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INTERFERENCE CANCELLATION FOR DIVISION FREE DUPLEXING
OR FULL DUPLEX OPERATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims priority to U.S. Patent Application No. 13/
739,927 filed January 11, 2013, and entitled “Interface Cancellation for Division Free
Duplexing or Full Duplex Operation,” which is incorporated herein by reference as if

reproduced in its entirety.

FIELD OF INVENTION
[0002] The present invention relates communication network, and, in particular
embodiments, to interface cancellation for division free duplexing or full duplex operation.

BACKGROUND

[0003] The communication route between communicating devices can include a signal that
is transmitted from a first device and received at another device, and another signal that is
transmitted from a second device and received at the first device at the same time that the
first signal is transmitted. To avoid interference between the two signals, duplex
communication networks may be employed. Generally, duplex communication networks
allow users to communicate in parallel with one another using schemes such as Time

Division Multiple Access (TDMA) and Frequency Division Multiple Access (FDMA).

[0004] TDMA uses time-division multiplexing to separate incoming (received) and
outgoing (transmitted) signals. Because the incoming and outgoing signals are separated in

time, the signals may be carried on the same frequency.
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[0005] FDMA uses transmitters and receivers that operate on different frequencies. The
frequencies of the transmitted and received signals can be sufficiently separated such that

their modulated frequency spectra do not overlap.

[0006] Nevertheless, there are disadvantages associated with the schemes mentioned
above. For example, the efficiency of time-division multiplexing is reduced because of
the need to coordinate sending and receiving, and delivery of signals may be delayed
because of the need to separate the signals in time. Frequency-division multiplexing can
be problematic because of the relative scarcity of frequency spectra and the growing

number of users and applications.

[0007] Full Duplex (FD) operation, also known as Division Free Duplexing (DFD), is a
promising alternative to the above schemes. FD or DFD devices transmit in the same time
slot and at the same frequency as other devices. As a result, a wireless transceiver device
may be transmitting and receiving signals at the same time and at the same frequency.
Thus, a key challenge to FD or DFD operation is how to address self interference
(interference between the signals transmitted by and the signals received by the transceiver
device). More specifically, the transmit power ratio may be larger than zero dBm while
the receive power ratio may be less than -90 dBm, a difference of a factor of more than
one billion. Therefore, a key challenge to FD or DFD operation is how to address
interference of a signal being transmitted on a signal at the same frequency that is being

received at the same time.

SUMMARY
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[0008] In onec embodiment, a wireless communication device includes a transmit chain, a
receive chain, and a cancellation block. The wireless device may have any combination
of one or more transmit antennas and one or more receive antennas, or it may have a

single antenna used for both transmitting and receiving.

[0009] The device can transmit a first signal and receive a second signal concurrently
(e.g., at the same time) and within overlapping frequency bands (e.g., at the same
frequency). The cancellation block can generate a third (cancellation) signal that
accounts for channel characteristics (channel estimation) on the transmitted first signal.
The cancellation signal can be applied to the received second signal to compensate for

interference caused by the transmitted first signal.

[0010] In one embodiment, the cancellation signal is determined using a copy of the
analog form of the first signal (sampled from the end of the transmit chain) and a copy of
the received second signal before the cancellation signal is applied (sampled before the
received second signal enters the receive chain). In another embodiment, the cancellation
signal is determined using the two signals just mentioned and also using the digital form
of the first signal (e.g., a copy of the first signal before that signal is processed by the
transmit chain). In one such embodiment, the copy of the analog form of the first signal
and the copy of the received second signal are converted to digital form upstream of the
cancellation block, and the cancellation signal is thus generated in digital form using the
digital form of the first signal, the digital form of the copy of the first signal, and the
digital form of the copy of the received second signal. The cancellation signal is then
converted to analog form. The analog form of the cancellation signal is subtracted from

the analog form of the received second signal to produce a “compensated” second signal
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(the signal is compensated in the sense that the interference introduced by the first signal

is reduced, and in particular is reduced to a level at which the receive chain is not saturated).

[0011] In one embodiment, the compensated second signal is converted from analog form
to digital form and then further processed to produce a signal that has a satisfactory
signal-to-noise ratio. The resulting signal can then be input to a receive baseband

Proccssor.

[0012] In one embodiment, the copy of the received second signal (sampled at the front
of the receive chain) and the copy of the first signal (sampled from the end of the transmit
chain) are input to the cancellation block via a feedback chain. In one embodiment, a
predistorter observation path is also used for the feedback chain. Thus, in one
embodiment, the feedback chain may include a predistorter, which may be a digital
predistorter (DPD). By using the DPD observation path to provide feedback to the
cancellation block, hardware costs can be reduced. In one such embodiment, a switch is
used to select an input to the feedback chain from either the copy of the received second

signal or the copy of the first signal.

[0013] In one embodiment, a predefined (known) benchmark signal is stored in memory.
The benchmark signal can be transmitted by the wireless device and then used to
determine an initial measure of the channel characteristics based on the digital form of
the transmitted benchmark signal, a copy of the analog form of the transmitted
benchmark signal, and a copy of the benchmark signal received at the wireless device. In

one such embodiment, a switch is used to select an input to the transmit chain from either
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the memory (if the benchmark signal is to be used) or from another source (if another

signal other than the benchmark signal is to be transmitted).

[0014] In implementations involving multiple transmit antennas, interference cancellation
is an extension of the approaches described above. Generally speaking, a combined
cancellation signal that accounts for all transmitters is generated based on feedback and
channel characteristics per transmitter. In implementations involving multiple transmit
antennas and multiple receive antennas, a combined cancellation signal that accounts for

all transmitters is independently generated per receiver.

