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(57) Abstract: A method for two stage communication is provided together with an apparatus for performing the method. The meth-
od receives channel state information (CSI) for a wireless resource. The CSI is processed to identify first and second time-varying
characteristics of a wireless resource. First and second transmit matrices are configured based on the first and second time-varying
characteristics, respectively. A signal for transmission by a plurality of transmit antenna elements is then generated by applying the
first and second transmit matrices to symbols of a data stream for transmission. Optionally, first and second receive matrices are also
generated for processing signals received from a plurality of receive antenna elements. In some cases, the method may mitigate self-
interterence between transmitted and received signals on the wireless resource.
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SYSTEM AND METHOD FOR REDUCING SELF-
INTERFERENCE IN A WIRELESS RESOURCE

FIELD

[0001] The present application relates generally to wireless communication, and

in some aspects, to communication for multiple-input and multiple-output (MIMO)

systems.
BACKGROUND
[0002] Some communication systems make use of multiple antenna elements at

the transmitter and/or the receiver. For example, MIMO systems involve communication
between a transmitter with multiple antenna elements and a receiver with multiple
antenna elements. MIMO systems may offer spatial multiplexing, diversity, and
beamforming gains compared to systems with a single antenna element at the transmitter

and the receiver.

[0003] In massive MIMO communication systems, base stations may make use of
arrays of antenna elements. The number of antenna elements is larger than a number of
parallel streams being transmitted. For example, a multi-user (MU) massive MIMO
system may have a base station with hundreds or even thousands of antenna elements

simultaneously serving tens of users on a same time-frequency wireless resource.

[0004] Massive MIMO may increase the capacity and radiated energy-efficiency
of a communications system. The capacity increase may result from aggressive spatial
multiplexing. The energy-efficiency increase may result from coherent superposition of
wave-fronts emitted by the large number of antennas to focus energy into small regions
of space. By shaping the signals transmitted by the large number of antennas, a base
station may aim to have wave-fronts collectively emitted by the antennas to add up
constructively at the locations of intended receiver terminals, and destructively (or

randomly) in other locations.
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[0005] In some cases, the spectral efficiency of a massive MIMO system can be
increased if the antenna elements and the transceiver at a base station allow full-duplex
communication. Full-duplex communication involves simultaneous transmission and

reception over a same wireless resource.

[0006] The channel quality of a wireless resource may vary over time. In full-
duplex communication systems, self-interference between signals transmitted by a base
station and signals received by the base station may negatively affect the channel quality

of the wireless resource.

SUMMARY

[0007] In one aspect, there is provided a method including receiving channel state
information (CSI) for a wireless resource, processing the CSI to identify at least one first
time-varying characteristic and at least one second time-varying characteristic of the
wireless resource, configuring a first transmit matrix based on the first time-varying
characteristics, configuring a second transmit matrix based on the second time-varying
characteristics, generating a signal by applying the first transmit matrix and the second
transmit matrix to symbols of a data stream for transmission, and transmitting the signal

from a plurality of transmit antenna elements.

[0008] Optionally, processing the CSI includes processing the CSI to extract, as
the first time-varying characteristics, channel quality characteristics of the wireless
resource that vary more quickly than other channel quality characteristics of the wireless
resource. Processing the CSI also includes processing the CSI to extract, as the second
time-varying characteristics, channel quality characteristics of the wireless resource that

vary less quickly than the first time-varying characteristics.

[0009] Optionally, the first transmit matrix is a first baseband digital precoding
martrix.
[0010] Optionally, the second transmit matrix is a first analog beamforming

matrix.
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[0011] Optionally, the method also includes configuring a first receive matrix for
analog beamforming, configuring a second receive matrix for at least one of baseband
digital equalization or combining, receiving a signal from a plurality of receive antenna
elements, and generating a received data stream by applying the first receive matrix and

the second receive matrix to the received signal.

[0012] Optionally, configuring the second transmit matrix and configuring the
first receive matrix includes selecting the second transmit matrix and the first receive
matrix such that the product of the first receive matrix, a self-interference term, and the
second transmit matrix is minimized. The self-interference term represents self-

interference in the received signal resulting from transmitting the transmitted signal.

[0013] Optionally, processing the CSI includes performing a filtering operation to
extract the time-varying characteristics of the wireless resource that vary more quickly

than the other time-varying characteristics of the wireless resource.

[0014] Optionally, identifying the first time-varying characteristics and the
second time-varying characteristics of the wireless resource includes partitioning time-
varying characteristics of the wireless resource into the identified first time-varying

characteristics and the identified second time-varying characteristics.

[0015] In another aspect, there is provided an apparatus including a plurality of
transmit antenna elements, a controller for processing channel quality information (CSI)
for a wireless resource by identifying first time-varying characteristics and second time-
varying characteristics of the wireless resource, a first digital processing unit configured
with a first transmit matrix by the controller based on the first time-varying
characteristics, a first analog processing unit configured with a second transmit matrix by
the controller based on the slow time-varying characteristics, and a transmit signal path
including the first digital processing unit and the first analog processing unit. Input to the
transmit signal path includes a transmit data stream, and output from the transmit signal

path includes a signal for transmission by the plurality of transmit antenna elements.



WO 2017/152258 PCT/CA2016/051386

-4 -
[0016] Optionally, the identified first time-varying characteristics consist of time-
varying characteristics of the wireless resource that vary more quickly than the identified

second time-varying characteristics of the wireless resource.

[0017] Optionally, the first transmit matrix is a first baseband digital precoding

matrix, and the second transmit matrix is a first analog beamforming matrix.

[0018] Optionally, the apparatus also includes a plurality of receive antenna
elements, a second analog processing unit configured with a first receive matrix by the
controller for analog beamforming, a second digital processing unit configured with a
second receive matrix by the controller for at least one of baseband digital equalization or
combining, and a receive signal path including the second analog processing unit and the
second digital processing unit. Input to the receive signal path includes a signal received
by the plurality of receive antenna elements, and output from the receive signal path

includes a receive data stream.

