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(57) Abstract: A method includes calculating a set of first metrics using chan-
nel information and one or more precoders, whetre each of the first metrics cor-
responds to a respective set of a plurality of sets of codebook precoders, and
selecting, based on the set of first metrics and a first selection criteria, a set of
codebook precoders from the plurality of sets of codebook precoders. The
method also includes, in response to selecting the set of codebook precoders,
calculating a set of second metrics and selecting, based on (i) the set of second
metrics and (ii) a second selection criteria, a codebook precoder from the se-
lected set of codebook precoders. Each of the second metrics is calculated us-
ing a respective codebook precoder in the selected set of codebook precoders.
The method also includes causing the selected codebook precoder to be ap-
plied to a signal to be transmitted to a communication device.
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EFFICIENT SEARCH OF PRECODERS IN PRECODED MIMO SYSTEMS

Cross-References to Related Applications

[0001] This claims the benefit of U.S. Provisional Patent Application No. 61/697,442,
entitled “Methods for Efficient Search of Precoders in Precoded MIMO Systems™ and
filed on September 6, 2012, the disclosure of which is hereby incorporated herein by

reference.

Field of the Disclosure

[0002] The present disclosure relates generally to wireless communication systems and,

more particularly, to precoding in multiple-input, multiple-output (MIMO) systems.

Background

[0003] In multiple-input, multiple-output (MIMO) wireless communication systems,
throughput, spectral efficiency, and link reliability are increased by utilizing multiple
transmit and receive antennas to provide a number of independent spatial channels.
MIMO is commonly used to improve performance in orthogonal frequency division
multiplexing (OFDM) wireless communication systems, such as Third Generation
Partnership Project (3GPP) Long Term Evolution (LTE) systems, 3GPP WiMAX
systems, IEEE 802.11n systems, and IEEE 802.11ac systems, for example. Generally,
MIMO transmitter devices (e.g., 3GPP LTE eNodeB devices, WiMAX NodeB devices,
IEEE 802.11n or 802.1[ac access points, etc.) apply a precoder to signals that are to be
transmitted in order to improve signal quality at the intended receiver, and to reduce

interference to other, unintended receivers.

[0004] Typically, multiple different precoders are included in a “codebook,” and the
MIMO system selects a particular precoder from the codebook so that the selected
precoder may be applied to signals transmitted by a transmitting device. The precoder is
generally selected based on measured channel state information (CSI}, and is selected

such that some system performance metric(s) is/are optimized. Generally, larger
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codebooks with more precoders are more likely to include a precoder that closely
matches (i.e. counteracts) the measured propagation effects of the channel. By accurately
counteracting the propagation effects of the channel, system throughput may be
improved. As the codebook size increases, however, the search for an appropriate

precoder can incur additional computational complexity and/or a longer search time.

Summary

[0005] In an embodiment, a method is implementable by one or more processors in a
communication system that includes a first communication device configured to receive
precoded signals from a second communication device via a wireless channel. The
method includes calculating, via the one or more processors, a set of first metrics using
(1) channel information ;:orresponding to the wireless channel, and (ii) dne or more
precoders. Each metric of the set of first metrics corresponds to a respective set of a
plurality of sets of codebook precoders. The method also includes selecting, via the one
or more processors and based on (i) the set of first metrics and (i1) a first selection
criteria, a set of codebook precoders from the plurality of sets of codebook precoders.
The method also includes, in response to selecting the set of codebook precoders,
calculating, via the one or more processors, a set of second metrics and selecting, via the
one or more processors and based on (i) the set of second metrics and (ii) a second
selection criteria, a codebook precoder from the selected set of codebook precoders.
Calculating a set of second metrics includes calculating each metric in the set of second
melrics using a respective codebook precoder in the selected set of codebook precoders.
The method also includes causing, via the one or more processors, the selected codebook
precoder to be applied to a signal to be transmitted from the second communication

device to the first communication device.

[0006] The above embodiment, and various embodiments described below, may
provide one or more advantages. For example, a reduced number of precoders may need

to be evaluated as compared to conventional techniques, thereby saving time and/or



WO 2014/039616 PCT/US2013/058155

computational power. Further, a system designer may be provided with considerable
flexibility as compared to conventional techniques (e.g., the ability to trade off

performance and computational efficiency).

Brief Description of the Drawings

[0007] Fig. 1 is a diagram of an example decision tree utilized to efficiently search for a

precoder in a codebook, according to an embodiment.

[0008] Fig. 2 is a block diagram of an example wireless MIMO communication system
in which a decision tree such as the example decision tree of Fig. 1 is implemented,

according to an embodiment.

[0009] Fig. 3 is a more detailed block diagram of an example wireless MIMO
communication system in which a decision tree such as the example decision tree of Fig.

1 is implemented, according to an embodiment.

[0010] Fig. 4 is a diagram of an example decision tree utilized to efficiently search for a
precoder in an LTE Release 10 wireless communication system, according to an

embodiment.

[0011] Fig. 5 is a flow diagram of an example method for efficiently selecting a
precoder to be applied to a MIMO signal that is to be transmitted in a wireless

communication system, according to an embodiment.

Detailed Description

[0012] In embodiments described below, a wireless multiple-input, multiple-output
(MIMOQO) communication system utilizes an efficient technique for searching a codebook
to select an appropriate precoder. Conceptually, the technique involves arranging the
precoders of the codebook in a decision tree with multiple levels/decision points. In one
embodiment, for example, decision-making begins at a root node, with one of multiple
child nodes being selected at each level of the decision tree until a “leaf node” (i.e. node

with no child nodes) is reached. Each leaf node represents a different precoder of the
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codebook (referred to herein as a “codebook precoder”), in an embodiment, with the
different codebook precoders/leaf nodes being grouped (i.e., assigned a common parent
node) according to a particular rule or algorithm, and/or according to a pre-existing
structure of the codebook or other suitable heuristic. In an embodiment, each parent node
for a group of codebook precoders is itself represented by at least one precoder, which
can be used to evaluate whether that particular parent node should be selected. In one
embodiment, each parent node is associated with a precoder that is the same as one of the
codebook precoders associated with the leaf nodes that stem from that parent node (e.g.,
the codebook precoder that best “represents” those particular leaf nodes). In other
embodiments, each parent node is instead associated with a precoder that is derived from
all of the codebook precoders associated with the leaf nodes that stem from that parent
node (e.g., the precoder is set equal to a spatial centroid of all codebook precoders
corresponding to those particular leaf nodes, in one embodiment). In some embodiments,
the decision tree has more than two levels/decision points that are traversed when
selecting a codebook precoder. In one embodiment, for example, the parent nodes of the
leaf nodes are themselves grouped according to a rule, algorithm or heuristic, with each

group being assigned to a different “grandparent” node.

[0013] Fig. [ is a diagram of an example decision tree 10 utilized to efficiently search
for a precoder in a codebook, according to an embodiment. In the example decision tree
10, a root node 12 represents the starting point for the precoder search. The root node 12
is connected to child nodes 20-1 and 20-2. Nodes 20-1 and 20-2 each also serve as a
parent node for the next level/generation in the decision tree 10. Specifically, node 20-1
is a parent to child nodes 30-1 and 30-2, and node 20-2 is a parent to child nodes 30-3
and 30-4. Further, each of nodes 30-1 through 30-4 serves as a parent node for the final
level/generation (i.e., the leaf nodes 40) in the decision tree 10. In particular, node 30-1
is a parent to leaf nodes 40-1 and 40-2, node 30-2 s a parent to leaf nodes 40-3 and 40-4,
node 30-3 is a parent to leaf nodes 40-5 and 40-6, and node 30-4 is a parent to leaf nodes

40-7 and 40-8. At times, nodes 20 and/or nodes 30 may be referred to herein as
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“intermediate nodes” because those nodes are neither root nodes nor leaf nodes (i.e.,

because those nodes have both a parent node and child nodes).

[0014] In the example embodiment of Fig. 1, each of the leal nodes 40-1 through 40-8
is associated with a single precoder in a codebook that includes precoders Wy, Wa, Wy,
Wy, Ws, W, W5 and Wy (i.e., leaf node 40-1 is associated with precoder W), leaf node
40-2 is associated with precoder W, etc.). To select one of the precoders {W,...,Wg}
from the codebook, in an embodiment, one child node is selected at each level, starting
from root node 12, until one of leaf nodes 40-1 through 40-8 is reached, at which point
the precoder associated with the selected leaf node 40 becomes the selected precoder, and
is ultimately applied to a transmission signal. One example decision path is shown by the
arrows 42, which corresponds to a scenario in which node 20-2 is selected after nodes 20-
1 and 20-2 have been evaluated, node 30-3 is selected after nodes 30-3 and 30-4 have
been evaluated, and then leaf node 40-6 (corresponding to codebook precoder W) is

selected after leaf nodes 40-5 and 40-6 have been evaluated.