[0015] Embodiments according to the present disclosure introduce a number of
advantages. For example, because the cancellation signal is based, at least in part, on the
digital version of the signal to be transmitted (from the head of the transmit chain), the
received interfering signal (that is, the transmitted signal) and cancellation signal are
aligned in time. Consequently, tight time constraints do not need to be imposed on the
cancellation block. Also, in one embodiment, the DPD provides information about the
interfering signal after removal of transmitter distortion and dispersion effects,
facilitating the cancellation of multipath effects (e.g., echoes) and improving the accuracy
and efficiency of the cancellation signal. Furthermore, dispersive elements (e.g., the
coupler and filter) in the receive chain can be duplicated in the cancellation signal path to
mitigate computational requirements in the cancellation block. Moreover, because a
known benchmark signal can be used from memory, channel estimation does not need to
rely on an unknown transmit signal. Hence, assumptions do not need to be made about
signal content, for example, allowing faster channel adaptation (e.g., faster adjustment of

transmission parameters such as frequency).
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[0016] Furthermore, computing the cancellation signal in the digital domain instead of in
the analog domain improves accuracy over almost any range of frequencies; hence,
bandwidth is not restricted in comparison to existing solutions. Also, additional antennas,
radiation patterns, and beamforming are not needed for interference cancellation,
meaning that embodiments according to the present invention can be simpler, less costly,

and smaller than existing solutions.

[0017] In general, embodiments according to this disclosure provide a solution to the
problem of self interference during FD or DFD operation, facilitating such operation and
thus helping to address the larger issues associated with schemes such as TDMA and

FDMA.

[0018] These and other objects and advantages of the various embodiments of the present
disclosure will be recognized by those of ordinary skill in the art after reading the
following detailed description of the embodiments that are illustrated in the various

drawing figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019] The accompanying drawings, which are incorporated in and form a part of this
specification and in which like numerals depict like elements, illustrate embodiments of the
present disclosure and, together with the description, serve to explain the principles of the

disclosure.

[0020] Figure 1A is a block diagram of an example of a wireless radio frequency (RF)
transceiver device upon which embodiments according to the present disclosure can be

implemented.
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[0021] Figure 1B is a block diagram of another example of a wireless RF transceiver

device upon which embodiments according to the present disclosure can be implemented.

[0022] Figure 2A is a block diagram showing the flow of signals to, from, and within a

wireless RF transceiver device in an embodiment according to the present disclosure.

[0023] Figure 2B is a block diagram showing the flow of signals to, from, and within a

wireless RF transceiver device in another embodiment according to the present disclosure.

[0024] Figure 3 is a block diagram illustrating an example of a wireless RF transceiver
device that can be used to implement interference cancellation with FD or DFD operation

in an embodiment according to the present disclosure.

[0025] Figure 4 is a block diagram illustrating the use of a benchmark signal to initialize
a cancellation block in a wireless RF transceiver device in an embodiment according to

the present disclosure.

[0026] Figure 5 is a block diagram illustrating RF interference cancellation in an

embodiment according to the present disclosure.

[0027] Figure 6 is a flowchart of an example of a method for cancelling interference
during FD or DFD wireless communication in an embodiment according to the present

disclosure.

[0028] Figure 7 is a flowchart of a method for generating a cancellation signal during FD

or DFD wireless communication in an embodiment according to the present disclosure.
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[0029] Figure 8 is a block diagram of another example of a wircless RF transceiver

device upon which embodiments according to the present disclosure can be implemented.

[0030] Figure 9 is a block diagram illustrating RF interference cancellation in an
embodiment according to the present disclosure.

DETAILED DESCRIPTION
[0031] Reference will now be made in detail to the various embodiments of the present
disclosure, examples of which are illustrated in the accompanying drawings. While
described in conjunction with these embodiments, it will be understood that they are not
intended to limit the disclosure to these embodiments. On the contrary, the disclosure is
intended to cover alternatives, modifications and equivalents, which may be included
within the spirit and scope of the disclosure as defined by the appended claims.
Furthermore, in the following detailed description of the present disclosure, numerous
specific details are set forth in order to provide a thorough understanding of the present
disclosure. However, it will be understood that the present disclosure may be practiced
without these specific details. In other instances, well-known methods, procedures,
components, and circuits have not been described in detail so as not to unnecessarily

obscure aspects of the present disclosure.

[0032] For simplicity of discussion, the discussion below refers to signals in the singular.
That discussion can readily be extended to groups or bursts of signals. A burst is a

symbol or series of symbols of predefined duration and unique to a specific air interface.
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IMPLEMENTATIONS THAT USE ONE ANTENNA, OR ONE TRANSMIT AND ONE RECEIVE ANTENNA

[0033] Figure 1A is a block diagram of an example of a wireless radio frequency (RF)
transceiver device 100 upon which embodiments according to the present disclosure may
be implemented. The device 100 (100a) includes a transmit chain 110 and a receive
chain 120. In the example of Figure 1A, the transmit chain 110 is coupled to a first
antenna 112, and the receive chain 120 is coupled to a second antenna 114. That is, the

device 100a is a single-input, single-output (SISO) device.

[0034] The device 100a can include input and output interfaces such as those found in, for
example, a wireless handheld device such as a cell phone or computer system. The device
100a can also include components other than those shown in Figure 1A, such as but not

limited to a central processing unit, memory, and a display.

[0035] A digital radio module 130 is coupled to the transmit and receive chains. The
module 130, among other functions that are known in the art and thus are not discussed in
this disclosure, performs digital signal processing to convert between digital radio signals
and analog RF signals. There may be two such modules, one for the transmit chain 110

and one for the receive chain 120.

