0,k=1,2,...,i—1,and | /| >0 as f; > 0,/=i+1,i+2,..., M . Also,
the relationships as set forth below:

leliz"lx +[32|2/1'z +ee +lei-1|2/1i—x + 4

Jlw: +e = >/1=JW,
(v +e) |e1|2 +|e2|2 +---+Ie,-_1|2 +1 ¢ =)
_ A +|ﬁ+l|2/li+l +|f;'+2|2/1i+2 +... '*'lfMlz/lM _
Jow +f) = 5 3 > <k =J(w;)
V| S|+ fraa] + o |
respectively satisfy:

J(w,+e) > J(w,.),and
Jw, +f) < Jw).

Turning now to FIGUREs 18 and 19, illustrated are diagrams demonstrating exemplary instances of an
evolution of a received signal power J(w(k)) normalized to the largest eigenvalue A, for a randomly realized static
channel. To graphically illustrate the convergence behavior of the QFOA multi-beamforming system, FIGURE 18
shows the evolution of the received signal power J(w(k)) and J( (K)) normalized to A, for a typical randomly
realized static channel under quantization scheme 2. FIGURE 19 shows the behavior of J(-) under quantjzation
scheme 3 where the number of feedback bits is one for each beam, so the total number of feedback bits is two. It is
clear as analytically proved that irrespective of the quantization error, the received signal power J(w(k)) converges
to A, and the received signal power J(y(k)) converges to A,. The illustrated embodiments employ the following

parameters for the demonstrated instances with Af transmit antennas.

FIGURE M b (bits) U (step size)
18 4 1 0.2
19 4 1 0.1

Thus, a QFOA multi-beamforming system employing quantized feedback adaptive beamforming for

transmitting multiple beams in one slot has been illustrated and described herein. For each beam, the feedback
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information is a quantized version of the optimal update direction vector. The method has been shown analytically
to have global convergence using simple quantization schemes. The flexibility of the multi-beamforming system,
which allows the quantization resolution (number of feedback bits) to be arbitrary, is quite adaptable. It should be
understood that with the described quantization schemes, the method has global convergence since the objective
function has no local maximum in the constraint set and its directional derivative is nonnegative in the quantized
increment vector.

Simulation results for a slow fading channel show that for the Grassmannian codebook-based method, the
bit error rate tends to be inferior to those of the QFOA multi-beamforming system and DPGA algorithms at high
SNRs, which confirms our earlier conjecture that the codebook-based method does not achieve global maximization,
For low and medium SNRs, however, the QFOA multi-beamforming system and the Grassmannian codebook
method have similar performances. With scalar quantization schemes previously described, since the QFOA multi-
beamforming system does not search over a codebook, its complexity has virtually no dependency on the number of
feedback bits.

Thus, in the environment of a communications system, a receiving station (e.g., mobile station) includes a
receiver of a QFOA multi-beamforming system that receives a forward link signal including pilot signals from a
transmitter employing multiple transmit antennas transmitting multiple beams in one slot with different antenna
weighting elements of a base station. The QFOA multi-beamforming system also includes a detector embodied in
the mobile station that measures characteristics of the forward link signal in accordance with the pilot signals and
provides a quantized increment vector that represents a preferable adaptation of the weightings for the weighting
elements to enhance a quality of the forward link signal for each of the multiple beams. The QFOA multi-
beamforming still further includes a transmitter embodied in the mobile station that transmits the quantized
increment vector for each of the multiple beams to the base station via a reverse link signal for each of the multiple
beams. A beamformer selector (embodied in the base station) of the QFOA multi-beamforming system operates to
determine an updated direction or increment vector based on the quantized increment vector received from the
mobile station for each of the multiple beams. A weight vector modifier of the QFOA multi-beamforming system
produces the tangential component of the weight vector for each of the multiple beams selected by the beamformer
selector, which are provided to a vector applicator for application to the corresponding weighting elements of the
transmit antennas of the base station. The base station thereafier employs the updated weighting elements to
transmit the forward link signal to the mobile station for each of the multiple beams are all, preferably, one bit.