[0015] Generally, in an embodiment, the decision at each level of the decision tree 10 is
made by evaluating all child nodes based on suitable metrics (e.g., signal-to-interference-
plus-noise ratio (SINR), throughput, capacity, etc.), and selecting the “best” node based
on desired metrics (e.g., the node that provides a highest SINR, highest throughput, etc.).
At the final decision level, the remaining candidate nodes among leaf nodes 40 are
evaluated using the codebook precoders W, that are associated with those nodes. In order
to allow the suitable metrics to also be calculated at the various intermediate nodes in the
decision path, in an embodiment, each of the intermediate nodes (i.e., each of nodes 20-1
and 20-2, and each of nodes 30-1 through 30-4), is also associated with a respective
precoder, or a respective set of precoders. In particular, in the example embodiment of
Fig. 1, each node j (for j = 1 or 2) of intermediate nodes 20 is associated with a different
precoder (or set of precoders) P,;, and each node k (for k= 1, 2 3, or 4) of nodes 30 is

associated with a different precoder (or set of precoders) Py;. While P,; and Py, are
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referred to hereafter simply as “precoders” (for ease of explanation), it is understood that
each P4; and/or each Py, instead represents, and/or depends on the performance of (based
on suitable metrics such as signal-to-interference-plus-noise ratio (SINR), throughput,

capacity, etc.), a set of two or more precoders in some embodiments.

[0016] Each of the precoders Py, for nodes 30-1 through 30-4 is in some way
representative of, and/or depends on, a subset of the codebook precoders W,. In
particular, each of the precoders Py, is representative of, and/or depends on, those
codebook precoders that are associated with leaf nodes 40 connected as child nodes. In
some embodiments, for example, precoder Py, (associated with node 30-1) is equal to one
of, or a function of one or both of, the codebook precoders W, and W (associated with
leaf nodes 40-1 and 40-2, respectively), and precoder Py, (associated with node 30-2) is
equal to one of, or a function of one or both of, the codebook precoders W3 and W,
(associated with leaf nodes 40-3 and 40-4, respectively), etc. Similarly, in an
embodiment, each of the precoders P,; for nodes 20-1 and 20-2 is in some way
representative of, and/or depends on, the precoders associated with the respective child
(intermediate) nodes 30. In some embodiments, for example, precoder P4, (associated
with node 20-1) is equal to one of, or a function of one or both of, the precoders Py, and
Pg» (associated with nodes 30-1 and 30-2, respectively), and precoder Py, (associated
with node 20-2) is equal to one of, or a function of one or both of, the precoders Pg; and

P4 (associated with nodes 30-3 and 30-4, respectively).

[0017] More generally, in some embodiments, precoders for parent nodes are based on
precoders of the child nodes using any suitable algorithm, equation, or heuristic. In some
embodiments, for example, a precoder for a parent node is determined (e.g., by a system
designer) using the Lloyd algorithm, by setting the precoder equal to a spatial centroid of

the child nodes, or in any other suitable manner.

[0018] The particular arrangement of codebook precoders and/or intermediate node

precoders within a given decision tree (e.g., the criteria by which certain leaf nodes 40 are
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grouped as child nodes under a particular intermediate node 30, or the criteria by which
certain intermediate nodes 30 are grouped as child nodes under a particular intermediate
node 20) varies according to different embodiments. In one embodiment, for example, an
iterative algorithm such as the Lloyd algorithm is used to group child nodes under a
parent node. In another example embodiment, a clustering approach (e.g., based on
distances between precoders associated with the child nodes) is used to group child
nodes. In one embodiment, for example, clustering based on distances between entries in
the codebook containing precoders W through Wy 1s used to group particular leaf nodes
40 under a common parent node 30. In yet another example embodiment, an existing
structure of a codebook is utilized to determine the grouping of child nodes (e.g., as
discussed below with reference to Fig. 4 for an example LTE Release 10 system with 8

CSI-RS antenna ports, or according to some other suitable heuristic).

[0019] Various ways in which parent node precoders may relate to child node
precoders, as well as various ways in which child nodes may be grouped together under a
common parent node, according to different embodiments, are discussed in more detail
below with reference to Figs. 4 and 5. Further, various ways in which metrics may be
calculated based on the precoders associated with intermediate and leaf nodes, as well as
various ways in which the calculated metrics may be used to select a particular child
node, according to different embodiments, are also discussed in more detail below with

reference to Figs. 4 and 5.

[0020] While the example decision tree 10 of Fig. | has three decision levels (i.e., first
to select a node 20, second to select a node 30, and third to select a node 40), other
embodiments may have only two decision levels, or more than three decision levels.
Moreover, in some other embodiments, the number of decision levels varies depending
on system performance requirements and available computational power, and the
corresponding decision path may have a different number of steps. In one alternative

embodiment, for example, the decision tree 10 of Fig. I does not include any of nodes
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40-5 through 40-8, and both of nodes 30-3 and 30-4 serve as leaf nodes. In one such
embodiment, for example, nodes 40-1 through 40-4 and nodes 30-3 and 30-4 each
correspond to a different precoder in a codebook with only six precoders, W through W,
Moreover, while the example decision tree 10 of Fig. I has two child nodes per parent
node, other embodiments have more than two child nodes for some or all of the parent
nodes, at some or all of the decision levels in decision tree 10. In one alternative
embodiment, for example, the decision tree 10 of Fig. 1 has four nodes 30-1 through 30-4
stemming from node 20-1, four leaf nodes 40-1 through 40-4 stemming from node 30-1,
six leaf nodes 40-5 through 40-10 stemming from node 30-2, etc. The search complexity
is generally proportional to both the depth of the decision tree and the number of child
nodes per parent node, in an embodiment, and a system designer may balance search

complexity against performance by adjusting these two parameters.

[0021] By using the example decision tree 10, the selection of one of codebook
precoders W, through Wy may become significantly faster and more computationally
efficient. For example, while a conventional precoded MIMO system can require
exhaustively evaluating each of the eight codebook precoders W, through Wy in order to
select a “best™ precoder, it can be seen from Fig. | that the decision tree 10 only involves
evaluating precoders at six different nodes (i.e., nodes 20-1 and 20-2 at the first decision
point, only two of the nodes 30-1 through 30-4 at the second decision point, and only two
of the nodes 40-1 through 40-8 at the third and final decision point), in an embodiment.
Thus, in at least some embodiments, the example decision tree 10 provides roughly a
25% reduction in the number of computations. Note that in other embodiments, more or
less improvement may be seen. In one alternative embodiment where the decision tree
10 has six child nodes 20 of root node 12, and three nodes 40 per node 20, for example,
and where nodes 40 are leaf nodes each associated with a different one of 18 codebook
precoders (note that in this example there are no nodes 30), the decision tree 10 may

provide roughly a 50% reduction in the number of computations (i.e., nine precoders



WO 2014/039616 . PCT/US2013/058155

and/or nodes are evaluated in total, as compared to evaluating all 18 codebook precoders

with conventional techniques).

[0022] Fig. 2 is a block diagram of an example wireless MIMO communication system
100 in which a decision tree such as the example decision tree 10 of Fig. 1 is
implemented, according to an embodiment. In the communication system 100, a
transmitter 110 with M transmit antennas 112-1 through 112-M precodes signals that are
sent, via a wireless channel 116, to a receiver 120 with N receive antennas 122-1 through
122-N. In various embodiments, M is any integer greater than one and N is any integer
greater than one. In some embodiments, M is greater than N. In one embodiment, for
example, M = 8 and N = 2. In various embodiments, the transmitter 110 is a base station
(e.g., a 3GPP LTE eNodeB) device, a Wi-Fi access point device, or a different suitable
transmitting device, and the receiver 120 is a mobile cellular (e.g., 3GPP LTE UE)
device, a Wi-Fi (e.g., IEEE 802.11n or 802.11ac) client station device, or a different

suitable receiving device.

[0023] In the example communication system 100, the transmitter 110 uses a precoder
W chosen from among 2% different precoders W, of a codebook. Thus, in the example
communication system 100 of Fig. 2, the signal y received by the receiver device 120

may be represented as:

y = HWx+n (Equation 1)

In Equation 1, H is the estimated channel matrix corresponding to the wireless channel
116, W is the precoder applied at the transmitter 110, x is the transmitted signal vector

(prior to precoding), and n is the noise vector as received at the receiver 120.

[0024] In order to determine which codebook precoder W to apply to a particular signal
intended for receiver 120, the transmitter 110 relies on feedback 130 from the receiver
120, To this end, in one embodiment, the transmitter 110 sends a known signal (e.g.,

pilots, a sounding signal, etc.) to the receiver 120 via the wireless channel 116, and the
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receiver estimates the channel matrix H of the wireless channel 116. The receiver 120
then utilizes the estimated channel matrix H, along with the set of codebook precoders
W, to select the codebook precoder W to be used by the transmitter 110. In some
embodiments, the receiver 120 also uses other channel information (e.g., SNR) to select

one of the codebook precoders W,.

[0025] As noted above, conventional systems search for the most appropriate precoder
by evaluating all precoders in a codebook. For a codebook indexed by B bits, an
exhaustive search of this sort causes the computational complexity to increase
exponentially with B. Unlike these conventional systems, the receiver 120 utilizes a
decision tree with two or more levels/decision points to select the codebook precoder W.
~ As a result, in some embodiments, the computational complexity and/or search time is
substantially reduced as compared to conventional search techniques. In one
embodiment, for example, the decision tree 10 of Fig. 1 is utilized by the receiver 120 to
select one of eight codebook precoders W through Wy. In other embodiments, a
different, suitable decision tree is utilized. As discussed above in connection with the
embodiment of Fig. 1, the receiver 120 is able to make decisions at each level of the
decision tree by utilizing special precoders, not necessarily included in the codebook, for

each intermediate node of the decision tree, in an embodiment.

