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ABSTRACT

The present application describes a feed forward method
that may electronically cancel self-interference while it is
still in the transmit path. It may employ delay length
matching for electronic cancellation over large bandwidths.
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FEED-FORWARD SELF-INTERFERENCE
CANCELLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 62/193,148, filed on Jul. 16, 2015, the
disclosure of which is incorporated herein by reference in its
entirety.

FIELD

[0002] The present invention generally relates to radio
frequency (RF) front end subsystems. The application is
more particularly related to feed-forward interference can-
celation.

BACKGROUND

[0003] Generally, many cellular and other communica-
tions systems operate in a frequency division duplex man-
ner—simultaneous transmission and reception—using dif-
ferent frequency bands to transmit and receive, known as
Frequency Division Duplex (FDD). FDD refers to the physi-
cally-defined frequency-based division between uplink and
downlink, as opposed to time division, code division, polar-
ization division, spatial division, and related variants. A
frequency band is the set of allowed operating frequencies
for communications. There is a frequency separation
between transmit and receive bands. In a wireless trans-
ceiver, information is transmitted at a power level that is
typically many times higher than the received power. Inter-
fering energy, which is generated by the transmitter nonlin-
earities and other noise processes, is leaked into the receive
band frequencies where it interferes with desired reception.
This interference is referred to as self-interference in this
description. Proper receiver operation requires attenuation
or transmit-to-receive isolation of this self-interference, in
many cases on the order of 100 dB or more.

[0004] Conventional mechanisms for attenuation of self-
interference energy in the receive band of FDD systems
include filter-based duplexers (air dielectric or ceramic
filters) and diplexers, which are based on the ability to
attenuate some frequencies while passing other frequencies
due to the frequency separation between transmit and
receive bands. For example FDD wireless base stations
require a duplex filter to separate transmit and receive
signals to/from a single antenna. Duplexers allow simulta-
neous transmit and receive operation through one antenna
due to frequency-dependent filters between transmit and
receive ports. The drawback is these components are typi-
cally quite large to meet the isolation requirements of
modern communications systems. Isolation requirements in
excess of 100 dB between the transmit power amplifier (PA)
and the receive Low-Noise Amplifier (LNA) that share the
same antenna. This requires the use of air-cavity filters
roughly (e.g., typically) 10"x10"x2" and larger. Multi-band
operation of such systems requires complex and limited
multiplexer designs or a very large switch network of
duplexers. These duplexers are typically constructed of a
metal housing with air-filled internal cavities and are there-
fore large and heavy. Multiple operating bands are also
desired. This further exacerbates the linearity problem due to
the difficulties in matching the PA for best linearity versus
power over a wide bandwidth.

Jan. 19, 2017

[0005] The continued worldwide adoption of 4G (e.g.,
Long-Term Evolution—I.TE) adds other challenges, both in
terms of the proliferation of bands and the increased inter-
ference emitted from the power amplifier. This increased
noise requires larger duplexers. Furthermore 4G operates
over wider bands, which can increase the required amount of
self-interference cancellation. In addition present art multi-
band transceivers require the use of multiple duplexers
which in present art are switched in and out for operation at
a given band of operation of the base station or other
equipment, such as mobile phones. The trend for cellular
waveforms is an increase in the requirement for transmit-
to-receive isolation, which requires more difficult filter
requirements. Another trend is the increase in number of
defined bands. For example, LTE has over 40 defined bands.
This can require a large number of filters for a multi-band
transceiver. These problems are exacerbated when the trans-
ceiver operates at high power, for example, micro-class and
macro-class base stations.