[0019] Optionally, the second transmit matrix and the first receive matrix have
been selected by the controller such that the product of the first receive matrix, a self-
interference term, and the second transmit matrix is minimized. The self-interference
term represents self-interference in the signal received by the plurality of receive antenna
elements resulting from transmitting the signal for transmission by the plurality of

transmit antenna elements.

[0020] Optionally, the plurality of transmit antenna elements and the plurality of

receive antenna elements belong to an adaptive antenna array.

[0021] Optionally, each of the transmit antenna elements is coupled to a
respective gain-controlled transmit amplifier, each of the receive antenna elements is
coupled to a respective gain-controlled receive amplifier. The first analog processing unit
is configured to adjust the gains of the gain-controlled transmit amplifiers based on the
second transmit matrix. The second analog processing unit is configured to adjust the

gains the gain-controlled receive amplifiers based on the first receive matrix.
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[0022] Optionally, each of the transmit antenna elements is a dual polarized
antenna element for transmitting a respective signal having a first polarization and
transmitting a respective signal having a second polarization. Each of the receive antenna
elements is a dual polarized antenna element for receiving a respective signal having a

first polarization and transmitting a respective signal having a second polarization.

[0023] Optionally, the first and second polarizations of the respective transmitted
signals are orthogonal, and the first and second polarizations of the respective received

signals are orthogonal.

[0024] Optionally, each of the transmit antenna elements is coupled to a
respective first gain-controlled transmit amplifier for amplifying the respective
transmitted signals having the first polarization and is coupled to a respective second
gain-controlled transmit amplifier for transmitting the respective transmitted signals
having the second polarization. Each of the receive antenna elements is coupled to a
respective first gain-controlled receive amplifier for amplifying the respective received
signals having the first polarization and is coupled to a respective second gain-controlled
receive amplifier for receiving the respective received signals having the second

polarization.

[0025] Optionally, the first analog processing unit is configured to adjust the
gains of each of the first and second gain-controlled transmit amplifiers based on the
second transmit matrix. The second analog processing unit is configured to adjust the
gains of each of the first and second gain-controlled receive amplifiers based on the first

receive matrix.

[0026] Optionally, the apparatus is configured for massive multiple-input and

multiple-output (MIMO) operation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] Embodiments of the invention will be described in greater detail with

reference to the accompanying drawings, in which:
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[0028] FIG. 1 is a schematic illustration of a network element in communication

with user equipment devices in accordance with an embodiment of the invention;

[0029] FIG. 2 is a schematic illustration of part of the transmit signal path of the
network element of FIG. 1, coupled to active antennas in accordance with an embodiment

of the invention;

[0030] FIG. 3 is a schematic illustration of part of the receive signal path of the
network element of FIG. 1, coupled to active antennas in accordance with an embodiment

of the invention;

[0031] FIG. 4A is a flow diagram of a method for transmitting on a wireless

resource in accordance with an embodiment of the invention; and

[0032] FIG. 4B is a flow diagram of a method for receiving on the same wireless
resource used to transmit in the method of FIG. 4A in accordance with an embodiment of

the invention.

DETAILED DESCRIPTION

[0033] FIG. 1 is a schematic illustration of a network element in accordance with
an embodiment of the invention. The network element depicted may be part of a base

station, a user equipment (UE), or another type of node, and may be stationary or mobile.

[0034] In the example illustrated, the network element has a transmit signal path
that includes a transmit data stream 102 provided as input to a transmit digital processing
unit (DPUT) 110 configured with a first transmit matrix (Bt) 112. An output 104 from the
DPUTt 110 is provided as input to a transmit analog processing unit (APUrt) 120
configured with a second transmit matrix (Rt) 122. An output from the APU 120
includes signals for transmission by a transmit antenna array 180 having a plurality of

transmit antenna elements 130, 132, 134, 136.

[0035] The network element also has a receive signal path that includes received
signals received at a receive antenna array 182 having a plurality of receive antenna

elements 150, 152, 154, 156. The receive antenna is 182 provides the received signals as
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input to a receive analog processing unit (APUR) 160 configured with a first receive
matrix (Rg) 162. An output 106 from the APUR 160 is provided as input to a receive
digital processing unit (DPUy) 170 configured with a second receive matrix (Bgr) 172.

The receive digital processing unit (DPUR) 170 outputs a receive data stream 108.

[0036] A controller 140 is coupled to each of the processing units 110, 120, 160,
170 for configuring the matrices 112, 122, 162, 172. Controller 140 is provided with
channel state information (CSI) 142 for a wireless resource used by the network element

for transmitting and/or receiving.

[0037] Although both a transmit and a receive signal path are illustrated in FIG.
1, in some embodiments a network element has only one of the transmit signal path or the

receive signal path.

[0038] In some embodiments, the transmit antenna array 180 is an adaptive
antenna array (AAA) where amplitude and phase coefficients of each of the transmit
antenna elements 130, 132, 134, 136 are adjusted by the APUt 120. In some
embodiments, the receive antenna array 182 is an AAA where amplitude and phase
coefficients of each of the receive antenna elements 150, 152, 154, 156 may be adjusted

by the APUg 160.

[0039] Although four transmit antenna elements 130, 132, 134, 136 and four
receive antenna elements 150, 152, 154, 156 are illustrated in FIG. 1, it should be
understood that this is an example, and that more generally embodiments may have more
or fewer transmit and/or receive antenna elements. In some embodiments, hundreds,

thousands, or more transmit and/or receive antenna elements are provided.

[0040] In some embodiments, one or both of the number of transmit antenna
elements and the number of receive antenna elements are configured to be not less than a
number of antenna elements of a remote user equipment (UE) in communication with the

network element.

[0041] In some embodiments, such as embodiments where the network element is

configured for massive MIMO transmitting operation, the number of transmit antenna
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elements is configured to be larger than a number of streams of data to be transmitted,
and the number of receive antenna elements is configured to be larger than a number of
streams of data to be received. In some embodiments, transmit antenna elements 130,
132, 134, 136 and/or receive antenna elements 150, 152, 154, 156 are dual polarized

antenna elements.