[0026] In a codebook of size (or nearly of size) 2% B bits are generally used to index
the precoders within the codebook. Thus, after the receiver 120 selects a precoder W
from the codebook, the receiver 120 sends feedback 130 (including B bits of data
representing the index corresponding to the selected precoder W) to the transmitter 110,
in an embodiment. In one embodiment, the transmitter 110 also has a priori knowledge
of the codebook (e.g., knowledge of which precoders are in the codebook, and knowledge
of which precoders correspond to which index numbers), and is therefore able to uniquely
determine the appropriate codebook precoder W based on the B bits feedback from the

receiver 120. In an embodiment, the feedback 130 is sent from one or more of the
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antennas 122-1 through 122-N to one or more of the antennas 112-1 through 112-M via a

reverse channel not shown in Fig. 2.

[0027] In alternative embodiments, the transmitter 110 determines which of the
codebook precoders W, should be used in a different manner. In one embodiment, for
example, the feedback 130 from the receiver 120 includes the entire selected codebook
precoder W, or a compressed version of the selected codebook precoder W, and the
transmitter 110 therefore need not have a priori knowledge of the codebook. In another
example embodiment, the feedback 130 from the receiver 120 includes channel state
information, or compressed channel state information, and the transmitter 110 uses a
decision tree similar to decision tree 10 of Fig. 1 to select the codebook precoder W. In
yet another example embodiment, the transmitter 110 utilizes implicit channel estimation
techniques to select the precoder, and the feedback 130 is omitted. In one such
embodiment, the transmitter 110 determines a channel estimate for the reverse channel
based on a signal (e.g., sounding signal) received {from the receiver 120, assumes that the
channel estimate H of the wireless channel 116 is the same as the channel estimate for the
reverse channel, and selects the codebook precoder W using a decision tree similar to

decision tree 10 of Fig. 1.

[0028] Fig. 3 is a more detailed block diagram of an example wireless MIMO
communication system 150 in which a decision tree such as the example decision tree 10
of Fig. 1 is implemented, according to an embodiment. In the communication system
150, a transmitter 152 includes M transmit antennas 154-1 through 154-M, and precodes
signals that are sent, via a wireless channel 156, to a receiver 160 having N receive
antennas 162-1 through 162-N. The example communication system 150 corresponds to
an embodiment similar to communication system 100 of Fig. 2, with a reverse wireless

channel 164 providing feedback similar to the feedback 130 of Fig. 2.

[0029] In the example communication system 150 of Fig. 3, the transmitter 152

includes a network interface 166 having a controller 168 and a memory 170. In an
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embodiment, the controller 168 comprises hardware, such as an application-specific
integrated circuit (ASIC), for example. Alternatively, or additionally, in an embodiment,
the controller 168 comprises one or more processors configured to execute software
instructions stored in the memory 170. The memory 170 comprises volatile and/or non-
volatile memory, such as random access memory (RAM) and/or read-only memory
(ROM), in various embodiments. The network interface 166 also includes a transmit
baseband processing unit 172 coupled to a radio frequency (RF) front end 174 that
includes RF transmit circuitry (e.g., filter(s), mixer(s), power amplifier(s), etc.). The RF
front end 174 is in turn coupled to the M antennas 154-1 through 154-M. The RF front
end 174 also includes RF receive circuitry (e.g., filter(s), low noise amplifier(s), mixer(s),
etc.), and is coupled to a receive baseband processing unit 176. In an embodiment, the
receive baseband processing unit 176 detects (and also decodes) precoder feedback
received from the receiver 160 (e.g., feedback similar to feedback 130 in Fig. 2), and
provides an indicator of a selected codebook precoder W (e.g., a B bit index included in
the feedback) to a precoder look-up unit 180. In an embodiment, the precoder look-up
unit 180 determines the selected precoder W by cross-referencing the B bit index to the
precoder W in a database (e.g., a database stored in memory 170). In an embodiment, the
functions of the precoder look-up unit 180 are implemented by the controller 168. Once
the selected precoder W has been determined, the precoder W is applied to a transmit
signal by a precoding unit 182 within the baseband processor 172. The precoding unit
182 multiplies the transmit signal vector x by the selected precoder W, in an embodiment.
In an embodiment, the functions of the precoding unit 182, and/or other portions of the
transmit baseband processing unit 172 and/or portions of the receive baseband processing

unit 176, are implemented by the controller 168.

[0030] The receiver 160 in the example communication system 150 includes a network
interface 184 having a controller 186 and a memory 188. In an embodiment, the
controller 186 comprises hardware, such as an ASIC, for example. Alternatively, or

additionally, in an embodiment, the controller 186 comprises one or more processors
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configured to execute software instructions stored in the memory 188. The memory [88
comprises volatile and/or non-volatile memory, such as RAM and/or ROM, in various
embodiments. The network interface 184 also includes an RF front end 190 that includes
RF receive circuitry (e.g., filter(s), low noise amplifier(s), mixer(s), etc.) and is coupled
to the N antennas 162-1 through 162-N. The RF front end 190 is also coupled to a
receive baseband processing unit 192, which includes a channel estimator 194 and a
precoder selection unit 196. The channel estimator 194 is configured to estimate the
forward channel 156. In one embodiment, the channel estimator 194 estimates the
forward channel 156 (e.g., determines the channel matrix H) based on sounding signals
received from transmitter 152 via channel 156. In another embodiment, the channel
estimator 194 estimates the forward channel 156 based on pilot signals received from

transmitter 152 via channel 156.

[0031] The channel estimator 194 provides an estimate of the channel (e.g., the
estimated channel matrix H) to the precoder selection unit 196, which implements a
decision tree algorithm to select one of the precoders W, from a codebook of size 2% (or,
in some embodiments, less than size 2%). 1n one embodiment, for example, the precoder
selection unit 196 selects a codebook precoder W using a decision tree, similar to
decision tree 10 of Fig. 1, according to any one of the embodiments discussed above with
reference to Fig. 1. The precoder selection unit 196 then provides B bits, which identify
the index of the selected precoder W within the codebook, to a transmit baseband
processing unit 198, in an embodiment. The transmit baseband processing unit 198
incorporates the B bits of information in a modulated signal, which is transmitted on the
reverse channel 164 via the RF front end 190 (which also includes RF transmit circuitry)
and one or more of the antennas 162-1 through 162-N. As noted above, the feedback
signal can then be used by the precoder look-up unit 180 to determine the appropriate
codebook precoder W. In an embodiment, the functions of the precoder selection unit

196, the channel estimator 194, and/or other portions of the receive baseband processing
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unit 192 and/or portions of the transmit baseband processing unit 198, are implemented

by the controller 186.

[0032] Fig. 4is a diagram of an example decision tree 200 utilized to efficiently search
for a precoder in an LTE Release 10 wireless communication system, according to an
embodiment. In various embodiments, the decision tree 200 is utilized by the receiver
120 of Fig. 2 or the receiver 160 of Fig. 3 (e.g., in some embodiments where an indicator
of a selected precoder W is fed back from a receiver to a transmitter), or is utilized by the
transmitter 110 of Fig. 2 or the transmitter 152 of Fig. 3 (e.g., in some embodiments
where the transmitter estimates the forward channel based on signals received from a
receiver via the reverse channel, and selects a precoder W for the forward channel based
on the estimated channel information). More specifically, in some embodiments, the
decision tree 200 is utilized by the network interface 184 (e.g., precoder selection unit
196) in receiver 160, or by the network interface 166 (e.g., receive baseband processing

unit 176) in transmitter 152 of Fig. 3.

[0033] The arrangement of decisicon tree 200 takes advantage of structure that is
inherent to the LTE Release 10 codebook for eight channel state information reference
signal (CSI-RS) ports. With eight CSI-RS ports, each LTE Release 10 codebook entry
corresponds Lo a pair of indices, which are known as precoding matrix indicators (PMIs)
iy and i;. Together, i;and i; provide an index that uniquely identifies a precoder in the
LTE Release 10 codebook. The PMI i, corresponds to wideband (in frequency), long-
term (in time) properties of the indexed precoder, while the PMI i, corresponds to
narrowband (in frequency), short-term (in time) properties of the precoder. LTE Release
10 supports eight different layers/ranks (i.e., rank 1 through rank 8), with each layer/rank
corresponding to the number of different data streams that are sent through transmit
antennas in a spatial multiplexing operation. LTE Release 10 defines the following

ranges of indices /; and /, for the different layers/ranks:

Layer (Rank)
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Index 1 2 3 4 5 6 7

PMI i, 0-15 0-15 0-3 0-3 0-3 0-3 0-3

PMI i, 0-15 0-15 0-15 0-7 0 0 0
Table |

As seen in Table 1, layers/ranks 1 and 2 correspond to 256 (16x16) total codebook
entries, layer/rank 3 corresponds to 64 (4x16) total codebook entries, layer/rank 4

corresponds to 32 (4x8) total codebook entries, etc.