[0006] More recently, attempts have been made to remove
self-interference in non-FDD frequency division duplex
systems (where simultaneous transmission and reception
occurs in overlapping frequencies) by use of electronic
means or a combination of passive and active electronics
means. Recent work done has focused on a solution for the
case where the transmit and receive operations occur in the
same frequency band. Heretofore, Time Domain Duplexing
(TDD) architectures were employed in such cases, separat-
ing transmission and reception in time, rather than fre-
quency. The present schemes provide an electronic means
for attenuating the transmit signal at the receiver input.
These schemes employ a balun-based or transformer-based
coupler to provide to the receiver canceller a sample of the
interference that is 180° out-of-phase and largely free from
additional group delay. These schemes assume that the phase
of the transmit signal seen by the receiver is constant across
the band. In the disclosed non-full-duplex but FDD case, the
phase of the transmit signal seen within the receive band is
not constant and is a function of frequency, as a function of
group delay —3¢/3w. Such frequency division duplex sys-
tems cannot operate for existing defined cellular standards or
other wireless communication standards that separate trans-
mit and receive energy based on frequency (FDD).

[0007] Frequency hopping for security of communications
in multi-band systems has been slow and cumbersome, as
reconfiguration of a transceiver between bands requires
reconfiguration of band-specific duplexers and other ele-
ments of the system. Such reconfiguration has typically
involved the use of relays or other RF switching mecha-
nisms.

SUMMARY

[0008] In an aspect, a feedforward method for self-inter-
ference cancellation may direct signals through multiple
paths (e.g., loops) to reduce interference, such as interfer-
ence as result of a power amplifier. In one example, a first
path implements carrier cancellation to eliminate high power
transmitter carrier output from a copy of captured power
amplifier interference. This first path may be designated as
a carrier cancellation path. A second path adjusts phase and
amplitude of a waveform before injecting it into a main
forward path. This second path may be designated the error
cancellation path (also discussed herein as interference
cancellation path) that compensates for the phase delay and
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amplitude of the residual signal in the receive band after the
transmit carrier is cancelled. When the first path and the
second path are combined the result may be a high-power
transmitter that is effectively ultra linear in the receive band,
as interference from the transmitter in the receive band is
removed.

[0009] In another aspect, a feed-forward self-interference
cancellation system includes a main path including a power
amplifier, a first path for carrier cancellation, and a second
path for error cancellation. The power amplifier amplifies a
first transmit signal. The first path includes a first sampler for
sampling the first transmit signal, the first transmit signal
sampled from the input side of the power amplifier along the
main path; and a first device for phase shifting the first
transmit signal. The second path includes a second sampler
for sampling the amplified first transmit signal on the output
side of the power amplifier along the main path; a first signal
injector for creating a self-interference sampled signal, the
self-interference sampled signal created based on injecting
the phase shifted first signal with the sampled amplified first
transmit signal; and a second signal injector for creating a
self-interference canceled signal, the self-interference can-
celed signal created based on injecting the self-interference
sampled signal into the main path with the amplified first
transmit signal.

[0010] There has thus been outlined, rather broadly, cer-
tain embodiments of the invention in order that the detailed
description thereof may be better understood, and in order
that the present contribution to the art may be better appre-
ciated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Inorder to facilitate a more robust understanding of
the application, reference is now made to the accompanying
drawings, in which like elements are referenced with like
numerals. These drawings should not be construed to limit
the application and are intended only to be illustrative.

[0012] FIG. 1A illustrates an example of interfering
energy.
[0013] FIG. 1B illustrates the topology according to an

aspect of the disclosure.

[0014] FIG. 1C illustrates signal data associated with
removal of carrier power by the carrier cancellation loop.
[0015] FIG. 1D illustrates signal data associated with the
removal of self-interference from the receive band.

[0016] FIG. 1E illustrates another exemplary topology and
elements of feed forward cancellation.

[0017] FIG. 2 illustrates receiver based processing,
according to an aspect of this disclosure.

[0018] FIG. 3 illustrates a tone generation function used as
part of the digital residual interference cancellation loop
according to an aspect of this disclosure.

[0019] FIG. 4 illustrates positioning of tones overlaid on
the receiver signal according to an aspect of this disclosure.
[0020] FIG. 5A illustrates a digital interference cancella-
tion system according to aspect of this disclosure.

[0021] FIG. 5B illustrates an exemplary method that
accounts for variations in the received signal according to an
aspect of the disclosure.