[0042] In some embodiments, the processing units 110, 120, 160, 170 are digital
signal processors (DSPs). In other embodiments, processing units 110, 120, 160, 170 are
general purpose processors under software and/or firmware control, custom application-
specific integrated circuits (ASICs), another type of processor and/or hardware logic
capable of performing beamforming, precoding, and/or equalization operations, or a
combination of any of the foregoing. In some embodiments, controller 140 is a general
purpose processor under software and/or firmware control. Controller 140 may also have
a DSP unit. In other embodiments, controller 140 is a microcontroller, custom ASIC,
another type of processor capable of directing the operation of processing units 110, 120,
160, 170, or a combination of any of the foregoing. Although processing units 110, 120,
160, 170 and controller 140 are shown in FIG. 1 as being separate entities, some or all of
their functionality may be provided by at least one processing unit combining the

functionality of one or more of processing units 110, 120, 160, 170 and controller 140.

[0043] In some embodiments, at least some of the time, the network element
transmits and receives simultaneously on a same wireless resource for full-duplex
operation. In other embodiments, at least some of the time, the network element transmits
and receives simultaneously on different wireless resources. In still other embodiments,
the network element transmits and receives at different times for half-duplex operation,

either on a same or on a different wireless resource.

[0044] Controller 140 receives CSI 142 for the wireless resource(s) used by the
network element for communication. CSI 142 provides information regarding the channel
state of those wireless resource(s), for example channel quality information (CQI). In
some embodiments where the network element transmits and receives simultaneously on

a same wireless resource for full-duplex operation, controller 140 receives common CSI
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142 encoding channel state information for both transmitting and receiving on the same
wireless resource. In alternative embodiments, the CSI 142 received by controller 140
includes separate CSIs encoding channel state information for each of transmitting and
receiving, respectively, on the same wireless resource. In embodiments where the
network element transmits and receives on different wireless resources, controller 140
receives CSI 142 encoding channel state information for each of the different wireless

resources. In some embodiments, controller 140 receives CSI 142 on an ongoing basis.

[0045] CSI 142 may be based on channel quality measurements made by the
network element, channel quality measurements made by UE devices in communication
with the network element, and/or channel quality measurements made by other network
elements. In some embodiments, CSI 142 is estimated instead of, or in addition to, being
measured. CSI 142 may, for example, include complex-valued received pilot signals, a
carrier level received signal strength indication (RSSI), and/or a bit error rate (BER).
However, it should be understood that other means of quantifying channel state
information in CSI 142, such as the use of CQIs quantifying channel quality information,
are also possible. In an example embodiment where transmit antenna array 180 has N
antenna elements and is communicating over a downlink channel Cp 144 with UE
devices 192, 194 having M total antenna elements, CSI 142 includes measured rows
¢@yi =1,..., N, and measured columns ¢V, j = 1, ..., M, of a channel matrix p

representing the channel’s state.

[0046] In transmitting operation of the network element, controller 140 receives
CSI 142 in respect of a wireless resource to be used for transmission. Controller 140
processes the CSI to identify first time-varying characteristics and second time-varying

characteristics of the wireless resource.

[0047] In some embodiments, controller 140 processes the CSI 142 to extract, as
the first time-varying characteristics, channel quality characteristics of the wireless
resource that vary more quickly than other channel quality characteristics of the wireless
resource, and to extract, as the second time-varying characteristics, channel quality

characteristics of the wireless resource that vary less quickly than the first time-varying
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characteristics. In some embodiments, controller 140 processes the CSI 142 to partition
time-varying channel quality characteristics of the wireless resource represented by the
CSI 142 into the identified first time-varying characteristics and the identified second

time-varying characteristics.

[0048] For descriptive simplicity, the identified first time-varying characteristics
will be referred to as fast time-varying characteristics, and the identified second time-

varying characteristics will be referred to as slow time-varying characteristics.

[0049] In an example embodiment, controller 140 applies a high-pass filtering
process to the CSI 142 to identify the fast time-varying characteristics and applies a low-
pass filtering process to identify the slow time-varying characteristics. In another
example embodiment, controller 140 applies filtering to a sequence of received CSIs to

identify the fast time-varying characteristics and the slow time-varying characteristics.

[0050] In an example embodiment, controller 140 processes the CSI 142 to
extract, as the fast time-varying characteristics, channel quality characteristics that
change within a first time interval, and processes the CSI 142 to extract, as the slow time-
varying characteristics, channel quality characteristics that change within a second time
interval that begins after the first time interval. Processing the CSI 142 to extract channel
quality characteristics for particular intervals can be achieved through appropriate design
of high-pass and low-pass filtering processes, for example. In a first specific example, the
first time interval is an interval with a length of several microseconds, that is, an interval
from zero microseconds to several microseconds. The second interval is an interval from
several microseconds to a particular time greater than several microseconds.
Alternatively, the second interval may be an open-ended interval of time starting at
several microseconds. In a second specific example, the first time interval is an interval
with a length of one second, that is, an interval from zero seconds to one second. The
second interval is an interval from one second to a particular time greater than one
second. Alternatively, the second interval may be an open-ended interval of time starting

at one second. It should however be understood that the specific intervals used are a



WO 2017/152258 PCT/CA2016/051386

S 11 -
design choice and that other ways of identifying first and second time-varying

characteristics of the wireless resource are also possible.