[0036] In one embodiment, the module 130 interfaces, on one side, with the transmit
chain 110 and the receive chain 120. On another side, the module 130 can interface with a
baseband processing element via a digital up and down converter. In one embodiment, the
baseband processing/radio interface is implemented according to the Common Public

Radio Interface (CPRI) or equivalent.
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[0037] In the example of Figure 1A, the device 100a includes a cancellation block 140
and a feedback chain 150. As will be described in more detail below, the feedback chain
150 provides copies of signals from the transmit and receive chains to the cancellation
block 140. More specifically, the feedback chain 150 provides, to the cancellation block
140, a copy of the original (first) signal to be transmitted after that signal has been
processed by the transmit chain 110. The first signal is then transmitted, and the
feedback chain 150 provides a copy of a (second) signal that has been received by the
device 100a before the second signal has been processed by the receive chain 120, where
the second signal was received within the same time frame and within the same
frequency band as the transmitted first signal. The cancellation block 140 uses those
signals in combination with the original signal to be transmitted (e.g., a signal from the
module 130 or a known benchmark signal, before the signal was processed by the
transmit chain 110) to generate a cancellation signal. The cancellation signal is supplied
to the receive chain 120 via a cancellation path 160. The cancellation signal can be used
to compensate for self interference (interference between the signal transmitted by and

the signal received by the device 100a).

[0038] Figure 1B is a block diagram of another example of a wireless RF transceiver
device 100 (100b) upon which embodiments according to the present disclosure may be
implemented. In contrast to the example of Figure 1A, the transmit chain 110 and the
receive chain 120 in the device 100b are both coupled to the same antenna 116. That is,
the device 100b includes a single antenna 116 that is used for both transmitting and

receiving.

10
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[0039] Figure 2A is a block diagram showing the flow of signals to, from, and within the
device 100a (Figure 1A) in an embodiment according to the present disclosure. In the
Figure 2 embodiment, the device 100a is used for Full Duplex (FD) operation, also
known as Division Free Duplexing (DFD). In general, the device 100a can send and
receive signals within the same time frame (e.g., concurrently, or in parallel) and within

the same frequency band (e.g., at or about the same frequency).

[0040] In the example of Figure 2A, the transmit chain 110 receives a first signal 201 in
digital form. The digital first signal 201 can be received from the module 130 (Figure 1A)
or from memory (see Figure 3, below). The digital first signal 201 is converted to analog
form (analog first signal 202) by the transmit chain 110. The analog first signal 202 can

then be transmitted via the first antenna 112.

[0041] Continuing with reference to Figure 2A, a copy 203 of the analog first signal 202
is received by the feedback chain 150, which converts the signal to digital form (digital
copy 204). The digital copy 204 of the first signal is then received at the cancellation
block 140. The cancellation block 140 also receives the digital first signal 201. Thus, the
cancellation block 140 receives both the original digital signal 201 that is to be
transmitted (before the signal 201 enters the transmit chain 110) and a digital copy 204 of

the signal to be transmitted after processing in the transmit chain.

[0042] During transmission, the analog first signal 202 will reach the device 100 (e.g., at
the second antenna 114) along multiple paths because of, for example, reflection from
objects (natural and man-made) such as objects 240 and 250. The multipath effects can

cause the properties of a transmitted signal to change, which can result in multiple pulses

11
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per signal that are received at different times at the device 100. In Figure 2A, the
transmitted first signal 205 represents, essentially, the cumulative version of those pulses
over time. Concurrent with the arrival of the transmitted first signal 205 at the device
100a, a second signal 206 can also be received at the device 100. The second signal 206
may be transmitted from another wireless device or from a wireless node (e.g., a base
station) in a communications network, for example. In FD or DFD operation, the second
signal 206 can be within the same frequency band as the transmitted first signal 205. As
such, the transmitted first signal 205 can interfere with the second signal 206. In Figure
2A, the received second signal 207 represents the version of the second signal 206 that is
received at the device 100. That is, the received second signal 207 includes the effects of

the interference caused by the transmitted first signal 205 on the second signal 206.

[0043] In the example of Figure 2A, a copy 208 of the received second signal 207 (which
is in analog form) is received by the feedback chain 150, which converts the signal to
digital form (digital copy 209). In the example of Figure 2A, the digital copy 209 of the
received second signal 207 is then received at the cancellation block 140. Thus, in the
example of Figure 2A, the cancellation block 140 also receives, in addition to the signals
mentioned above, a digital copy of the signal received at the device 100 before that signal

is processed by the receive chain 120.

[0044] In one embodiment, the cancellation block 140 generates a third (cancellation)

signal 210 in digital form using the following inputs:

the digital signal 201 (the original signal to be transmitted);

12
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the digital signal 204 (the digital signal converted from the copy 203 of the analog
signal 202 that was transmitted); and
the digital signal 209 (the digital signal converted from the copy 208 of the analog

received second signal 207).

[0045] To generate the cancellation signal 210, in one embodiment, the cancellation
block 140 uses the above inputs for channel estimation. That is, the cancellation block
140 approximates the effects of the channel on the transmitted first signal 205 between
the first antenna 112 and the second antenna 114. Channel effects include, for example,
the multipath effects mentioned above. The cancellation block 140 then compensates for
those effects. The cancellation signal 210 is essentially the inverse of the transmitted first

signal 205 as it is received at the device 100a.

[0046] In other embodiments, not all of the above inputs may be used. For example, in
one embodiment, interference cancellation is implemented using the signals 201, 203,
and 208; in another embodiment, interference cancellation is implemented using the
signals 203 and 208; and in another embodiment, interference cancellation is

implemented using the signals 201 and 208.