[0022] FIG. 5C illustrates a self-interference channel esti-
mation method in accordance with an aspect of this disclo-
sure.

[0023] FIG. 5D illustrates the operation of the complex
multiplier in accordance with an aspect of this disclosure.
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[0024] FIG. 5E illustrates a method for in-phase and
quadrature phase (IQ) compensation in a frequency division
duplex transceiver in accordance with an aspect of this
disclosure.

[0025] FIG. 6 illustrates architecture to invert distortion, in
accordance with an aspect of this disclosure.

[0026] FIG. 7 illustrates architecture reducing an error
signal using feedback loops, according to another aspect of
this disclosure.

[0027] FIGS. 8A and 8B illustrate measured data with
respect to both magnitude and phase across the receive band,
in accordance with an aspect of this disclosure.

[0028] FIGS. 9A-D illustrate the degree of improvement
in isolation obtainable for different combinations of ampli-
tude error and/or phase error, in accordance with an aspect
of this disclosure.

[0029] FIG. 10 illustrates data where carrier cancellation
has occurred using feed-forward self-interference cancella-
tion but without application of the digital residual interfer-
ence cancellation, in accordance with an aspect of this
disclosure.

[0030] FIG. 11 illustrates operation with both the carrier
cancellation and digital interference cancellation loops
applied, in accordance with an aspect of this disclosure.
[0031] FIG. 12A illustrates a self-interference cancellation
system according to an aspect of the disclosure.

[0032] FIG. 12B illustrates a self-interference cancellation
system according to another aspect of the disclosure.
[0033] FIG. 13A illustrates diagram of a self-interference
cancellation circuit with two circulators, a phase shifter, and
a filter according to an aspect of the disclosure.

[0034] FIG. 13B illustrates a method of self-interference
cancellation according to an aspect of the disclosure.
[0035] FIG. 14 illustrates diagram of a self-interference
cancellation circuit with two circulators, a phase shifter, and
a filter according to another aspect of the disclosure.
[0036] FIG. 15 illustrates diagram of a self-interference
cancellation circuit with two circulators and a filter accord-
ing to an aspect of the disclosure.

[0037] FIG. 16 illustrates diagram of a self-interference
cancellation circuit with one circulators and a phase shifter
according to an aspect of the disclosure.

[0038] FIG. 17 is a diagram illustrating a frequency hop-
ping method, according to one aspect of this disclosure.
[0039] FIG. 18 is a flowchart illustrating a method of
operation of the apparatus of this disclosure, according to
one aspect of this disclosure.

[0040] FIG. 19 is a flowchart illustrating a method of
operation of the apparatus of this disclosure, according to
one aspect of this disclosure.

[0041] FIG. 20 is a flowchart illustrating a method of
operation of the apparatus, according to one aspect of this
disclosure.

[0042] FIG. 21 is a flowchart illustrating a method of
operation of the apparatus, according to one aspect of this
disclosure.

DETAILED DESCRIPTION OF THE
ILLUSTRATIVE EMBODIMENTS

[0043] A detailed description of the illustrative embodi-
ments will be discussed in reference to various figures,
embodiments and aspects herein. Although this description
provides detailed examples of possible implementations, it
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should be understood that the details are intended to be
examples and thus do not limit the scope of the application.
[0044] Reference in this specification to “one embodi-
ment,” “an embodiment,” “one or more embodiments,” “an
aspect” or the like means that a particular feature, structure,
or characteristic described in connection with the embodi-
ment is included in at least one embodiment of the disclo-
sure. Moreover, the term “embodiment™ in various places in
the specification is not necessarily referring to the same
embodiment. That is, various features are described which
may be exhibited by some embodiments and not by the
other.