[0051] A particular example manner of identifying the first and second time-
varying characteristics of a wireless resource will now be described for an embodiment
where transmit antenna array 180 has N antenna elements and is communicating over the
downlink channel Cp 144 with UE devices 192, 194 having M total antenna elements.
CST 142 includes measured rows c(;), i = 1, ..., N, and measured columns ¢, j =

1, ..., M, of a channel matrix {p representing the downlink channel’s state. The channel
correlation can be represented by its co-variance matrix R, and can be well
approximated by the Kronecker product (&) of the covariance matrices seen from both

transmitting and receiving ends. That is, Rc, = R{x & R where
T . .
RIX=E {([C(i)]HC(i)) },Rgg =E {CU)[CU)]H}, @i =1, ..., N, is the i" row and

¢¥,j =1,...,M,is the i column of the channel matrix &p, [.]” is the transpose operator,
[. 1% is the complex conjugate transpose operator, and E{.} denotes the expectation, for

example as computed by long-time averaging or filtering. It is well known that the

1/2
channel matrix {p = [Rgg]”z Gp [(R&‘)H] where Gy is a stochastic N by M matrix

with independent and identically distributed zero-mean, normalized-variance Gaussian-

172

distributed random elements, and [.] "~ denotes the matrix square root operation, i.e.,

R = [RIY?([R]Y Z)H. Therefore, for a fast time-varying channel Cp, the channel co-
variance matrix R represents the slowly time-varying aspects of the channel, while Gp
represents the same fast time-varying aspects of Cp. Thus, to determine the fast and
slowly time-varying aspects of the channel Cp, the controller 140 processes the CSI 142
to extract the channel co-variance matrix R, indicating the slowly time-varying aspects
of the channel and to extract the matrix Gp indicating fast time-varying aspects of Cp. It
should be understood that the same manner of computation is also applicable to

computing the fast and slowly time-varying aspects of the uplink channel Cy.

[0052] In transmitting operation, controller 140 computes and configures the first

transmit matrix By 112 of the DPU7 110 based on the fast time-varying characteristics of
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the wireless resource used for transmission. In some embodiments, the matrix Bris a
baseband digital precoding matrix. In operation, the DPUt 110 applies Bt to transmit
data stream 102 to produce precoded data streams 104. In some embodiments, transmit
data stream 102 includes a number of constituent data streams which may be referred to
as layers. In some embodiments, the layers in transmit data stream 102 have been
generated by applying scrambling, modulation mapping, and/or layer mapping to input
data streams (not shown in FIG. 1). Each input data stream contains data for transmission
to a particular UE. In some embodiments, the number of precoded data streams 104 is the

same as, or larger than, the number of layers in transmit data stream 102.

[0053] Controller 140 also computes and configures a second transmit matrix Ry
122 of the APUr based on the slow-varying characteristics of the wireless resource used
for transmission. In some embodiments, the matrix Rt 122 is an analog beamforming
matrix. In operation, the APUt 120 applies the matrix Rt 122 to precoded and/or
equalized streams 104 to produce signals for transmission by the plurality of transmit
antenna elements 130, 132, 134, 136. In some embodiments, transmit antenna array 180
is an adaptive antenna array, and the APUt 120 adjusts the amplitude of each transmit
antenna element of the transmit antenna array 180 by adjusting the gains of transmit
amplifiers coupled to each transmit antenna element based on the matrix Rrt. In some
embodiments, the APUt 120 also adjusts the phase coefficients of each transmit antenna
element of the transmit antenna array 180 by adjusting the phases of transit amplifiers

coupled to each transmit antenna element based on the matrix Rr.

[0054] In receiving operation, controller 140 computes and configures the first
receive matrix Ry 162 of the APUR 160 based on the slow time-varying characteristics of
the wireless resource used for receiving. In some embodiments, the matrix Rg 162 is an
analog beamforming matrix. The APUR 160 applies matrix R to signals received by the
plurality of receive antenna elements 150, 152, 154, 156 to produce output 106. In some
embodiments, the receive antenna array 182 is an adaptive antenna array, and the APUg
160 adjusts the amplitude coefficients of each receive antenna element of the receive
antenna array 182 by adjusting the gains of receive amplifiers coupled to each receive

antenna element based on the matrix Rg. In some embodiments, the APUgr 160 also



WO 2017/152258 PCT/CA2016/051386

- 13 -
adjusts the phase coefficients of each receive antenna element of the receive antenna
array 180 by adjusting the phases of receive amplifiers coupled to each receive antenna

element based on the matrix Rg.

[0055] Controller 140 also computes and configures the second receive matrix By
172 of the DPUR 172 based on the fast time-varying characteristics of the wireless
resource used for receiving. In some embodiments, the matrix Br 172 is a baseband
digital equalization matrix and/or a baseband digital combining matrix. In operation, the
DPUyg 170 applies the matrix Bg 172 to output 106 of APUR 160 to produce receive data
stream 108. In some embodiments, receive data stream 108 contains different constituent
data streams, referred to as layers, corresponding to data received from a plurality of

UEs.

[0056] An example manner in which controller 140 may compute the matrices By
112, Rr 122, Rg 162, and Br 172 will be described with further reference to FIG. 1,
which shows the network element previously described in communication with a
plurality of UE devices 192, 194 in accordance with an embodiment of the invention.
Although two UE devices 192, 194 are shown, it should be understood that the network

element may be in communication with more, or fewer, UE devices.

[0057] A downlink channel Cp 144 carries signals transmitted by the network
element to the UE device 192. Of course, it should be understood that the downlink
channel Cp 144 may also carry signals transmitted by the network element to the plurality
of UE devices 192, 194. An uplink channel Cy 148 carries signals transmitted by the UE
device 194 to the network element. Of course, it should be understood that the uplink
channel Cy 148 may also carry signals transmitted the plurality of UE devices 192, 194 to

the network element.

[0058] In the embodiment shown, downlink channel 144 and uplink channel 148
share a same wireless resource. The use of a shared resource for transmission and
reception results in self-interference between signals transmitted on the downlink by the
transmit antenna array 180 and signals received on the uplink by receive antenna array

182. This self-interference can be modeled as transmitted signals from the transmit
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antenna array 180 being received by the receive antenna array 182 over a self-

interference channel Cy 146.