The QFOA multi-beamforming system tracks a first and a second beam. Additional data can now be
transmitted on the second beam in the same time slot to increase the system capacity. The system embodies an
adaptive multi-beamforming technique where the optimal beam increment for each of the multiple beams is
computed. The computational technique is adaptive and theoretical analysis shows that the multi-beamforming
system has global convergence for both beams. For each beam, the convergence speed is optimized by finding the
optimal increment vector. That is, for any given number of feedback bits per beam, the system provides a way to
get to the best set of antenna weights in the least number of adaptation steps. To make the pumber of feedback bits
finite, a quantized version of the increment vector for each of the multiple beams is sent back to the transmitter. It
turns out that the method is very robust against quantization error. In particular, for a very coarse quantization
scheme considered herein where the sign of each component is taken, the loss in convergence speed is small and the
directional derivative (constrained gradient) of the objective function is, preferably, nonnegative everywhere. This

represents a feature of the multi-beamforming system that yields global convergence regardless of quantization
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error. In addition, several quantization schemes are developed which allows for variable feedback rates. In
particular, this multi-beamforming system can operate with one feedback bit for each beam.

Also, although the present invention and its advantages have been described in detail, it should be
understood that various changes, substitutions and alterations can be made herein without departing from the spirit
and scope of the invention as defined by the appended claims. For example, many of the processes discussed above
can be implemented in different methodologies and replaced by other processes, or a combination thereof, to
determine an updated beam direction based on the quantized increment vector received from the mobile station as
described herein. _

Moreover, the scope of the present application is not intended to be limited to the particular embodiments
of the process, machine, manufacture, composition of matter, means, methods and steps described in the
specification. As one of ordinary skill in the art will readily appreciate from the disclosure of the present invention,
processes, machines, manufacture, compositions of matter, means, methods, or steps, presently existing or later to be
developed, that perform substantially the same function or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to the present invention. Accordingly, the appended
claims are intended to include within their scope such processes, machines, manufacture, compositions of matter,

means, methods, or steps.

-55-



10

15

20

25

30

35

WO 2007/103108 PCT/US2007/005259

WHAT IS CLAIMED IS:
1. A base station including multiple antennas weighted by corresponding weighting elements,
comprising:

a beamformer selector configured to receive from a receiving station and re-orthogonalize a quantized
antenna weight increment vector for each of multiple beams transmitted in a slot, each of said multiple beams
formed by an antenna weight vector; and

a weight vector modifier configured to modify said antenna weight vector for each of said multiple beams
by adding an increment proportional to said respective re-orthogonalized quantized antenna weight increment vector

thereto.

2. The base station as recited in Claim 1 further comprising a vector applicator configured to apply

ones of said antenna weight vectors to ones of said weighting elements.

3. The base station as recited in Claim 1 wherein said quantized antenna weight increment vector is

one bit.

4. The base station as recited in Claim 1 wherein said weight vector modifier is configured to

renormalize said antenna weight vector to unit length,

5. The base station as recited in Claim 1 wherein said multiple beams transmitted in said slot are
orthogonal.
6. A method of operating a base station including muitiple antennas weighted by corresponding

weighting elements, comprising:
receiving from a receiving station and re-orthogonalizing a quantized antenna weight increment vector for
each of multiple beams transmitted in a slot, each of said multiple beams formed by an antenna weight vector; and
modifying said antenna weight vector for each of said multiple beams by adding an increment proportional

to said respective re-orthogonalized quantized antenna weight increment vector thereto.

7. The method as recited in Claim 6 further comprising applying ones of said antenna weight vectors

to ones of said weighting elements.

8. The method as recited in Claim 6 wherein said quantized antenna weight increment vector is one
bit.

9. The method as recited in Claim 6 further comprising renormalizing said antenna weight vector to
unit length.,

10. The method as recited in Claim 6 wherein said multiple beams transmitted in said slot are
orthogonal,

11. A receiving station, comprising:

a detector configured to measure a downlink channel correlation matrix for multiple antennas of a base
station from pilot signals, compute an antenna weight increment vector normal to an antenna weight vector for each
of multiple beams transmitted in a slot thereby rendering positive a directional derivative of a total received power
for each of said multiple beams from said multiple antennas of said base station, and quantize each of said antenna
weight increment vectors component by component to produce a respective quantized antenna weight increment
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vector; and
a transmitter configured to send each of said quantized antenna weight increment vectors to said base

station.