[0045] Generally, many cellular and other communica-
tions systems operate in a frequency division duplex man-
ner—simultaneous transmission and reception—using dif-
ferent frequency bands to transmit and receive, known as
Frequency Division Duplex (FDD). FDD refers to the physi-
cally-defined frequency-based division between uplink and
downlink, as opposed to time division, code division, polar-
ization division, spatial division, and related variants. A
frequency band is the set of allowed operating frequencies
for communications. As illustrated in FIG. 1A there is a
frequency separation between transmit and receive bands. In
a wireless transceiver, information is transmitted at a power
level that is typically many times higher than the received
power. Interfering energy, which is generated by the trans-
mitter nonlinearities and other noise processes, is leaked into
the receive band frequencies where it interferes with desired
reception. This interference is referred to as self-interference
in this description. Proper receiver operation requires attenu-
ation or transmit-to-receive isolation of this self-interfer-
ence, in many cases on the order of 100 dB or more. It will
be appreciated by one of ordinary skill in the art reading this
disclosure that although this disclosure refers to frequency
division duplex transceiver, various aspects may alterna-
tively or additionally be implemented in a full duplex
transceiver without departing from the scope of this disclo-
sure.

[0046] In one aspect, a RF front end solution for a FDD
wireless system is provided. This solution reduces some of
the entire isolation requirement on the duplexer and can
eliminate the duplexer in many cases. This is accomplished
by use of interference cancellation. The method incorporates
multiple cancellation methods which may be separately-
employable methods: 1) Feed-forward Cancellation which
reduces the transmitter’s interference before it is presented
at the receiver, and 2) Digital Cancellation which digitally
samples and subtracts the interference from the desired
signal at the receiver. Feed-forward Cancellation and Digital
Cancellation can be applied independently in given appli-
cations or the two methods may be combined. Also antenna
techniques may be applied in a given application. By stack-
ing the isolation obtainable with the multiple cancellation
methods and antenna techniques, isolation levels in excess
of 100 dB are obtainable.

[0047] In an embodiment, the first method is based on the
use of analog means for generation of an inverted signal
which approximates the transmit signal received in the
receive band and which is then subtracted from the transmit
signal before it reaches the antenna and receiver. This part of
the schema accommodates cancellation of signals at high
power and with higher interference levels. The resultant
signal after feed-forward cancellation contains residual
energy from the transmit signal which may then be removed
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using another method such as antenna isolation or the
second Digital Cancellation method.

[0048] In another embodiment, the digital self-interfer-
ence means includes a channel estimation schema which
properly determines the magnitude and phase response
across the bandwidth of the channel and uses this informa-
tion to model and generate an Infinite Impulse response, 1IR,
filter to generate an interference (e.g., interference) cancel-
lation signal which is subtracted from the residual signal
after Feed-forward Cancellation to obtain the signal of
interest received from sources other than the transmit signal
of the base station or wireless transceiver.

[0049] These methods may be used in tandem with each
other and may be used with different antenna methods to
achieve high levels of isolation and enable operation at high
power levels over wide bandwidths.

[0050] The following objectives are met by the subject
matter of this application:

[0051] 1. Ability to cancel enough TX-RX interference
(aka self-interference) to eliminate filters in systems with
additional isolation methods such as TX-RX antenna sepa-
ration, digital cancellation, or receiver cancellation.

[0052] 2. Ability to cancel enough self-interference to
reduce the requirements on filters used in traditional one-
antenna systems. Therefore, the filters can be made smaller
and cheaper.

[0053] 3. Utility for existing FDD systems (like 3G and
4G cellular) and unlike existing methods can be applied to
other systems for which waveforms are yet to be standard-
ized, potentially with a mere software update.

[0054] 4. Utility of the method to allow some systems to
be designed without filters or other band-specific compo-
nents, enabling band-independent transceivers or software
defined RF front ends.

[0055] 5. Novel transceivers that operate at many frequen-
cies, or even user-defined frequencies, with an insignificant
increase in size even when combined with software defined
radios

[0056] 6. Novel secure radios that operate over a great
number of frequencies or bands even when combined with
frequency-hopping software defined radios.

[0057] 7. When combined with LTE-Advanced systems,
enables band aggregation and/or frequency hopping in sup-
port of the LTE-A standard.

[0058] 8. For low power systems (picocell, femtocell,
cellular handset), the subsystem can be microfabricated and
integrated on chip or by system-on-chip methods.