[0059] In transmitting operation, the network element processes data for
transmission x4 by applying the matrix Bt 112 followed by the matrix R 122. Thus,
signals transmitted on the downlink can be represented by RtBrx4. As explained earlier,
the matrix Rt 122 is configured based on slowly time-varying aspects of downlink
channel Cp 144, and the matrix Bt 112 is configured based on fast time-varying aspects
of the downlink channel Cp 144.

[0060] In receiving operation, the UE 194 transmits data x,, which is affected by
the characteristics of the uplink channel Cy 148 before being received by the network
element. The network element processes received signals by applying the matrix Rg 162
followed by the matrix Br 172. Thus, in the absence of self-interference, signals received
by the network element on the uplink can be represented as Cux,, and the received data
stream 108 can be represented as BRRrCux, plus noise. As explained earlier, the matrix
Rr 162 is configured to compensate for slowly time-varying aspects of the uplink channel
Cy 148 and the matrix By 172 is configured to compensate for fast time-varying aspects

of the uplink channel Cy 148.

[0061] The self-interference signal received by the network element can be
represented by CIRtBrxg, and the contribution of the self-interference signal to the
received data stream 108 can be represented by BRRrRCR1B1x4. Self-interference channel
C1is, in many cases, primarily a slowly-varying channel. In some embodiments, to
remove or reduce the effects of self-interference, the controller of the network element
selects the matrices Rg 162 and Rt 122 to minimize, to the extent possible, the effect of
the term RRC[R 1 in BRRrRCRTB1x4. In some embodiments, this may involve selecting the
matrices Rg 162 and Rt 122 so that RRCiRt has a power near zero, for example by

minimizing the matrix norm IIRgCRl*.

[0062] A specific technique used in an embodiment for selecting the matrices Bt

112, Rr 122, Rg 162, and Br 172 will now be described.
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[0063] First, controller 140 computes the channel co-variance matrix R,
indicating the slowly time-varying aspects of downlink channel Cp, and computes the
matrix Gp indicating the fast time-varying aspects of Cp as described above. Controller
140 also computes, in the same manner, the channel co-variance matrix R, indicating
the slowly time-varying aspects of downlink channel Cy, and also computes the matrix

Gy indicating the fast time-varying aspects of Cy.

[0064] Subsequently, a numerical optimization is formulated and solved to
compute, simultaneously, analog beamforming matrices Rt 122 and Rr 162. One
dimension of each of these matrices, Rt 122 and Ry 162, is equivalent to the number of
antenna elements used for transmitting and receiving, respectively, at the network
element. The other dimension of each of these matrices corresponds to the maximum
number of data streams, which is smaller than or equal to the number of antenna
elements. In some MIMO embodiments, the maximum number of data streams is equal to
the number of antenna elements. However, in Massive MIMO embodiments, the
maximum number of data streams is typically much smaller than the number of antenna
elements. The numerical optimization is performed under a constraint that matrix R 122
permits analog beamforming to handle or compensate for the slow-varying characteristics
of the wireless channel represented by R, . The numerical optimization is also
performed under a constraint that matrix Rg 162 permits analog beamforming to handle
or compensate for the slow-varying characteristics of the wireless channel represented by
R, - The optimization is performed with an objective function to minimize the matrix
norm lIRRCiR1ll%, thereby cancelling at least some effects of self-interference term Cy. In
some alternate embodiments that do not involve full-duplex operation, matrices Rt 122
and Ry 162 can be computed in separate optimizations that make use of a different
objective functions, such as objective functions for rate maximization and/or power

minimization.

[0065] Two numerical optimizations are also formulated and solved to compute,
respectively, digital baseband precoding matrix Bt 112 and digital precoding and/or
combining matrix Br 172. The dimensions of each of these matrices, Bt 112 and By 172,

correspond to the maximum number of data streams. In some MIMO embodiments, the
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maximum number of data streams is equal to the number of antenna elements. However,
in Massive MIMO embodiments, the maximum number of data streams is typically much
smaller than the number of antenna elements. The numerical optimization for matrix By
112 is performed under a constraint that matrix By 112 performs digital baseband
precoding to handle or compensate for the fast-varying characteristics of the effective
wireless channel RtCp, which are related to the fast-varying characteristics represented
by Gp. The numerical optimization for Bg 172 is performed under a constraint that matrix
Br 172 performs digital precoding and/or combining to handle or compensate for the
fast-varying characteristics of the effective wireless channel RrCy, which are related to
the fast-varying characteristics represented by Gy. Each optimization is also performed
with an objective function. In some embodiments, the objective function is rate
maximization. In some embodiments, the objective function is power minimization. In
some embodiments, the objective function may be a combination of rate maximization

and power minimization.

[0066] Turning now to FIG. 2, this figure is a schematic illustration of part of the
transmit signal path of another network element coupled to dual polarized active antennas
in accordance with an embodiment of the invention. For illustrative simplicity, only the
APUr 120 and the antenna elements to which it is coupled are shown in their entirety. A

portion of DPUt 110 coupled to APUr 120 is shown in cut-away.

[0067] In the embodiment shown in FIG. 2, an output 104 from the DPUt 110 is
provided as input to the APUt 120. The APUr 120 is configured with the matrix Ry 122.
The APUt 120 is coupled to inputs of a pair of gain controlled transmit amplifiers 224,
225 having outputs which are coupled to a dual polarized antenna element 230. The
APUT 120 is also coupled to inputs of another pair of gain controlled transmit amplifiers
226, 227 having outputs which are coupled to another dual polarized antenna element
232. Control lines 224a, 225a, 226a, 227a are provided from the APUt 120 to gain-
controlled transmit amplifiers 224, 225, 226, 227 respectively for adjusting the respective
transmit amplifier gains. Although two dual polarized antenna elements 230, 232 are
illustrated in FIG. 2, it should be understood that some embodiments have fewer or more

dual polarized antenna elements.
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[0068] In transmit operation, gain controlled transmit amplifiers 224, 226 amplify
respective signals for transmission with a first polarization by dual polarized transmit
antenna elements 230, 232. Gain controlled transmit amplifiers 225, 227 amplify
respective signals for transmission with a second polarization by dual polarized antenna
transmit elements 230, 232. In some embodiments, the first and second polarizations are
orthogonal. The APUr 120 adjusts the gains of transmit amplifiers 224, 225, 226, 227
based on the matrix Ry 122. In some embodiments, adjusting the gains of transmit
amplifiers 224, 225, 226, 227 based on the matrix Rt 122 is used to perform analog
beamforming. In some embodiments, because the coefficients of matrix Rt 122 are
complex-valued, the real and imaginary parts of each coefficient of matrix Rt 122 are
respectively applied as real-valued gains to the two respective transmit amplifiers

corresponding to each dual-polarized transmit antenna element.