[0047] The cancellation signal 210 originates, at least in part, on the digital portion of the
transmit chain 110 because it is based, at least in part, on the digital signal 201.
Accordingly, the transmitted and cancellation signals are aligned in time. The
transmitted signal can be delayed to account for processing time in the cancellation block.
The cancellation signal is constructed from the same time sequence that is transmitted as

cach burst is unique and the transmitter-to-receiver propagation delay may be smaller

13
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than the time needed to generate a cancellation signal. Consequently, the propagation
time from the antenna 112 to the antenna 114 does not impose a fixed time limit on the
cancellation block 140 with regard to generating a cancellation signal that can be aligned

in time with the interfering signal.

[0048] The cancellation signal 210 in digital form is converted to an analog signal 211 in
the cancellation path 160, then phase-aligned with and subtracted from the analog
received second signal 207 at a first subtractor 230. Thus, the compensated second signal
212 is, essentially, the received second signal 207 minus the interference effects
introduced by the transmitted first signal 205. In this manner, the effects of self

interference for FD or DFD operation are addressed.

[0049] The resulting signal — compensated second signal 212 in analog form — is then
input to the receive chain 120 for further processing. In one embodiment, the
compensated second signal 212 is converted to digital form (digital second signal 213) in
the receive chain 120. In one such embodiment, the digital second signal 213 is input to
the cancellation block 140 for further signal processing. The result of that signal
processing is subtracted from the digital second signal 213 at a second subtractor 235, so
that the resulting digital signal 214 has an acceptable signal-to-noise ratio. The signal

214 can then be input into the receive baseband processor 320 (Figure 3).

[0050] Figure 2B is a block diagram showing the flow of signals to, from, and within the
device 100b (Figure 1B) in an embodiment according to the present disclosure. In the
Figure 2B embodiment, the device 100b is used for FD or DFD operation. In the

example of Figure 2B, the device 100b functions as just described in the example of

14
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Figure 2A, except that the analog first signal 202 can be transmitted via the single
antenna 116 and will be received at the same antenna 116 along multiple paths because of

reflection from the objects 240 and 250.

[0051] To generate the cancellation signal 210, in one embodiment, the cancellation
block 140 uses the inputs described in conjunction with Figure 2A for channel estimation.
That is, the cancellation block 140 approximates the effects of the channel on the
transmitted first signal 205 at the antenna 116. Channel effects include, for example, the
multipath effects mentioned above. The cancellation block 140 then compensates for
those effects. The cancellation signal 210 is essentially the inverse of the transmitted first
signal 205 as it is received at the device 100b. The cancellation signal 210 is generated

and applied as described in conjunction with Figure 2A.

[0052] Figure 3 illustrates an example of a device 100 that can be used to implement
interference cancellation with FD or DFD operation in an embodiment according to the
present disclosure. In the discussion to follow, various elements are presented as separate
components. However, the functionality provided by those separate components may be
combined in various ways and implemented as one or more different components.
Furthermore, the device 100 may include elements and functionalities other than those

described, and may include alternatives to those elements.

[0053] In the example of Figure 3, the transmit chain 110 includes a digital-to-analog
converter (DAC) 302, a mixer 304, and amplifiers 306 and 308. A coupler and filter 310

is located between the transmit chain 110 and the first antenna 112. The analog copy 203

15
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of the first signal is sampled downstream of (after) the transmit chain 110 before the

coupler and filter 310.

[0054] In the example of Figure 3, the receive chain 120 includes a preamplifier 312, a
mixer 314, and an analog-to-digital converter (ADC) 316. A coupler and filter 318 is
located between the second antenna 114 and the first subtractor 230. The analog copy
208 of the received second signal is sampled upstream of (before) the first subtractor 230
after the coupler and filter 318. The second subtractor 235 is downstream of the receive
chain 120. The output of the second subtractor 235 can be input to the receive baseband

processor 320 via the module 130.

[0055] As mentioned above, the transmit chain 110 and the receive chain 120 can both be

connected to the same antenna.

[0056] In the example of Figure 3, the feedback chain 150 utilizes the digital predistorter
observation path that is included in many contemporary types of transceivers.
Accordingly, in the example of Figure 3, the feedback chain 150 includes a switch 322, a
preamplifier 324, a mixer 326, an ADC 328, and a digital predistorter (DPD) 330. The
DPD 330 has the inverse response of the amplifiers (power amplifiers) 306 and 308 so
that the input from the feedback chain 150 to the cancellation block 140 will be linear.
The DPD 330 provides a copy of the signal 209, facilitating the cancellation of multipath
effects (e.g., echoes) and thus reducing the computational load on the cancellation block
140, and also improving the accuracy and efficiency of the cancellation signal 210. The

switch 322 is used to select an input for the feedback chain 150 from among either the

16
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copy 203 of'the first signal or the copy 208 of the second signal. In one embodiment, a

local oscillator 332 is coupled to both the mixer 314 and the mixer 326.

[0057] Utilizing the DPD observation path (e.g., the path from the switch 322 through the
ADC 328 to the DPD 330) in the manner just described reduces costs by relying on
existing components to implement more than one function. That is, in the example of
Figure 3, the feedback chain 150 is used both as the DPD observation path and to provide
feedback to the cancellation block 140 for the purpose of interference cancellation. As an
alternative to the example of Figure 3, two parallel chains or paths can be utilized — one
as the DPD observation path, and one to provide feedback to the cancellation block 140.
There is considerable synergy between DPD observation and interference cancellation,
allowing the DPD observation path to be shared with the cancellation block 140 as just
described. Furthermore, timing alignment functions used for the DPD can be shared with
the cancellation block 140 and thus do not need to be duplicated for interference

cancellation.