[0034] The example decision tree 200 corresponds to a rank 1 or rank 2 scenario with
16 i, values and 16 i, values, as shown in Table 1. In the decision tree 200, a root node
202 represents the start of the decision-making path (i.e., similar to root node 12 in
decision tree 10 of Fig. 1). Connected as child nodes to root node 202 are 16
intermediate nodes 210-1 through 210-16. Connected as child nodes to each of the
intermediate nodes 210 are 16 leaf nodes 220 (e.g., leaf nodes 220-1 through 220-16
connected to node 210-1, leaf nodes 220-17 through 220-32 connected to node 210-2,

efc.).

[0035] In LTE Release 10, the codebook precoders that share the same /; are known to
be relatively similar as compared to precoders that do not share the same /. For this
reason, in the embodiment of Fig. 4, the codebook precoders indexed by the same i, are
grouped together. That is, the codebook precoders indexed by the same i; are associated
only with those nodes of leaf nodes 220 that share a same parent node 210. For example,
the codebook precoders that LTE Release 10 defines as being indexed by {; = 0 (and any
i, between 0 and 15) are associated with nodes 220-1 through 220-16 under parent node
210-1, and the codebook precoders that LTE Release 10 defines as being indexed by i} =
1 (and any i, between O and 15) are associated with nodes 220-17 through 220-32 under
parent node 210-2, etc. In this manner, the decision tree 200 takes advantage of the

inherent structure/properties of the LTE Release 10 codebook.
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[0036] In the embodiment of Fig. 4, each of the leaf nodes 220 is associated with the
LTE Release 10 codebook entry that is indexed by the i, i» value corresponding to that
leaf node (i.e., the i, =0, i; = 0 codebook entry for leaf node 220-1,thei; =0,i, =1
codebook entry for leaf node 220-2, etc., up until the i; = 15, i, = 15 codebook entry for
leaf node 220-256). In addition, in an embodiment, each of the intermediate nodes 210 1s
associated with a precoder that in some way represents the group of respective leaf nodes
220 that are connected as child nodes. The relation between the precoders associated
with nodes 210 and the codebook precoders associated with leaf nodes 220-1 through

220-256 is discussed further below with reference to specific example embodiments.

[0037] As noted above, when selecting a codebook precoder using decision tree 200,
the decision path begins at root 202 and proceeds downward. First, each of the 16 nodes
210-1 through 210-16 is evaluated by calculating certain performance metrics (e.g.,
SINR, throughput, packet error rate, capacity, etc.) based on the precoder(s) associated
with the respective node 210. Based on these calculated metrics, a “best” node of the
nodes 210 is selected (e.g., a node for which the associated precoder(s) provide(s) a
highest SINR, throughput, etc.). As seen in Fig. 4, the selected one of nodes 210-1
through 210-16 will correspond to a particular ¢, value (e.g., i; = 0 for node 210-1, i, =1
for node 210-2, etc.). After one of nodes 210 (and, therefore, an i, value) is selected, all
of the leaf nodes 220 that are child nodes to the selected one of nodes 210 are evaluated.
Similar to the first decision stage, in an embodiment, each of the remaining candidate leaf
nodes 220 is evaluated by calculating certain performance metrics based on the codebook
precoders associated with those leaf nodes 220, and a “best” node of those remaining leafl
nodes 220 is selected based on the calculated metrics. Techniques for calculating
performance metrics and selecting a “best” node, both at the level of intermediate nodes
210 and at the level of leal nodes 220, are discussed in more detail below with reference

to specific example embodiments.
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[0038] Asseenin Fig. 4, the selected leaf node 220 will correspond to a particular i,
value. Moreover, the combination of the selected leaf node 220 and its parent node 210
will corresponds to a particular #,, i; value, which in turn allows a single precoder within
the LTE Release 10 codebook to be uniquely determined. Notably, the decision tree 200
of Fig. 4 allows a codebook precoder to be selected after evaluating the precoders of only
32 (16 + 16) nodes, rather than evaluating all 256 (16 x 16) codebook precoders per the
conventional approach. As a result, computational complexity and/or searching time may
be greatly reduced. Moreover, and despite the potential for large gains in efficiency,
performance (e.g., throughput) may be only slightly, or even negligibly, degraded as

compared to an exhaustive precoder search.

[0039] In some embodiments, other decision trees are used for other scenarios in which
an LTE Release 10 system utilizes a rank greater than rank 2. In one embodiment and
scenario, for example, a rank 3 scenario corresponds to a decision tree in which a root
node connects to four child nodes (corresponding to the four 7, values for rank 3 in Table
1), and in which each of the four child nodes connects to sixteen leaf nodes
(corresponding to the 16 i, values for rank 3 in Table 1), with each leaf node being

associated with a different codebook precoder.

[0040] As noted above, and referring again to the rank 1 or rank 2 example of Fig. 4,
each of intermediate nodes 210-1 through 210-16 is associated with a different precoder
(or a different set of precoders), which is used during the selection process to evaluate the
respective node using a performance metric, in an embodiment. In some embodiments,
the performance metric used to evaluate a particular intermediate node 210 is a function
of (1) the channel (e.g., estimated channel matrix H), (2) signal-to-noise ratio (SNR) for
the channel, (3) the 16 precoders W(i}, i>) corresponding to the value of /; associated with
that particular node 210, and (4) a codebook subset restriction {, (if any such restriction

exists) on ;. This metric can be represented as:
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metric(i;1) = f(H.SNR,W(1,1,i,2),{,2 en 2
(Equation 2)

According to various different embodiments, the function f of Equation 2 is a function for
determining capacity, throughput, packet error rate, or any other suitable performance

metric,

{00411 In one embodiment, the metric for each intermediate node 210 (i.e., for each i)

is averaged over all allowable i, values as:

metric(i;) = O] Z f(H,SNR.W(z’I,iZ ),

A 1)
g 2

(Equation 3)

In other embodiments, the metric for each intermediate node 210 is calculated using a

single, fixed precoder. In one embodiment, for example, the metric is calculated as:
metric(i;1) = f(HSNR,P(i,1,2,2)) (Equation 4)

In some embodiments, P(i;, ) denotes a precoder that is a function of all of the
unrestricted codebook precoders (inside the set of Q,) corresponding to the i, value under
consideration. In one embodiment, for example, P(i, ;) is a spatial centroid of all of
the unrestricted codebook precoders W(i,, i») that correspond to the /; value under

consideration.

[0042] In some embodiments, the codebook precoders W(iy, i») corresponding to the

various leaf nodes 220 are of the form

W= [
= vl (Equation 5)

where v is a vector and @ is a scalar. In one embodiment where the codebook precoders
conform to Equation 5, the precoders associated with intermediate nodes 210 contain two

parts as follows:
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P(iy.92;) = (Viie dix) (Equation 6)

In Equation 6, vy, is determined based on all of the available/unrestricted vectors v used

in the codebook precoders (per Equation 5), and Prix is a scalar determined based on all

available/unrestricted scalars ¢ used in the codebook precoders (per Equation 5).

[0043] Specific example embodiments in which the intermediate nodes 210 are
associated with spatial centroid precoders will now be described for the rank 2 scenario
of Table 1, and then for the rank I scenario of Table 1. In the rank 2 scenario, in one
embodiment, the precoder associated with a particular {; and intermediate node 210, P(iy,
(,), is equal to the two dominant singular vectors of a matrix composed of all possible
codebook precoders, W(i|) = [W(i}, k), ..., W(i\, kigzp], where Qs = (&, ..., Koz}
denotes the codebook subset restriction on PMI /5. In an embodiment, the two dominant
singular vectors are determined first by taking the singular value decomposition of W(i,)
as follows:

Wiy = UGy ) Vi)
) (Equation 7)

Where A” denotes the Hermitian transpose of the matrix A. The precoder for the given
value of i, (i.e., the P(i;, ) associated with the respective one of intermediate nodes

210) is equal, in this embodiment, to the first two columns of U{i,):
PU;. Q) =UGD, ., (Equation 8)

In an alternative embodiment for the rank 2 scenario, P(i|, ;) is instead equal to a

codebook precoder that corresponds to a fixed i, (denoted herein as i ):
Py, Q5) = W(iy, iy £ix) (Equation 9)

In one embodiment where i, is subject to a codebook subset restriction Q,, /5 g, 18 chosen
to minimize the chordal distance to the subspace spanned by the active/unrestricted

precoders:

-19 -



WO 2014/039616 PCT/US2013/058155

ipgix = argmin [|W(iy, KYW(iy, k)H - Wiy, in)W(iy, ip)H
1sks16

(Equation 10)

In one such embodiment, and where all precoders are active in an LTE Release 10
system, i gy 18 equal to 12. In alternative embodiments, other suitable, distance-based
metrics (e.g., Fubini-Study distance, projection two-norm distance, etc.) are used (o

determine the i, value that will be used as i; g,.