[0069] FIG. 3 is a schematic illustration of part of the receive signal path of
another network element coupled to dual polarized active antennas in accordance with an
embodiment of the invention. For illustrative simplicity, only the APUg 160 and the
antenna elements to which it is coupled are shown in their entirety. A portion of DPUyg

170 coupled to APUg 160 is shown in cut-away.

[0070] In the embodiment shown in FIG. 3, a dual polarized antenna element 330
is coupled to the inputs of a pair of gain controlled receive amplifiers 324, 325 having
outputs which are coupled to the APUR 160. Another dual polarized antenna element 332
is coupled to the inputs of a pair of gain controlled receive amplifiers 326, 327 having
outputs which are coupled to the APUR 160. The APUR 160 is configured with the matrix
Rg 152. An output 106 from the APUy 160 is provided as input to the DPUy 170. Control
lines 324a, 325a, 326a, 327a are provided from the APUy 160 to gain-controlled receive
amplifiers 324, 325, 326, 327 respectively for adjusting the respective receive amplifier
gains. Although two dual polarized antenna elements 330, 332 are illustrated in FIG. 3, it
should be understood that some embodiments have fewer or more dual polarized antenna

elements.
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[0071] In receive operation, gain controlled receive amplifiers 324, 326 amplify
respective signals received with a first polarization by dual polarized antenna receive
elements 330, 332. Gain controlled receive amplifiers 325, 327 amplify respective signals
received with a second polarization by dual polarized antenna receive elements 330, 332.
In some embodiments, the first and second polarizations are orthogonal. The APUR 160
adjusts the gains of receive amplifiers 324, 325, 326, 327 based on the matrix Rg 162. In
some embodiments, adjusting the gains of receive amplifiers 324, 325, 326, 327 based on
the matrix Rg 162 is used to perform analog beamforming. In some embodiments,
because the coefficients of matrix Rr 162 are complex-valued, the real and imaginary
parts of each coefficient of matrix Rg 162 are respectively applied as two real-valued
gains to the two respective receive amplifiers corresponding to each dual-polarized

receive antenna element.

[0072] FIG. 4A is a flow diagram of a method for transmitting on a wireless
resource in accordance with an embodiment of the invention. At block 402, CSI is
received for a wireless resource. In some embodiments, CSI is received for the wireless
resource on an ongoing basis. The CSTis then processed at block 404 to identify first
time-varying characteristics and second time-varying characteristics of the wireless

resource as described earlier.

[0073] After the first and second time-varying characteristics are identified, a first
transmit matrix is configured based on the first time-varying characteristics at block 406
and a second transmit matrix is configured based on the second time-varying
characteristics at block 408. The first and second transmit matrices may be configured as
explained above with respect to FIGs. 1 and 2. In some embodiments, the first transmit
matrix is a baseband digital precoding matrix and/or a baseband digital equalization
matrix. In some embodiments, the second transmit matrix is an analog beamforming
matrix. The first and second transmit matrices are then applied to symbols of a data
stream for transmission at block 410 to generate a signal for transmission. In some
embodiments, applying the second transmit matrix involves adjusting the gains of
amplifiers coupled to a plurality of transmit antenna elements. At block 412, the signal is

then transmitted from the plurality of transmit antenna elements. In some embodiments,
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transmitting the signal involves transmitting to one or more remote UE devices. In some
embodiments, the data stream for transmission includes at least two data streams for a

particular remote UE device of the one or more remote UE devices.

[0074] FIG. 4B is a flow diagram of a method for receiving on a wireless
resource, which may be the same wireless resource used to transmit in the method of
FIG. 4A in accordance with an embodiment of the invention. In some embodiments, the
same network element performs both the methods of FIG. 4A and FIG. 4B. In some
embodiments, some or all of the method steps shown in FIG. 4B are performed
simultaneously with some or all of the method steps shown in FIG. 4A. In a specific
example embodiment, blocks 406, 408, 410, 412 of FIG. 4A are performed in parallel
with blocks 414, 416, 418, 420 of FIG. 4B.

[0075] In FIG. 4B, at block 414, a first receive matrix is configured. In some
embodiments, the first receive matrix is an analog beamforming matrix. In some
embodiments, the first receive matrix is configured based on the second time-varying
characteristics of the wireless resource identified in block 404 of FIG. 4A. At block 416,
a second receive matrix is configured. In some embodiments, the second receive matrix is
a baseband digital equalization/combining matrix. In some embodiments, the second
receive matrix is configured based on the first time-varying characteristics of the wireless
resource identified in block 404 of FIG. 4A. The first and second receive matrices may be
configured as explained above with respect to FIGs. 1 and 2. For example, in some
embodiments, configuring the second transmit matrix and configuring the first receive
matrix involves selecting the second transmit matrix and the first receive matrix such that
the product of the first receive matrix, a self-interference term, and the second transmit
matrix is minimized, to the extent possible. Configuring the matrices in this manner
mitigates the effects of self-interference when the method of FIG. 4A is used for

transmitting at the same time the method of FIG. 4B is used for receiving.

[0076] At block 418, a signal on the wireless resource is received from a plurality
of receive antenna elements. The received signal is processed by applying the first

receive matrix and the second receive matrix at block 420 to generate a received data
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stream. In some embodiments, applying the first receive matrix involves adjusting the

gains of amplifiers coupled to the plurality of received antenna elements.