12, The receiving station as recited in Claim 11 wherein said detector is configured to measure said
downlink channel correlation matrix from a discrete-time channel impulse response between said multiple antennas

of said base station and a receive antenna of said receiving station,

13. The receiving station as recited in Claim 11 wherein said detector is configured to compute each
of said antenna weight increment vectors normal to said antenna weight vector with a direction to maximize said
directional derivative of said total received power from said multiple antennas of said base station for each of said

multiple beams transmitted in said slot.

14, The receiving station as recited in Claim 11 wherein said quantized antenna weight increment

vector is one bit.

15. The receiving station as recited in Claim 11 wherein said multiple beams transmitted in said slot

are orthogonal.

16. A method of operating a receiving station, comprising:

measuring a downlink channel correlation matrix for multiple antennas of a base station from pilot signals;

computing an antenna weight increment vector normal to an orthogonal antenna weight vector for each of
multiple beams transmitted in a slot thereby rendering positive a directional derivative of a total received power for
each of said multiple beams from said multiple antennas of said base station;

quantizing each of said antenna weight increment vectors component by component to produce a respective
quantized antenna weight increment vector; and

sending each of said quantized antenna weight increment vectors to said base station.

17. The method as recited in Claim 16 wherein said measuring includes measuring said downlink
channel correlation matrix from a discrete-time channel impulse response between said multiple antennas of said

base station and a receive antenna of said receiving station.

18. The method as recited in Claim 16 wherein said computing includes computing each of said
antenna weight increment vectors normal to said orthogonal antenna weight vector with a direction to maximize said
directional derivative of said total received power from said multiple antennas of said base station for each of said

multiple beams transmitted in said slot.

19. The method as recited in Claim 16 wherein said quantized antenna weight increment vector is one
bit.

20. The method as recited in Claim 16 wherein said multiple beams transmitted in said slot are
orthogonal.

21. A wireless communication system, comprising:

a receiving station, including:
a detector configured to measure a downlink channel correlation matrix for multiple antennas of a
base station from pilot signals, compute an antenna weight increment vector normal to an antenna weight vector for
each of multiple beams transmitted in a slot thereby rendering positive a directional derivative of a total received
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power for each of said multiple beams from said multiple antennas of said base station, and quantize each of said
antenna weight increment vectors component by component to produce a respective quantized antenna weight
increment vector, and

a transmitter configured to send each of said quantized antenna weight increment vectors to said
base station; and

a base station including multiple antennas weighted by corresponding weighting elements, including:

a beamformer selector configured to receive from said receiving station and re-orthogonalize said
quantized antenna weight increment vector for each of said multiple beams, and

a weight vector modifier configured to modify said antenna weight vector for each of said multiple
beams by adding an increment proportional to said respective re-orthogonalized quantized antenna weight increment

vector thereto.

22. The wireless communication system as recited in Claim 21 wherein said detector is configured to
measure said downlink channel correlation matrix from a discrete-time channel impulse response between said

multiple antennas of said base station and a receive antenna of said receiving station.

23. The wireless communication system as recited in Claim 21 wherein said detector is configured to
compute each of said antenna weight increment vectors normal to said antenna weight vector with a direction to
maximize said directional derivative of said total received power from said multiple antennas of said base station for

each of said multiple beams transmitted in said slot.

24, The wireless communication system as recited in Claim 21 wherein said quantized antenna weight

increment vector is one bit.

25. The wireless communication system as recited in Claim 21 wherein said multiple beams

transmitted in said slot are orthogonal.

26. The wireless communication system as recited in Claim 21 wherein ones of said increments are of

a magnitude of less than unit length.

27. The wireless communication system as recited in Claim 21 wherein said base station includes a

vector applicator configured to apply ones of said antenna weight vectors to ones of said weighting elements.

28. The wireless communication system as recited in Claim 21 wherein said weight vector modifier is

configured to renormalize said antenna weight vector to unit length.

29. The wireless communication system as recited in Claim 21 wherein said base station includes a

receiver configured to receive said quantized antenna weight increment vector.

30. The wireless communication system as recited in Claim 21 wherein said base station includes a
transmitter with an encoder configured to encode data to form encoded data and an up-mixer configured to generate

an up-mixed signal for said weighting elements.
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