{0044] In the rank | scenario, in one embodiment, the precoder associated with a
particular /; and intermediate node 210, P(i;, Q,), is equal to the dominant singular vector
of a matrix composed of all possible codebook precodérs, W) = [W(,, k), ..., W(i|,
km)]“ (i.e., the first four rows of the matrix [W(iy, k), ... W(i1, kiazp)]). Inan
embodiment, the dominant singular vector is determined first by taking the singular value
decomposition of W(i#)) according to Equation 7 above. The precoder for the given value
of i, (i.e., the P(i|, Q,) associated with the respective one of intermediate nodes 210) is

then equal, in this embodiment, to the first column of U(i,):
Py, Q)= UG, (Equation 11)
In an alternative embodiment for the rank 1 scenario, the precoder for a given value of i,

(i.e., P(i}, Qy)) is equal to a codebook precoder corresponding to a fixed i; (e.g., an 2y

that minimizes a chordal distance), and a fixed phase Pfi<. In one embodiment where the

\%
. W . C
codebook precoders have the form [‘?5"], for example, i5 j;, is chosen to minimize the

chordal distance according to the formula

k=159.13

: . AH Y
iype = argmin Wv(iy, k)v(iy k) - Z v(iy, ia)V(iy, 2}
en

2

(Equation 12)
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where @rix is chosen according to the formula:

1
¢)fix ﬁmz ¢3

i€l (Equation 13)

In an embodiment, the precoder for each {, (i.e., for each intermediate node 210) is then

set according to the formula:

Py, 023) = (V(ilr i'.’.,fix)' ‘?fix) (Equation 14)

In other embodiments, other suitable distance metrics (e.g., Fubini-Study distance,

projection two-norm distance, etc.) are utilized for the rank 1 scenario.

[0045] As noted above, various different pgrformance metrics are utilized in order to
evaluate intermediate nodes 210 and leaf nodes 220 in different embodiments. In one
embodiment, a PMI i (i.e., a particular one of intermediate nodes 210-1 through 210-16)
is selected based on the sum capacity across all sub-bands (e.g., all frequency sub-bands
in the wireless channel 116 of Fig. 2, or all frequency sub-bands in the wireless channel
156 of Fig. 3, etc.). First, in this embodiment, each intermediate node 210 is evaluated by
using the associated precoder P(i, (2,) to calculate a capacity C at each sub-band k&

according to:

Ck,iy) = log, (1 + SINR(H(K), P(i1, 022))) (Equation 15)

In Equation 15, k denotes the index of the frequency sub-band within the wireless
channel, and H(k) is the estimated channel matrix corresponding to the sub-band k. Once
the capacity C has been calculated for all values of k (e.g., all sub-bands in the wireless
channel) and a given {, (i.e., the /| corresponding to the intermediate node 210 that is
under consideration), the sum of the capacities for all sub-bands £ is determined, in an
embodiment. Thereafter, in this embodiment, the /; value that corresponds to the largest
sum capacity is selected (i.e., the intermediate node 210 corresponding to the i; value that

maximizes the sum capacity is selected):
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K

. ]
[1.0pt = arg max Z C(k.iy)
{

) =1 , (Eguation 16)

where K denotes the number of sub-bands. Once the intermediate node 210
corresponding to 1) o is selected, an i, value is selected from among all of the entries
associated with the selected i, (i.e., a leaf node 220 is selected from among all the leaf
nodes 220 that are child nodes to the selected node 210). In one embodiment, for
example, in the CSI reporting mode of PUSCH 3-1 in which all sub-bands share the same
precoding matrix, the i; value that corresponds to the largest sum capacity is selected
(i.e., the leaf node 220 corresponding to the i, value that maximizes the sum capacity is

selected):

X
{3opt = Arg max }: loga | 1+ SINR (H(k), w (ilm,,, i2)>
1

iy £

(Equation 17)

[0046] Fig. 5 is a flow diagram of an example method 300 for efficiently selecting a
precoder to be applied to a MIMO signal that is to be transmitted in a wireless
communication system, according to an embodiment. The communication system in
which the method 300 is implemented includes a first communication device (e.g., a
cellular handset device, WiFi-enabled laptop or smartphone, etc.) configured to receive
precoded signals from a second communication device (e.g., a base station device, WiFi
AP, etc.) via a wireless channel, and the method 300 is implemented within the first
communication device and/or within the second communication device, according to
different embodiments. In some embodiments, for example, the method 300 is
implemented by the receiver 120 of Fig. 2 or the receiver 160 of Fig. 3 (e.g., in some
embodiments where an indicator of a selected precoder W is fed back from the first

communication device to the second communication device). In other embodiments, the
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method 300 is implemented by the transmitter 110 of Fig. 2 or the transmitter 152 of Fig.
3 (e.g., in some embodiments where the second communication device estimates the
wireless channel based on signals received from the first communication device via a
reverse wireless channel, and selects a precoder W for the wireless channel based on the
estimated channel information). More specifically, in some embodiments, the method
300 is implemented by the network interface 184 (e.g., precoder selection unit 196) in
receiver 160 of Fig. 3, or by the network interface 166 (e.g., receive baseband processing

unit 176) in transmitter 152 of Fig. 3.

[0047] At block 310, a set of first metrics is calculated using (1) channel information
corresponding to the wireless channel and (2) one or more precoders. Each metric in the
set of first metrics corresponds to a respective set of a plurality of sets of codebook
precoders. With reference to the embodiment of Fig. 1, for example, a first set of
codebook precoders includes the two precoders associated with leal nodes 40-1 and 40-2,
a second set of codebook precoders includes the precoders associated with leaf nodes 40-
3 and 40-4, etc. As another exanmple, and referring to the embodiment of Fig. 4, a {irst set
of codebook precoders includes the 16 precoders associated with leaf nodes 220-1
through 220-16, a second set of codebook precoders includes the 16 precoders associated
with leaf nodes 220-17 through 220-32, etc. In an embodiment, the codebook precoders
are arranged within the plurality of sets of codebook precoders (i.e., are grouped under
common parent nodes in a particular manner) according to a vector distance-based
grouping or clustering algorithm, or an iterative Lloyd algorithm, for example. In other
embodiments, the codebook precoders are arranged/grouped according to some pre-
existing structure of the codebook (e.g., as with the example embodiment of Fig. 4), or

according to some other suitable heuristic.

[0048] In one embodiment, each metric in the set of first metrics is calculated at block
310 using (1) a channel matrix corresponding to the wireless channel (e.g., a channel

matrix that is an estimate of the wireless channel), and (2) all of the codebook precoders
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included in the respective set of codebook precoders. With reference to Figs. 1 and 2, for
example, a metric associated with node 30-1 is, in this embodiment, calculated using (1)
the estimated channel matrix H corresponding to the wireless channel 116 and (2) the
codebook precoders associated with leaf nodes 40-1 and 40-2, and a metric associated
with node 30-2 is calculated using (1) the estimated channel matrix H and (2) the

codebook precoders associated with leaf nodes 40-3 and 40-4, etc.

[0049] In another embodiment, each metric in the set of first metrics is calculated using
(1) a channel matrix corresponding to the wireless channel and (2) a single codebook
precoder that is included in the respective set of codebook precoders. Referring again to
Figs. 1 and 2, for example, a metric associated with node 30-1 is, in this embodiment,
calculated using (1) the estimated channel matrix H corresponding to the wireless channel
116 and (2) the codebook precoder associated with leaf node 40-1 or the codebook
precoder associated with leaf node 40-2 (but not both), and a metric associated with node
30-2 is calculated using (1) the estimated channel matrix H and (2) the codebook
precoders associated with leaf node 40-3 or the codebook precoder associated with leaf

node 40-4 (but not both), etc.

[0050] In yet another embodiment, each metric in the set of first metrics is calculated
using (1) a channel matrix corresponding to the wireless channel and (2) a precoder that
is not included in the respective set of codebook precoders. In one embodiment, for
example, the precoder used to calculate each metrics in the set of first metrics is a spatial
“centroid” of all of the codebook precoders in the respective set of codebook precoders.
Referring again to Figs. 1 and 2, for example, a metric associated with node 30-1 is, in
this embodiment, calculated using (1) the estimated channel matrix H corresponding to
the wireless channel 116 and (2) a precoder that is a spatial centroid of the codebook
precoders associated with leaf nodes 40-1 and 40-2, and a metric associated with node
30-2 is calculated using (1) the estimated channel matrix H and (2) a precoder that 1s a

spatial centroid of the codebook precoders associated with leaf nodes 40-3 and 40-4, etc.
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[0051] In some embodiments, the set of first metrics is calculated based on a channel
matrix corresponding to the wireless channel, one or more precoders, and a channel
quality metric such as SNR, SINR, achievable throughput, or capacity, for example. In
some embodiments, for example, the set of first metrics is calculated using an equation
similar to Equation 3 or Equation 4, above. In some embodiments, each metric in the set
of first metrics is calculated over multiple sub-bands of the wireless channel. In one
embodiment, for example, each metric in the set of first metrics is a sum capacity, similar

to the sum capacity operated on by the arg max (x) function of Equation 16.

[0052] At block 320, a set of codebook precoders is selected from the plurality of sets
of codebook precoders based on (1) the set of first metrics calculated at block 310 and (2)
a first selection criteria. In the embodiment of Fig. 1, for example, the selection of the set
of codebook precoders corresponds to the selection of one of the two intermediate nodes
30 that are still candidate nodes after having earlier selected one of intermediate nodes 20
(i.e., the selection of one of nodes 30-1 and 30-2 if node 20-1 was previously selected, or
the selection of one of nodes 30-3 and 30-4 if node 20-2 was previously selected). As
another example, in the embodiment of Fig. 4, the selection of the set of codebook
precoders corresponds to the selection of one of the 16 intermediate nodes 210-1 through
210-16. In one embodiment where each metric in the set of first metrics calculated at
block 310 is a sum capacity (e.g., the sum capacity operated on by the arg max (x)
function of Equation 16), the first selection criteria is a largest sum capacity (e.g., the set

of codebook precoders is selected to satisfy Equation 16).