[0077] In some embodiments, a non-transitory computer readable medium
comprising instructions for execution by a processor may be provided to control
execution of methods 400, 450 illustrated in FIGs. 4A and 4B, to implement another
method described above, and/or to facilitate the implementation and/or operation of an
apparatus described above. In some embodiments, the processor may be a component of
a general-purpose computer hardware platform. In other embodiments, the processor may
be a component of a special-purpose hardware platform. For example, the processor may
be an embedded processor, and the instructions may be provided as firmware. Some
embodiments may be implemented by using hardware only. In some embodiments, the
instructions for execution by a processor may be embodied in the form of a software
product. The software product may be stored in a non-volatile or non-transitory storage
medium, which can be, for example, a compact disc read-only memory (CD-ROM),

universal serial bus (USB) flash disk, or a removable hard disk.

[0078] The previous description of some embodiments is provided to enable any
person skilled in the art to make or use an apparatus, method, or processor readable
medium according to the present disclosure. Various modifications to these embodiments
will be readily apparent to those skilled in the art, and the generic principles of the
methods and devices described herein may be applied to other embodiments. Thus, the
present disclosure is not intended to be limited to the embodiments shown herein but is to
be accorded the widest scope consistent with the principles and novel features disclosed

herein.
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What is claimed is:

1. A method comprising:

receiving channel state information (CSI) for a wireless resource;

processing the CSI to identify at least one first time-varying characteristic and at
least one second time-varying characteristic of the wireless resource;

configuring a first transmit matrix based on the first time-varying characteristics;

configuring a second transmit matrix based on the second time-varying
characteristics;

generating a signal by applying the first transmit matrix and the second transmit
matrix to symbols of a data stream for transmission; and

transmitting the signal from a plurality of transmit antenna elements.

2. The method of claim 1, wherein processing the CSI comprises:

processing the CSI to extract, as the first time-varying characteristics, channel
quality characteristics of the wireless resource that vary more quickly than other channel
quality characteristics of the wireless resource, and

processing the CSI to extract, as the second time-varying characteristics, channel
quality characteristics of the wireless resource that vary less quickly than the first time-

varying characteristics.

3. The method of claim 1 or claim 2, wherein the first transmit matrix is a first

baseband digital precoding matrix.

4. The method of any one of claims 1 to 3, wherein the second transmit matrix is a

first analog beamforming matrix.

5. The method of any one of claims 1 to 4, further comprising:
configuring a first receive matrix for analog beamforming;
configuring a second receive matrix for at least one of baseband digital

equalization or combining;
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receiving a signal from a plurality of receive antenna elements; and
generating a received data stream by applying the first receive matrix and the

second receive matrix to the received signal.

6. The method of claim 5, wherein configuring the second transmit matrix and
configuring the first receive matrix comprise:

selecting the second transmit matrix and the first receive matrix such that the
product of the first receive matrix, a self-interference term, and the second transmit
matrix is minimized,

wherein the self-interference term represents self-interference in the received

signal resulting from transmitting the transmitted signal.

7. The method of any one of claims 1 to 6, wherein processing the CSI comprises
performing a filtering operation to extract the time-varying characteristics of the wireless
resource that vary more quickly than the other time-varying characteristics of the wireless

resource.

8. The method of any one of claims 1 to 7, wherein identifying the first time-varying
characteristics and the second time-varying characteristics of the wireless resource
comprises partitioning time-varying characteristics of the wireless resource into the
identified first time-varying characteristics and the identified second time-varying

characteristics.

9. An apparatus comprising:

a plurality of transmit antenna elements;

a controller for processing channel quality information (CSI) for a wireless
resource by identifying first time-varying characteristics and second time-varying
characteristics of the wireless resource;

a first digital processing unit configured with a first transmit matrix by the

controller based on the first time-varying characteristics;



WO 2017/152258 PCT/CA2016/051386

-23-
a first analog processing unit configured with a second transmit matrix by the
controller based on the slow time-varying characteristics;
a transmit signal path comprising the first digital processing unit and the first
analog processing unit, wherein input to the transmit signal path comprises a transmit
data stream and output from the transmit signal path comprises a signal for transmission

by the plurality of transmit antenna elements.

10.  The apparatus of claim 9, wherein the identified first time-varying characteristics
consist of time-varying characteristics of the wireless resource that vary more quickly

than the identified second time-varying characteristics of the wireless resource.

11.  The apparatus of claim 9 or claim 10, wherein
the first transmit matrix is a first baseband digital precoding matrix; and

the second transmit matrix is a first analog beamforming matrix.

12.  The apparatus of any one of claims 9 to 11, further comprising:

a plurality of receive antenna elements;

a second analog processing unit configured with a first receive matrix by the
controller for analog beamforming;

a second digital processing unit configured with a second receive matrix by the
controller for at least one of baseband digital equalization or combining;

a receive signal path comprising the second analog processing unit and the second
digital processing unit, wherein input to the receive signal path comprises a signal
received by the plurality of receive antenna elements and output from the receive signal

path comprises a receive data stream.

13.  The apparatus of claim 12, wherein
the second transmit matrix and the first receive matrix have been selected by the
controller such that the product of the first receive matrix, a self-interference term, and

the second transmit matrix is minimized; and
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the self-interference term represents self-interference in the signal received by the
plurality of receive antenna elements resulting from transmitting the signal for

transmission by the plurality of transmit antenna elements.

14.  The apparatus of claim 12 or claim 13, wherein the plurality of transmit antenna
elements and the plurality of receive antenna elements belong to an adaptive antenna

array.

15.  The apparatus of and one of claims 12 to 14, wherein

each of the transmit antenna elements is coupled to a respective gain-controlled
transmit amplifier;

each of the receive antenna elements is coupled to a respective gain-controlled
receive amplifier;

the first analog processing unit is configured to adjust the gains of the gain-
controlled transmit amplifiers based on the second transmit matrix; and

the second analog processing unit is configured to adjust the gains the gain-

controlled receive amplifiers based on the first receive matrix.