[0058] In the example of Figure 3, the cancellation path 160 includes a DAC 334, a
mixer 336, and a coupler and filter 338. By duplicating dispersive elements (e.g., the
coupler and filter) that are in the receive chain 120 in the cancellation signal path 160,

computational requirements in the cancellation block 140 can be mitigated.

[0059] In one embodiment, the device 100 includes a second switch 340 coupled
between a memory 342, the transmit chain 110, and the module 130. As mentioned
above, the module 130 can be the source of a signal to be transmitted by the device 100.

Alternately, a known or benchmark signal can be predetermined and stored in the

17
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memory 342. The switch 340 is used to select a source for the transmit chain 110 from
among either the memory 342 or the module 130. The module 130 is selected as the
source for normal operation. The memory 342 can be selected as the source in order to
initialize the cancellation block 140. That is, a known benchmarking signal can be
accessed from the memory 342 and used for initial channel estimation in lieu of a signal

from the module 130.

[0060] The discussion above is based on the example of the device 100 that utilizes
multiple antennas 112 and 114 (e.g., the device 100a of Figure 2A). However, that
discussion can be readily adapted to implementations that utilize a single antenna 116
(e.g., the device 100b of Figure 2B). For example, referring to Figure 3, if the antennas
112 and 114 are replaced with a single antenna, then the functionality provided by the
couplers and filters 310 and 318 can be replaced with a single coupler and filter that
receives the signal 202 as an input when the device 100 is transmitting, and outputs the

signal 207 when the device 100 is receiving.

[0061] With reference to Figure 4, a benchmark signal 401 in digital form is accessed
from the memory 342 (Figure 3) and, in one embodiment, is input to the cancellation
block 140 and to the transmit chain 110, where it is converted to analog form. A copy
402 of the analog form of the benchmark signal is input to the cancellation block 140 via
the feedback chain 150, where the copy 402 is converted into digital form (digital copy

405).

[0062] In the example of Figure 4, the analog form of the benchmark signal is

transmitted via the first antenna 112 and is received at the second antenna 114 (received

18
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benchmark signal 403). As mentioned above, in the embodiment of Figure 1B, the
benchmark signal can be transmitted and received at the same antenna. A copy 404 of
the analog form of the received benchmark signal 403 is also input to the cancellation
block 140 via the feedback chain 150, where the received benchmark signal is converted
to digital form (digital copy 406). The cancellation block 140 can then use the
benchmark signal 401, the digital form 405 of the copy 402, and the digital form 406 of
the received benchmark signal 403 for channel estimation. As a result, the cancellation
signals 210 (digital) and 211 (analog) can be generated more quickly and with reduced
processing requirements, as the channel (propagation characteristics) can be assessed with a

known signal with characteristics specifically selected to facilitate timing alignment.

[0063] In other embodiments, not all of the above benchmark signals may be used. For
example, in one embodiment, benchmarking is implemented using the signals 401, 402,
and 404; in another embodiment, benchmarking is implemented using the signals 402 and
404; and in another embodiment, benchmarking is implemented using the signals 401 and

404.

[0064] Figure 5 is a block diagram illustrating RF interference cancellation in an
embodiment according to the present invention. Figure 5 is discussed with reference to
the signals and elements described above in conjunction with Figures 2A, 2B, and 3. In
the example of Figure 5, a signal 205 is transmitted from the first antenna 112 and is
received at the second antenna 114. Similarly, in the Figure 1B embodiment, the signal
205 can be transmitted from the antenna 116 and, due to channel effects (reflection, etc.),

the signal 205 will also be received at the antenna 116. The version of the signal 205 that
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arrives at the device 100 is affected by the characteristics ‘h’ of the channel/path travelled

by the signal.

[0065] As mentioned previously herein, the power ratio of the signal 205 is much larger
(on the order of a billion times larger) than the power ratio of another signal 206 received
at the device 100. In FD or DFD operation, the signals 205 and 206 arrive at the device
100 within the same timeframe and within the same frequency band, and thus the signal
205 can overwhelm the signal 206 if not cancelled out. At subtractor 230, the
cancellation signal 211 is applied to the signal 207 (which represents, in essence, the
signal 206 including the interfering signal 205) in order to restore the signal 207 to the
dynamic range of the receive chain 120. Otherwise, considering the magnitude of the
interference component of the signal 207, the receive chain 120 would be saturated. At
the subtractor 235, a known signal processing technique can be applied to remove

residual interference from the signal 213.

[0066] Figure 6 is a flowchart 600 of a method for wireless communication in an
embodiment according to the present disclosure. Specifically, the flowchart 600
illustrates a method for cancelling interference during FD or DFD operation. Although
specific steps are described by the flowchart 600, the method is not limited to those steps
or the order in which the steps are described. In one embodiment, the method described
by the flowchart 600 is implemented using the device 100 of Figure 1A or 1B. Figure 6

is discussed with reference to elements of Figures 2A and 2B.

[0067] In block 602 of Figure 6, a first signal (205) is transmitted from a wireless device.
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[0068] In block 604, a cancellation signal (210) is generated. The cancellation signal
accounts for channel characteristics on the transmitted first signal. The cancellation
signal is generated in digital form using inputs that include, in one embodiment, the
digital form (201) of the first signal, the digital form (204) of a copy (203) of the analog
form (202) of the first signal, and the digital form (209) of a copy (208) of a second
signal (206, 207) received at the wireless device, where the first signal transmitted and
the second signal are received concurrently (e.g., at the same time) within overlapping
frequency bands. In other embodiments, the cancellation signal is generated using the
signals 201, 203, and 208, or using the signals 203 and 208, or using the signals 201 and

208.