[0053] Inresponse to selecting the set of codebook precoders at block 320, the method
300 calculates a set of second metrics at block 330 and selects a codebook precoder at
block 340. Each metric in the set of second meltrics is calculated at block 330 using a
respective codebook precoder in the set of codebook precoders selected at block 320. In
one embodiment, each metric in the set of second metrics is calculated using (1) channel

information corresponding to the wireless channel (e.g., a channel matrix that is an
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estimate of the wireless channel), and (2) the respective codebook precoder. With
reference to Figs. 1 and 2, for example, a metric associated with leaf node 40-1 1s, in this
embodiment, calculated using (1) channel information corresponding to the wireless
channel 116 (e.g., the estimated channel matrix H) and (2) the codebook precoder
associated with leaf node 40-1, and a metric associated with leaf node 40-2 is calculated
using (1) channel information corresponding to the wireless channel 116 and (2) the
codebook precoder associated with leaf node 40-2, etc. In some embodiments, each
metric in the set of second metrics is calculated using (1) a channel matrix corresponding
to the wireless channel, (2) a channel quality metric (e.g., SNR, SINR, achievable
throughput, or capacity), and (3) the respective codebook precoder. In some
embodiments, each metric in the set of second metrics is calculated over multiple sub-
bands of the wireless channel. In one embodiment, for example, each metric in the set of
second metrics is a sum capacity, similar to the sum capacity operated on by the arg max

(x) function of Equation 17.

[0054] The codebook precoder selected at block 340 is a precoder from the set of
codebook precoders that was selected at block 320, The selection of the codebook
precoder is made based on (1) the set of second metrics calculated at block 330 and (2) a
second selection criteria. In the embodiment of Fig. 1, for example, the selection of the
codebook precoder corresponds to the selection of one of the two leafl nodes 40 that are
still candidate nodes after having earlier selected (at block 320) one of intermediate nodes
30 (e.g., the selection of one of leaf nodes 40-1 and 40-2 if node 30-1 was previously
selected, or the selection of one of leaf nodes 40-3 and 40-4 if node 30-2 was previously
selected, etc.). As another example, in the embodiment of Fig. 4, the selection of the
codebook precoder corresponds to the selection of one of the 16 leafl nodes that are still
candidate nodes after having earlier selected one of intermediate nodes 210 (e.g., the
selection of one of leaf nodes 220-1 through 220-16 if node 210-1 was previously
selected, or the selection of one of leaf nodes 220-17 through 220-32 if node 210-2 was

previously selected, etc.). In one embodiment where each metric in the set of second
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metrics calculated at block 330 is a sum capacity (e.g., the sum capacity operated on by
the arg max (x) function of Equation 17), the second selection criteria is a largest sum

capacity (e.g., the set of codebook precoders is selected to satisfy Equation 17).

[0055] At block 350, the codebook precoder selected at block 340 is caused to be
applied to a signal (e.g., a MIMO signal) to be transmitted from the second
communication device to the first communication device. In one embodiment (e.g., an
embodiment in which the method 300 is implemented by a receiver device such as
receiver 120 of Fig. 2 or receiver 160 of Fig. 3), the method 300 causes the selected
codebook precoder to be applied to the signal by causing an indicator of the selected
codebook precoder to be transmitted to the second communication device. In one
embodiment, for example, the method 300 causes the selected codebook precoder to be
applied to the signal by providing B index bits (e.g., eight bits for a codebook with 256
precoders) to a transmitter portion of the first communication device, which in turn

transmits the B bits as feedback to the second communication device.

[0056] In another embodiment (e.g., an embodiment in which the method 300 is
implemented by a transmitter device such as transmitter 110 of Fig. 2 or transmitter 152
of Fig. 3), the method 300 causes the selected codebook precoder to be applied to the
signal by routing control information to baseband transmit circuitry, or by directly

applying the selected codebook precoder to the signal.

[0057] In some embodiments, the method 300 includes additional blocks not shown in
Fig. 5. In one embodiment, for example, the method 300 includes an additional block,
prior to block 310, in which the wireless channel is estimated in order to determine the

channel information corresponding to the wireless channel.

[0058] Further aspects of the present invention relate to one or more of the following

clauses.

[0059] In one embodiment, a method is implementable by one or more processors in a

communication system that includes a first communication device configured to receive
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precoded signals from a second communication device via a wireless channel. The
method includes calculating, via the one or more processors, a set of first metrics using
(1) channel information corresponding to the wireless channel, and (11} one or more
precoders. Each metric of the set of first metrics corresponds to a respective set of a
plurality of sets of codebook precoders. The method also includes selecting, via the one
or more processors and based on (i) the set of first metrics and (ii) a first selection
criteria, a set of codebook precoders from the plurality of sets of codebook precoders.
The method also includes, in response to selecting the set of codebook precoders,
calculating, via the one or more processors, a set of second metrics and selecting, via the
one or more processors and based on (i) the set of second metrics and (ii) a second
selection criteria, a codebook precoder from the selected set of codebook precoders.
Calculating a set of second metrics includes calculating each metric in the set of second
metrics using a respective codebook precoder in the selected set of codebook precoders.
The method also includes causing, via the one or more processors, the selected codebook
precoder to be applied to a signal to be transmitted from the second communication

device to the first communication device.

[0060] In some embodiments, the method includes one or more of the following

features.

[0061] Causing the selected codebook precoder to be applied to the signal includes
causing an indicator of the selected codebook precoder to be transmitted to the second

communication device.

[0062] Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) a channel matrix corresponding to the wireless channel and (ii) all

codebook precoders in the respective set of codebook precoders.

[0063] Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) a channel matrix corresponding to the wireless channel and (i1) a

single codebook precoder in the respective set of codebook precoders.
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[0064] Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) a channel matrix corresponding to the wireless channel and (ii) a

precoder not included in the respective set of codebook precoders.

[0065] Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) the channel matrix corresponding to the wireless channel and (i1) a

spatial centroid of all codebook precoders in the respective set of codebook precoders.

[0066) Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) a channel matrix corresponding to the wireless channel, (ii) a

channel quality metric, and (iii) the one or more precoders.

[0067] Calculating a set of first metrics includes calculating each metric in the set of
first metrics using (i) the channel matrix corresponding to the wireless channel, (ii) a
signal-to-noise ratio, a signal-to-interference-plus-noise ratio, an achievable throughput,

or a capacity, and (ii1) the one or more precoders.

[0068] Calculating each metric in the set of second metrics includes calculating each
metric in the set of second metrics using (i) channel information corresponding to the

wireless channel and (ii) the respective codebook precoder.

[0069] Calculating each metric in the set of second metrics includes calculating each
metric in the set of second metrics using (i) a channel matrix corresponding to the

wireless channel, (i1) a channel quality metric, and (iii) the respective codebook precoder.

[0070]1 Calculating a set of first metrics includes calculating a first set of sum
capacities, wherein each sum capacity in the first set of sum capacities is determined
based on a plurality of respective capacities, and wherein each capacity in the plurality of
respective capacities corresponds to a respective sub-band of a plurality of sub-bands in
the wireless channel, and selecting a set of codebook precoders from the plurality of sets

of codebook precoders based on a first selection criteria includes selecting a set of
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codebook precoders that corresponds to a largest sum capacity of the first set of sum

capacities.

[0071) Calculating a set of second metrics includes calculating a second set of sum
capacities, wherein each sum capacity in the second set of sum capacities is determined
based on a plurality of respective capacities, and wherein each capacity in the plurality of
respective capacities corresponds to a respective sub-band of the plurality of sub-bands in
the wireless channel, and selecting a codebook precoder from the selected set of
codebook precoders based on a second selection criteria includes selecting a codebook

precoder that corresponds to a largest sum capacity of the second set of sum capacities.

[0072] An arrangement of codebook precoders within the plurality of sets of codebook
precoders is in accordance with at least one of (i) a vector distance-based grouping or

clustering algorithm, or (ii) an iterative Lloyd algorithm.

[0073]) Estimating, via the one or more processors, the wireless channel to determine

the channel information corresponding to the wireless channel.

[0074] In another embodiment, a first communication device is configured to receive
precoded signals from a second communication device via a wireless channel. The first
communication device includes a network interface configured to calculate a set of first
metrics using (i) channel information corresponding to the wireless channel and (ii) one
or more precoders, wherein each metric of the set of first metrics corresponds to a
respective set of a plurality of sets of codebook precoders. The first communication
device also selects, based on (i) the set of first metrics and (ii) a first selection criteria, a
set of codebook precoders from the plurality of sets of codebook precoders. The first
communication device also, in response to selecting the set of codebook precoders,
calculates a set of second metrics at least by calculating each metric in the set of second
meltrics using a respective codebook precoder in the selected set of codebook precoders,
and selects, based on (1) the set of second metrics and (ii) a second selection criteria, a

codebook precoder from the selected set of codebook precoders.  The first
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communication device also causes an indicator of the selected codebook precoder to be

transmitted to the second communication device.