16.  The apparatus of any one of claims 12 to 15, wherein

each of the transmit antenna elements is a dual polarized antenna element for
transmitting a respective signal having a first polarization and transmitting a respective
signal having a second polarization; and

each of the receive antenna elements is a dual polarized antenna element for
receiving a respective signal having a first polarization and transmitting a respective

signal having a second polarization.

17.  The apparatus of claim 16, wherein

the first and second polarizations of the respective transmitted signals are
orthogonal; and

the first and second polarizations of the respective received signals are

orthogonal.
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18.  The apparatus of claim 16, wherein

each of the transmit antenna elements is coupled to a respective first gain-
controlled transmit amplifier for amplifying the respective transmitted signals having the
first polarization and is coupled to a respective second gain-controlled transmit amplifier
for transmitting the respective transmitted signals having the second polarization, and

each of the receive antenna elements is coupled to a respective first gain-
controlled receive amplifier for amplifying the respective received signals having the first
polarization and is coupled to a respective second gain-controlled receive amplifier for

receiving the respective received signals having the second polarization.

19.  The apparatus of claim 18, wherein
the first analog processing unit is configured to adjust the gains of each of the first
and second gain-controlled transmit amplifiers based on the second transmit matrix; and
the second analog processing unit is configured to adjust the gains of each of the

first and second gain-controlled receive amplifiers based on the first receive matrix.

20.  The apparatus of any one of claims 9 to 19, wherein the apparatus is configured

for massive multiple-input and multiple-output (MIMO) operation.



WO 2017/152258 PCT/CA2016/051386
1/4
|4 192 Y 194
C | 146
CD CU
144 lvms
Y 4an 1801, _ /!
DPU APUr |1 \130 ~ 115014 | APUR DPUr
102 10 | 104 | 120 | 1371182 | 160 | 106 | 170
o ) L 1152 )
A Moo 34 sa i S
112 P 122 41 L |1 162 | 172
| Br | . Ry (pn136) 1156-L) Re | Br |
L"i\"'l L"il"'l ________ 142 ________ L"il"'l L"il'"l
140




WO 2017/152258

2/4

PCT/CA2016/051386

224a
~110 224
2250 | &30
» 225
104
o A
— FI1G. 2
R
} 122 .
o % =
324a
oy 170
330
f325a
325
106
APU: |2,
160 > FIG. 3
326a
326 T |
- 5
327a |-
327



WO 2017/152258 PCT/CA2016/051386

3/4

400

Start -

Receive channel state information (CSl)fora |
wireless resource 402

v

Process the CSl to identify first time-varying
characteristics and second time-varying ~404
characteristics of the wireless resource

v
Configure a first transmit matrix based on the first |
time-varying characteristics 406
v

Configure a second fransmit matrix based on the | _
second time-varying characteristics 408

v

Generate a signal by applying the first transmit
matrix and the second transmit matrix to -~410
symbols of a data stream for transmission

v

Transmit the signal from a plurality of transmit |
antenna elements 412

FIG. 4A



WO 2017/152258 PCT/CA2016/051386

4/4

450

Start

Configure a first receive matrix

414

v

Configure a second receive matrix

416

v

Receive a signal from a plurality of receive
antenna elements

418

v

Generate a received data stream by applying the
first receive matrix and the second receive matrix
to the received signal

420

FIG. 4B



International application No.

PCT/CA2016/051386

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
IPC: H04B 7/06 (2006.01) , HO4W 24/10 (2009.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC: H04B 7/06 (2006.01) , HO4W 24/10 (2009.01)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Questel FAMPAT: matrix, time varying, full duplex, self-interference, analog, mimo, precode
IEEE Xplore: Tho Le-Ngoc and self-interference
SCOPUS: pre-coding matrix and self-interference

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US2014341312A1 (Lee et al) 20 November 2014 (20-11-2014) 1-2,7-8
Y *paragraphs 0004, 0015-0017, 0105, 0107* 3-5
Y WO2015149312A1 (Guangjian et al) 08 October 2015 (08-10-2015) 3-5
*abstract™
A US2015092621A1 (Jalloul et al) 02 April 2015 (02-04-2015) 1-20

*abstract; paragraphs 0022, 0033-0035, 0046*

I™ Further documents are listed in the continuation of Box C. W See patent family annex.
* |Special categories of cited documents: “T” |later document published after the international filing date or priority

“A” |document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E” |earlier application or patent but published on or after the international “X” |document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L” |document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y” |document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

“0” |document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“P” |document published prior to the international filing date but later than “&” |document member of the same patent family

the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

26 January 2017 (26-01-2017) 03 February 2017 (03-02-2017)

Name and mailing address of the ISA/CA Authorized officer

Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT Howard Sandler (819) 639-8297
50 Victoria Street

Gatineau, Quebec K1A 0C9
Facsimile No.: 819-953-2476

Form PCT/ISA/210 (second sheet ) (January 2015) Page 2 of 3




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT / C A2016 /05 1386

Patent Document Publication Patent Family Publication

Cited in Search Report  Date Member(s) Date

US2014341312A1 20 November 2014 (20-11-2014) US9077402B2 07 July 2015 (07-07-2015)
KR20140100506A 14 August 2014 (14-08-2014)
WO2013069957A1 16 May 2013 (16-05-2013)

WO2015149312A1 08 October 2015 (08-10-2015)  CN106031068A 12 October 2016 (12-10-2016)
EP3091681A1 09 November 2016 (09-11-2016)
KR20160115973A 06 October 2016 (06-10-2016)
US2016353294A1 01 December 2016 (01-12-2016)

US2015092621A1 02 April 2015 (02-04-2015) US9294259B2 22 March 2016 (22-03-2016)

Form PCT/ISA/210 (patent family annex ) (January 2015)

Page 3 of 3




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - wo-search-report
	Page 32 - wo-search-report