[0069] In one embodiment, with reference also to Figure 4, a predefined benchmark
signal 401 is accessed from memory. In one such embodiment, the benchmark signal is
transmitted from the device 100 to determine an initial measure of the channel
characteristics using the digital form of the benchmark signal 401, a copy (402) of the
analog form of the benchmark signal converted to digital form (405), and a copy (404) of
the benchmark signal 403 received at the device 100 and converted to digital form (406).
In other embodiments, benchmarking is implemented using the signals 401, 402, and 404,

or using the signals 402 and 404, or using the signals 401 and 404.

[0070] In block 606 of Figure 6, the cancellation signal is converted to analog form (211).

[0071] In block 608, the analog form of the cancellation signal is applied to (e.g.,
subtracted from) the received second signal to compensate for interference between the

transmitted first signal and the second signal.
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[0072] In block 610, the resultant compensated second signal (212) is converted from

analog form to digital form (213).

[0073] In block 612, the digital form of the compensated second signal is further
processed to produce a third signal (214) that has a signal-to-noise ratio within a specified

range.

[0074] In block 614, the third signal is input to a receive baseband processor.

[0075] Figure 7 is a flowchart 700 of a method for wireless communication in an
embodiment according to the present disclosure. Specifically, the flowchart 700
illustrates a method for generating a cancellation signal that can be used to address the
problem of self interference during FD or DFD operation. Although specific steps are
described by the flowchart 700, the method is not limited to those steps or the order in
which the steps are described. In one embodiment, the method described by the
flowchart 700 is implemented using the cancellation block 140 including the feedback
chain 150 of Figures 1A and 1B. Figure 7 is discussed with reference to elements of

Figures 2A and 2B.

[0076] In block 702 of Figure 7, a digital form (201) of a first signal that is an input to a
transmit chain of a wireless device is accessed. The transmit chain converts the first

signal to analog form (202).

[0077] In block 704, a copy (203) of the analog form of the first signal is converted to

digital form (204).
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[0078] In block 706, the analog form (208) of a second signal (207) is accessed from a
receive chain of the wireless device, where the first signal is transmitted and the second

signal is received concurrently within overlapping frequency bands.

[0079] In one embodiment, with reference also to Figure 4, the first signal is a predefined
benchmark signal 401 from memory, and the second signal is the benchmark signal as it

is received (403) at the receive chain.

[0080] In block 708 of Figure 7, the analog form of the received second signal is

converted to digital form (209).

[0081] In block 710, a third (cancellation) signal (210) that accounts for channel
characteristics on the transmitted first signal is generated. In one embodiment, the third
signal is generated in digital form using the digital form (201) of the first signal, the
digital form (204) of the copy (203) of the analog form (202) of the first signal, and the
digital form (209) of the copy (208) of the received second signal (207). In other
embodiments, the third signal is generated using the signals 201, 203, and 208, or using

the signals 203 and 208, or using the signals 201 and 208.

[0082] The third signal is then converted to analog form (211) and subtracted from the
received second signal to compensate for interference caused by the transmitted first
signal, producing a compensated second signal (212). The compensated second signal
can be converted from analog form to digital form (213) and then further processed to
produce a fourth signal (214) that has a signal-to-noise ratio within a specified range.

The fourth signal can then be input to a receive baseband processor.
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[0083] In summary, a cancellation signal can be determined based on a combination of
some or all of the following signals: the signal to be transmitted, sampled before the
signal is processed in the transmit chain; a copy of the signal to be transmitted after
processing in the transmit chain; and a copy of the received signal before the signal is
processed in the receive chain. The cancellation signal can then be subtracted from the
received signal, to remove any interference from the first signal included in the second
signal. Thus, embodiments according to this disclosure provide a solution to the problem
of self interference during FD or DFD operation, facilitating such operation and thus

helping to address the larger issues associated with schemes such as TDMA and FDMA.

IMPLEMENTATIONS THAT USE MULTIPLE TRANSMIT ANTENNAS

[0084] Figure 8 is a block diagram of another example of a wircless RF transceiver
device 100 (100¢) upon which embodiments according to the present disclosure can be
implemented. In contrast to the examples of Figures 1A and 1B, the device 100¢
includes multiple transmit antennas 122 (the antennas 801 and 802) and multiple receive
antennas 124. That is, the device 100c is a multiple-input, multiple-output (MIMO)
device. Although two transmit antennas and two receive antennas are shown, the present
disclosure is not so limited. In the Figure 8 embodiment, the device 100c is used for FD

or DFD operation.

[0085] In general, embodiments according to the present disclosure can be implemented
on various combinations of the types of devices described in Figures 1A, 1B, and 8. For

example, in addition to the implementations described above, the wireless transceiver
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device 100 can be implemented as a single-input, multiple-output (SIMO) device or as a

multiple-input, single-output (MISO) device. SIMO is also known as transmit diversity.

[0086] Figure 9 is a block diagram illustrating RF interference cancellation in the device
100c an embodiment according to the present disclosure. For ease of comparison and
discussion, signals in Figure 9 are labeled with reference number similar to those used for

analogous signals in Figures 2A and 2B.

[0087] In the example of Figure 9, the transmit chain 110a receives a digital signal 201a,
and the transmit chain 110b receives a digital signal 201b. The digital signals 201a and
201b can be received from the module 130 or from memory as previously described
herein. The digital signals 201a and 201D are converted to analog form (analog signals
202a and 202b, respectively) by the transmit chains. The signal 202a can then be
transmitted via the first antenna 801, and the signal 202b can then be transmitted via the
second antenna 802. Each transmitted signal has a known time sequence (known because
they are transmitted by the same device 100c). The transmitted signals are independent

of one another (de-correlated).