[0075] In some embodiments, the first communication device includes one or more of

the following features.

[0076] The network interface is configured to calculate the set of first metrics at least
by calculating each metric in the set of first metrics using a channel matrix corresponding
to the wireless channel, and either (i) all codebook precoders in the respective set of
codebook precoders, (ii) a single codebook precoder in the respective set of codebook
precoders, or (ii1) a spatial “centroid” of all codebook precoders in the respective set of
codebook precoders, and is configured to calculate each metric in the set of second
metrics using the channel matrix correspondihg to the wireless channel, and the

respective codebook precoder.

[0077] The network interface is configured to calculate the set of first metrics at least
by calculating each metric in the set of first metrics using (1) a channel matrix
corresponding to the wireless channel, (ii) a channel quality metric, and (iii) the one or
more precoders, and is configured to calculate each metric in the set of second metrics
using (i) a channel matrix corresponding to the wireless channel, (ii) a channel quality

metric, and (1i1) the respective codebook precoder.

[0078] The network interface is configured to calculate a set of first metrics at least by
calculating a first set of sum capacities, wherein each sum capacity in the first set of sum
capacities is determined based on a plurality of respective capacities, and wherein each
capacity in the plurality of respective capacities corresponds to a respective sub-band of a
plurality of sub-bands in the wireless channel, is configured to select a set of codebook
precoders from the plurality of sets of codebook precoders at least by selecting a set of
codebook precoders that corresponds to a largest sum capacity of the first set of sum
capacities, is configured to calculate a set of second metrics at least by calculating a

second set of sum capacities, wherein each sum capacity in the second set of sum
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capacities is determined based on a plurality of respective capacities, and wherein each
capacity in the plurality of respective capacities corresponds to a respective sub-band of
the plurality of sub-bands in the wireless channel, and is configured to select a codebook
precoder from the selected set of codebook precoders at least by selecting a codebook

precoder that corresponds to a largest sum capacity of the second set of sum capacities.

[0079] In another embodiment, a tangible, non-transitory computer-readable medium
stores instructions that, when executed by one or more processors, cause the one or more
processors to calculate a set of first metrics using (i) channel information corresponding
to a wireless channel, wherein the wireless channel is utilized to send precoded signals to
a first communication device from a second communication device, and (ii) one or more
precoders. Each metric of the set of first metrics corresponds to a respective set of a
plurality of sets of codebook precoders. The instructions also cause the one or more
processors to select, based on (i) the set of first metrics and (ii) a first selection criteria, a
set of codebook precoders from the plurality of sets of codebook precoders. The
instructions also cause the one or more processors to, in response to selecting the set of
codebook precoders, calculate a set of second metrics at least by calculating each metric
in the set of second metrics using a respective codebook precoder in the selected set of
codebook precoders, and to select, based on (1) the set of second metrics and (i1) a second
selection criteria, a codebook precoder from the selected set of codebook precoders. The
instructions also cause the one or more processors to cause the selected codebook
precoder to be applied to a signal to be transmitted from the second communication

device to the first communication device,

[0080] In some embodiments, the tangible, non-transitory computer-readable medium

includes one or more of the following features.

[0081] The instructions cause the one or more processors to cause the selected
codebook precoder to be applied to the signal at least by causing an indicator of the

selected codebook precoder to be transmitted to the second communication device.
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[0082] The instructions cause the one or more processors to calculate the set of first
metrics at least by calculating each metric in the set of first metrics using a channel
matrix corresponding to the wireless channel, and either (i) all codebook precoders in the
respective set of codebook precoders, (ii) a single codebook precoder in the respective set
of codebook precoders, or (iii) a spatial “centroid” of all codebook precoders in the
respective set of codebook precoders, and to calculate each metric in the set of second
metrics using the channel matrix corresponding to the wireless channel, and the

respective codebook precoder.

[0083] The instructions cause the one or more processors to calculate the set of first
metrics at least by calculating each metric in the set of first metrics using (i) a channel
matrix corresponding to the wireless channel, (ii) a channel quality metric, and (iii) the
one or more precoders, and to calculate each metric in the set of second metrics using (1)
a channel matrix corresponding to the wireless channel, (i1) a channel quality metric, and

(1ii) the respective codebook precoder.

[0084] The instructions cause the one or more processors to calculale a set of first
metrics at least by calculating a first set of sum capacities, wherein each sum capacity in
the first set of sum capacities is determined based on a plurality of respective capacities,
and wherein each capacity in the plurality of respective capacities corresponds to a
respective sub-band of a plurality of sub-bands in the wireless channel, to select a set of
codebook precoders from the plurality of sets of codebook precoders at least by selecting
a set of codebook precoders that corresponds to a largest sum capacity of the first set of
sum capacities, to calculate a set of second metrics at least by calculating a second set of
sum capacities, wherein each sum capacity in the second set of sum capacities is
determined based on a plurality of respective capacities, and wherein each capacity in the
plurality of respective capacities corresponds to a respective sub-band of the plurality of

sub-bands in the wireless channel, and to select a codebook precoder from the selected
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set of codebook precoders at least by selecting a codebook precoder that corresponds to a

largest sum capacity of the second set of sum capacities.

[0085] At least some of the various blocks, operations, and techniques described above
may be implemented utilizing hardware, one or more processors executing firmware
instructions, one or more processors executing software instructions, or any combination
thereof. When implemented utilizing one or more processors executing software or
firmware instructions, the software or firmware instructions may be stored in any
computer readable memory such as on a magnetic disk, an optical disk, or other storage
medium, in a RAM or ROM or tlash memory, processor, hard disk drive, optical disk
drive, tape drive, etc. Likewise, the software or firmware instructions may be delivered
to a user or a system via any known or desired delivery method including, for example,
on a computer readable disk or other transportable computer storage mechanism or via
communication media. Communication media typically embodies computer readable
instructions, data structures, program modules or other data in a modulated data signal
such as a carrier wave or other transport mechanism. The term “modulated data signal”
means a signal that has one or more of 1ts characteristics set or changed in such a manner
as to encode information in the signal. By way of example, and not limitation,
communication media includes wired media such as a wired network or direct-wired
connection, and wireless media such as acoustic, radio frequency, infrared and other
wireless media. Thus, the software or firmware instructions may be delivered to a user or
a system via a communication channel such as a telephone line, a DSL line, a cable
television line, a fiber optics line, a wireless communication channel, the Internet, etc.
(which are viewed as being the same as or interchangeable with providing such software
via a transportable storage medium). The software or firmware instructions may include
machine readable instructions that, when executed by the one or more processors, cause

the one or more processors to perform various acts.
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[0086] When implemented in hardware, the hardware may comprise one or more of

discrete components, an integrated circuit, an ASIC, etc.

[0087] While the present invention has been described with reference to specific
examples, which are intended to be illustrative only and not to be limiting of the
invention, changes, additions and/or deletions may be made to the disclosed

embodiments without departing from the scope of the claims.
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What is claimed is:

1. A method, implementable by one or more processors in a communication
system, wherein the communication system includes a first communication device
configured to receive precoded signals from a second communication device via a

wireless channel, the method comprising:

calculating, via the one or more processors, a set of first metrics using (i) channel
information corresponding to the wireless channel, and (i) one or more precoders,
wherein each metric of the set of first metrics corresponds to a respective set of a

plurality of sets of codebook precoders;

selecting, via the one or more processors and based on (i) the set of first metrics
and (ii) a first selection criteria, a set of codebook precoders from the plurality of sets of

codebook precoders;
in response to selecting the set of codebook precoders,

calculating, via the one or more processors, a set of second metrics, wherein
calculating a set of second metrics includes calculating each metric in the set of second
metrics using a respective codebook precoder in the selected set of codebook precoders,

and

selecting, via the one or more processors and based on (i) the set of second
meltrics and (ii) a second selection criteria, a codebook precoder from the selected set of

codebook precoders; and

causing, via the one or more processors, the selected codebook precoder to be
applied to a signal to be transmitted from the second communication device to the first

communication device.
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2. The method of claim 1, wherein causing the selected codebook precoder to
be applied to the signal includes causing an indicator of the selected codebook precoder

to be transmitted to the second communication device.

3. The method of claim 1, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) a channel matrix corresponding
to the wireless channel and (ii) all codebook precoders in the respective set of codebook

precoders.

4, The method of claim 1, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) a channel matrix corresponding
to the wireless channel and (ii) a single codebook precoder in the respective set of

codebook precoders.

5. The method of ¢claim 1, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) a channel matrix corresponding
to the wireless channel and (ii) a precoder not included in the respective set of codebook

precoders.

6. The method of claim 5, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) the channel matrix
corresponding to the wireless channel and (ii) a spatial centroid of all codebook precoders

in the respective set of codebook precoders.
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7. The method of claim 1, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) a channel matrix corresponding

to the wireless channel, (ii) a channel quality metric, and (iii) the one or more precoders.

8. The method of claim 7, wherein calculating a set of first metrics includes
calculating each metric in the set of first metrics using (i) the channel matrix
corresponding to the wireless channel, (if) a signal-to-noise ratio, a signal-to-interference-
plus-noise ratio, an achievable throughput, or a capacity, and (ii1) the one or more

precoders.