[0088] Copies 203a and 203b of the signals 202a and 202b, respectively, are received by
the feedback chain 150, which converts the signals to digital form (signals 204a and 204b,
respectively). There may be multiple feedback chains (in parallel to one another), or
there may be a single feedback chain that is switched back and forth between the transmit
chains 110a and 110b. The signals 204a and 204b are then received at the cancellation

block 140. The cancellation block 140 also receives the signals 201a and 201b.
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[0089] During transmission, the signal 202a will reach the device 100c (e.g., at the
receive antenna 803) along multiple paths as previously described herein. Similarly, the
signal 202b will reach the receive antenna 803 along multiple paths. In the example of
Figure 9, the channel (path) characteristics h11 between the first transmit antenna 801
and the receive antenna 803 will be different from the channel (path) characteristics h21
between the second transmit antenna 802 and the receive antenna 803. Prudent
implementation will block the line-of-sight path between the transmit antennas 801 and
802 and the receive antenna 803. The signal 205a represents the signal 202a that is
received at the antenna 803 including the effects of the channel characteristics h11, and
the signal 205b represents the signal 202b that is received at the antenna 803 including

the effects of the channel characteristics h21.

[0090] Concurrent with the arrival of the transmitted signals 205a and 205b at the device
100c, a signal 206 can also be received at the device 100c as previously described herein.

In Figure 9, the signal 207 includes the effects of the interference caused by the signals

205a and 205b on the signal 206.

[0091] As described previously herein, a copy 208 of the signal 207 is received by the
feedback chain 150, which converts the signal to digital form (the signal 209). The signal
209 is then received at the cancellation block 140. In one embodiment, the cancellation
block 140 can then generate a cancellation signal 210 in digital form using the signals

201a and 201D, the signals 204a and 204b, and the signal 209.

[0092] More specifically, in one embodiment, the cancellation signal 210 can be

determined as follows. In the example of Figure 9, the signal R (e.g., the signal 207) that
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is received by the device 100¢ can be expressed as:

R=rx+hl1*TX1 + h21*TX2 + N; (1)
where rx is the signal (e.g., the signal 206) received from a distant transmitter or
transmitters; N is noise (generally, additive white Gaussian noise); TX1 corresponds to
the signal transmitted from the antenna 801 and h11*TX1 corresponds to the effect of the
signal 205a on R; and TX2 corresponds to the signal transmitted from the antenna 802
and h21*TX2 corresponds to the effect of the signal 205b on R. In the example of Figure
9, the cancellation signal C (e.g., the signal 210) can be expressed as:

C = (-h11*TX1) + (-h21*TX2). )

[0093] Equations (1) and (2) can be readily extended to cover implementations that
utilize more than two transmit antennas. Specifically, if there is a third transmit antenna,
then a term h31*TX3 is added to equation (1) and a term (-h31*TX3) is added to

equation (2).

[0094] The cancellation signal 210 in digital form is converted to an analog signal 211,
then phase-aligned with and subtracted from the signal 207 at a first subtractor 230.
Because the signals 202a and 202b are de-correlated, the cancellation signal 210/211 can
be based on the linear superposition of the transmitted signals. In this manner, the effects

of self interference for FD or DFD operation are addressed.

[0095] In an implementation in which there are multiple receive antennas 124 (Figure 8),
a cancellation signal as just described is determined independently for each receive
antenna. Ifthere are two transmit antennas and two receive antennas, for example, a first

cancellation signal is generated for the first receive antenna considering characteristics of
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the channels between the first and second transmit antennas and the first receive antenna
as described above, and a second cancellation signal is generated for the second receive
antenna considering characteristics of the channels between the first and second transmit

antennas and the second receive antenna in a manner similar to that described above.

[0096] With reference back to Figure 8, depending on the implementation, there may be
one or more transmit chain(s) 110, one or more receive chain(s) 120, one or more
cancellation block(s) 140, one or more feedback chain(s) 150, and one or more
cancellation path(s) 160. That is, each of these elements can be implemented in
redundant fashion, on a per-antenna basis. Alternatively, each of these elements may
share some or all of the components, on a per-chain basis. In other words, for example,
there may be multiple, independent cancellation blocks, one per receive antenna; or there
may be multiple cancellation blocks, one per receive antenna, that share some
components; or there may be a single cancellation block for all receive antennas that is
switched between the receive antennas. The approach used to implement the various
functional blocks 110, 120, 140, 150, and 160 in a MIMO, SIMO, or MISO
implementation is a matter of design choice based on factors such as cost, efficiency, and

size.

[0097] Although the present disclosure and its advantages have been described in detail,
it should be understood that various changes, substitutions, and alterations can be made
without departing from the spirit and scope of the disclosure as defined by the appended

claims.
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CLAIMS

1. A device comprising:

a transmit chain operable for receiving an input comprising a digital form of a
first signal and for converting the digital form of the first signal into an analog form of
the first signal;

a receive chain; and

a cancellation block coupled to the receive chain and the transmit chain, wherein
the transmit chain is further operable for transmitting the analog form of the first signal
while a second signal is being received by the receive chain in a frequency band that
overlaps a frequency band used for transmitting the first signal, wherein the cancellation
block is operable for generating a third signal that accounts for interference between the
first signal transmitted by the transmit chain and the second signal received by the receive
chain, and wherein the receive chain is operable for applying the third signal to the

second signal received by the receive chain to produce a compensated second signal.

2. The device of Claim 1, wherein the analog form of the first signal is converted
back to digital form upstream of the cancellation block, and wherein a digital form of the
third signal is generated using: the digital form of the first signal that is input to the
transmit chain; a digital form of the second signal, converted from an analog form of the
second signal received by the receive chain; and the digital form of the first signal that

was converted back from the analog form of the first signal;
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wherein the digital form of the third signal is then converted to analog form,
wherein the analog form of the third signal is applied to the analog form of the second

signal received by the receive chain.

3. The device of Claim 1, wherein an analog form of the second signal received
by the receive chain and the analog form of the first signal transmitted by the transmit
chain are input to the cancellation block via a feedback chain that is parallel to the
transmit chain and the receive chain, the feedback chain comprising analog-to-digital

converters.

4. The device of Claim 3, wherein the feedback chain further comprises a digital

predistorter observation path.

5. The device of Claim 1, further comprising a switch coupled to the transmit
chain and the receive chain, wherein the switch is configured to select an input to the

cancellation block from among the transmit chain and the receive chain.

6. The device of Claim 1, further comprising memory that stores a benchmark
signal, wherein the transmit chain is operable for transmitting the benchmark signal to

determine an initial value for the third signal.

7. The device of Claim 6, further comprising:

a module operable for producing the digital form of the first signal; and
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a switch coupled to the memory and the module, wherein the switch is configured
to select a source for the transmit chain, the source selected from among the memory and

the module.

8. The device of Claim 1, further comprising an antenna configuration selected
from the group consisting of: a single transmit and receive antenna; a single transmit
antenna and a single receive antenna; a single transmit antenna and multiple receive
antennas; multiple transmit antennas and a single receive antenna; and multiple transmit

antennas and multiple receive antennas.

9. A method for wireless communication, the method comprising:

transmitting an analog form of a first signal from a wireless device, the analog
form converted from a first digital form of the first signal;

generating a cancellation signal that accounts for channel characteristics on the
transmitted first signal, the cancellation signal generated in digital form using inputs
comprising: a second digital form of the first signal produced by converting the analog
form of the first signal back to digital form, and a digital form of a second signal received
at the wireless device, wherein the first signal is transmitted and the second signal is
received concurrently within overlapping frequency bands;

converting the cancellation signal from digital form to analog form; and

applying the analog form of the cancellation signal to an analog form of the
second signal received at the wireless device, to compensate for interference between the
first signal transmitted by the wireless device and the second signal received by the

wireless device.
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10. The method of Claim 9, wherein the cancellation signal is generated also

using the first digital form of the first signal.

11. The method of Claim 9, wherein the step of applying comprises subtracting
the analog form of the cancellation signal from the analog form of the second signal
received at the wireless device to produce a compensated second signal, wherein the
method further comprises:

converting the compensated second signal from analog form to digital form;

processing the digital form of the compensated second signal to produce a third
signal that has a signal-to-noise ratio within a specified range; and

inputting the third signal to a receive baseband processor.

12. The method of Claim 9, wherein the wireless device comprises a feedback
path, wherein the method further comprises selecting an input to the feedback path by
switching between the analog form of the second signal received at the wireless device

and the analog form of the first signal.

13. The method of Claim 12, wherein the feedback path further comprises a

digital predistorter observation path.

14. The method of Claim 9, further comprising:

accessing a benchmark signal from memory; and
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transmitting the benchmark signal to determine an initial measure of the channel
characteristics, wherein the initial measure is useful for determining an initial value of the

cancellation signal.

15. A device comprising:

a plurality of transmit chains comprising a first transmit chain coupled to a first
antenna and configured to convert a digital form of a first signal into an analog form of
the first signal, the plurality of transmit chains further comprising a second transmit chain
coupled to a second antenna and configured to convert a digital form of a second signal
into an analog form of the second signal;

a receive chain coupled to a third antenna; and

a cancellation block coupled to the receive chain and the transmit chains, wherein
the first transmit chain is operable for transmitting the analog form of the first signal
while the second transmit chain is transmitting the analog form of the second signal and
while a third signal is being received by the receive chain, the first and second transmit
chains configured to transmit in overlapping frequency bands that also overlap a
frequency band of the third signal; the cancellation block configured to generate a fourth
signal that accounts for channel effects between the first and third antennas on the first
signal transmitted by the first transmit chain and for channel effects between the second
and third antennas on the second signal transmitted by the second transmit chain, the
fourth signal then subtracted from the third signal received by the receive chain to

produce a compensated third signal.
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16. The device of Claim 15, wherein the fourth signal is generated using the
analog form of the first signal, the analog form of the second signal, an analog form of
the third signal, the digital form of the first signal, and the digital form of the second

signal.

17. The device of Claim 15, wherein the device comprises a feedback path that is
shared by the first transmit chain, the second transmit chain, and the receive chain,
wherein an input to the feedback path is selected by switching between the first transmit

chain, the second transmit chain, and the receive chain.

18. The device of Claim 17, wherein the feedback path further comprises a digital

predistorter observation path.

19. The device of Claim 15, further comprising a plurality of receive chains
comprising a second receive chain configured to receive a fifth signal via a fourth
antenna, wherein the analog form of the first signal and the analog form of the second
signal are transmitted and the fifth signal is received concurrently with one another and
within overlapping frequency bands, wherein the cancellation block is configured to
generate a sixth signal that accounts for channel effects between the first and fourth
antennas on the first signal transmitted by the first transmit chain and that also accounts
for channel effects between the second and fourth antennas on the second signal
transmitted by the second transmit chain, the sixth signal then subtracted from the fifth

signal received by the second receive chain to produce a compensated fifth signal.
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20. The device of Claim 15, further comprising a memory that stores a benchmark signal
useful for determining an initial value for the fourth signal, and a module that processes
baseband signals to produce the digital form of the first signal and the digital form of the second

signal.
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