9, The method of claim 1, wherein calculating each metric in the set of second
metrics inciudes calculating each metric in the set of second metrics using (1) channel
information corresponding to the wireless channel and (i1} the respective codebook

precoder.

10.  The method of claim 9, wherein calculating each metric in the set of second
metrics includes calculating each metric in the set of second metrics using (i) a channel
matrix corresponding to the wireless channel, (ii) a channel quality metric, and (iii) the

respective codebook precoder.

11.  The method of claim {, wherein:

calculating a set of first metrics includes calculating a first set of sum capacities,
wherein each sum capacity in the first set of sum capacities is determined based on a

plurality of respective capacities, and wherein each capacity in the plurality of respective
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capacities corresponds to a respective sub-band of a plurality of sub-bands in the wireless

channel; and

selecting a set of codebook precoders from the plurality of sets of codebook
precoders based on a first selection criteria includes selecting a set of codebook precoders

that corresponds to a largest sum capacity of the first set of sum capacities.

12. The method of claim 11, wherein:

calculating a set of second metrics includes calculating a second set of sum
capacities, wherein each sum capacity in the second set of sum capacities is determined
based on a plurality of respective capacities, and wherein each capacity in the plurality of
respective capacities corresponds to a respective sub-band of the plurality of sub-bands in

the wireless channel; and

selecting a codebook precoder from the selected set of codebook precoders based
on a second selection criteria includes selecting a codebook precoder that corresponds to

a largest sum capacity of the second set of sum capacities.

13.  The method of claim 1, wherein:

an arrangement of codebook precoders within the plurality of sets of codebook
precoders is in accordance with at least one of (i) a vector distance-based grouping or

clustering algorithm, or (i1} an iterative Lloyd algorithm.

14.  The method of claim 1, further comprising:

estimating, via the one or more processors, the wireless channel to determine the

channel information corresponding to the wireless channel.
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15. A first communication device configured to receive precoded signals from
a second communication device via a wireless channel, the first communication device

comprising:
a network interface configured to

calculate a set of first metrics using (i) channel information corresponding
to the wireless channel and (ii) one or more precoders, wherein each metric of the set of

first metrics corresponds to a respective set of a plurality of sets of codebook precoders,

select, based on (i) the set of first metrics and (ii) a first selection criteria, a

set of codebook precoders from the plurality of sets of codebook precoders,
* in response to selecting the set of codebook precoders,

calculate a set of second metrics at least by calculating each metric
in the set of second metrics using a respective codebook precoder in the selected set of

codebook precoders, and

select, based on (i) the set of second melrics and (i1) a second

selection criteria, a codebook precoder from the selected set of codebook precoders, and

cause an indicator of the selected codebook precoder to be transmitted to

the second communication device.

16.  The first communication device of claim 15, wherein the network interface

1s configured to:

calculate the set of first metrics at least by calculating each metric in the set of first

metrics using
a channel matrix corresponding to the wireless channel, and

either (i) all codebook precoders in the respective set of codebook

precoders, (i) a single codebook precoder in the respective set of codebook precoders, or

- 40 -



WO 2014/039616 PCT/US2013/058155

(iii) a spatial “‘centroid” of all codebook precoders in the respective set of codebook

precoders; and
calculate each metric in the set of second metrics using
the channel matrix corresponding to the wireless channel, and

the respective codebook precoder.

17.  The first communication device of claim 15, wherein the network interface

is configured to:

calculate the set of first metrics at least by calculating each metric in the set of first
metrics using (i} a channel matrix corresponding to the wireless channel, (i) a channel

quality metric, and (iii) the one or more precoders; and

calculate each metric in the set of second metrics using (i) a channel matrix
corresponding to the wireless channel, (ii) a channel quality metric, and (iii) the

respective codebook precoder.

18.  The first communication device of claim 135, wherein the network interface

1s configured to:

calculate a set of first metrics at least by calculating a first set of sum capacities,
wherein each sum capacity in the first set of sum capacities is determined based on a
plurality of respective capacities, and wherein each capacity in the plurality of respective
capacities corresponds to a respective sub-band of a plurality of sub-bands in the wireless

channel;

select a set of codebook precoders from the plurality of sets of codebook precoders
at least by selecting a set of codebook precoders that corresponds to a largest sum

capacity of the first set of sum capacities;
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calculate a set of second metrics at least by calculating a second set of sum
capacities, wherein each sum capacity in the second set of sum capacities is determined
based on a plurality of respective capacities, and wherein each capacity in the plurality of
respective capacities corresponds to a respective sub-band of the plurality of sub-bands in

the wireless channel; and

select a codebook precoder from the selected set of codebook precoders at least by
selecting a codebook precoder that corresponds to a largest sum capacity of the second

set of sum capacities.

19. A tangible, non-transitory computer-readable medium storing instructions

that, when executed by one or more processors, cause the one or more processors to:

calculate a set of first metrics using (1) channel information corresponding to a
wireless channel, wherein the wireless channel is utilized to send precoded signals to a
first communication device from a second communication device, and (ii) one or more
precoders, wherein each metric of the set of first metrics corresponds to a respective set

of a plurality of sets of codebook precoders;

select, based on (1) the set of first metrics and (11) a first selection criteria, a set of

codebook precoders from the plurality of sets of codebook precoders;
in response to selecting the set of codebook precoders,

calculate a set of second metrics at least by calculating each metric in the
set of second metrics using a respective codebook precoder in the selected set of

codebook precoders, and

select, based on (i) the set of second metrics and (ii) a second selection

criteria, a codebook precoder from the selected set of codebook precoders; and
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cause the selected codebook precoder to be applied to a signal to be transmitted

from the second communication device to the first communication device.

20.  The tangible, non-transitory computer-readable medium of claim 19,
wherein the instructions cause the one or more processors to cause the selected codebook
precoder to be applied to the signal at least by causing an indicator of the selected

codebook precoder to be transmitted to the second communication device.

21.  The tangible, non-transitory computer-readable medium of claim 19,

wherein the instructions cause the one or more processors to:

calculate the set of first metrics at least by calculating each metric in the set of first

metrics using
a channel matrix corresponding to the wireless channel, and

either (i) all codebook precoders in the respective set of codebook
precoders, (ii) a single codebook precoder in the respective set of codebook precoders, or
(iii) a spatial “centroid™ of all codebook precoders in the respective set of codebook

precoders; and
calculate each metric in the set of second metrics using
the channel matrix corresponding to the wireless channel, and

the respective codebook precoder.

22.  The tangible, non-transitory computer-readable medium of claim 19,

wherein the instructions cause the one or more processors to:
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calculate the set of first metrics at least by calculating each metric in the set of first
metrics using (i) a channel matrix corresponding to the wireless channel, (ii) a channel

quality metric, and (iii) the one or more precoders; and

calculate each metric in the set of second metrics using (i) a channel matrix
corresponding to the wireless channel, (ii) a channel quality metric, and (iii) the

respective codebook precoder.

23.  The tangible, non-transitory computer-readable medium of claim 19,

wherein the instructions cause the one or more processors to:

calculate a set of first metrics at least by calculating a first set of sum capacities,
wherein each sum capacity in the first set of sum capacities is determined based on a
plurality of respective capacities, and wherein each capacity in the plurality of respective
capacities corresponds to a respective sub-band of a plurality of sub-bands in the wireless

channel;

select a set of codebook precoders from the plurality of sets of codebook precoders
at least by selecting a set of codebook precoders that corresponds to a largest sum

capacity of the first set of sum capacities;

calculate a set of second metrics at least by calculating a second set of sum
capacities, wherein each sum capacity in the second set of sum capacities is determined
based on a plurality of respective capacities, and wherein each capacity in the plurality of
respective capacities corresponds to a respective sub-band of the plurality of sub-bands in

the wireless channel; and

select a codebook precoder from the selected set of codebook precoders at least by
selecting a codebook precoder that corresponds to a largest sum capacity of the second

set of sum capacities.
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FIG. 5
00

r 310

CALCULATE SET OF FIRST METRICS USING (1)
CHANNEL INFORMATION CORRESPONDING
TO WIRELESS CHANNEL AND (Il ONE OR
MORE PRECODERS, WHERE EACH METRIC
CORRESPONDS TO A RESPECTIVE SET OF A
PLURALITY OF SETS OF CODEBOOK
PRECODERS

v 320

SELECT, BASED ON (1) SET OF FIRST
METRICS AND (li)} FIRST SELECTION
CRITERIA, SET OF CODEBOOK PRECODERS
FROM THE PLURALITY OF SETS OF
CODEBOOK PRECODERS

i 330

CALCULATE SET OF SECOND METRICS,
INCLUDING CALCULATING EACH METRIC
USING A RESPECTIVE CODEBOOK
PRECODER IN THE SELECTED SET OF
CODEBOOK PRECODERS

v 7 340

SELECT, BASED ON (1) SET OF SECOND
METRICS AND (il) SECOND SELECTION
CRITERIA, CODEBOOK PRECODER FROM THE
SELECTED SET OF CODEBOOK PRECODERS

l 350

CAUSE SELECTED CODEBOOK PRECODER
TO BE APPLIED TO SIGNAL TO BE
TRANSMITTED FROM SECOND
COMMUNICATION DEVICE TO FIRST
COMMUNICATION DEVICE
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