[0059] 9. For high power systems (microcell, macrocell),
the subsystem can be constructed with off-the-shelf compo-
nents as part of an RF circuit

[0060] 10. Advantageous leverage to more capable
devices.
[0061] 11. Use one or a combination of methods to enable

fully standards-compliant wireless base stations for use in
environments where outside interferers are low, e.g., high-
altitude wireless base stations.

General Architecture

[0062] The power amplifier (PA) generates a high-power
transmit (downlink) waveform, but its inherent nonlinearity
generates intermodulation of the transmitted energy. For
example, when a cellular base station is considered, the
transmission is at the downlink frequency. For user equip-
ment, such as for example a mobile phone, the transmitter
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would be on the uplink frequency. Some of this energy is
present within the receive frequency band and, unless fil-
tered using for example a duplexer or other filtering arrange-
ments in present art systems, will interfere with the desired
receive signal. Several factors determine the amount of
interference present in the receive band, including but not
limited to:

[0063] Duplex spacing. The closer in frequency the RX
band is to the TX band, the higher the intermodulation
interference.

[0064] Amplifier topology. A linear (class A or AB) pro-
duces the least interference but consumes the most DC
power. Higher power consumption increases heat sink size.
Doherty PAs are efficient but narrowband and not as linear.
[0065] Amplifier device technology. Commercial
LDMOS devices produce the least interference but are
narrowband. Gallium Nitride (GaN) devices can help make
broadband PAs but are less linear, resulting in more inter-
ference.

[0066] Modulation bandwidth. Larger data rates have cre-
ated the requirement to support larger bandwidths, providing
more spectral energy to fall into the receive band. Single-
carrier GSM has most of its energy contained within 200
kHz, UMTS a little less than 5 MHz, and LTE has increased
channel bandwidth allocation up to 10 MHz, 15 MHz, and
20 MHz, depending on RF band.

Feed Forward Self-Interference Cancellation

[0067] In an aspect of the application, a feedforward
method for self-interference cancellation may direct signals
through multiple paths (e.g., loops) to reduce interference,
such as for example, interference as result of a power
amplifier. In one example, a first path implements carrier
cancellation to eliminate high power transmitter carrier
output from a copy of captured power amplifier interference.
This first path may be designated as a carrier cancellation
path. A second path adjusts phase and amplitude of a
waveform before injecting it into a main forward path. This
second path may be designated the error cancellation path
(also discussed herein as interference cancellation path) that
compensates for the phase delay and amplitude of the
residual signal in the receive band after the transmit carrier
is cancelled. When the first path and the second path are
combined the result may be a high-power transmitter that is
effectively ultra linear in the receive band, as interference
from the transmitter in the receive band is removed. Isola-
tion between transmit and receive bands on the order of 30
dB to 40 dB may be obtained via the use of feedforward RF
cancellation.

[0068] FIG. 1B illustrates an exemplary topology and
elements of feed forward cancellation. Although discussed
in more detail herein, below is a summary of the paths for
FIG. 1B. In FIG. 1B, the carrier loop is composed of the path
that contains the sampled carrier energy, starting at coupler
102, adjusted in amplitude and phase by LVM 111, amplified
by power amplifier 112, optionally filtered by filter 113, and
subtracted from the sampled carrier+noise power in segment
122. The forward transmission path consists of the main
forward path through coupler 102, the bandpass filter 103,
the transmit power amplifier 104, and the coupler that
samples carrier+interference (noise) (coupler 105). The
noise or error cancellation path is the main forward path
through coupler 105 and coupler 106 and the path of the
sampled interference through 105 (samples carrier plus
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interference), coupler 119 where the carrier energy is sub-
tracted to leave essentially only the sampled interference,
LVM 116 which adjusts magnitude and phase of the sampled
interference, amplifier(s) 117, and coupler 106 where
sampled and modified interference is subtracted (added in
equal magnitude and 180° out of phase) from the energy in
the main forward path 120.

[0069] At 100, TX signal 101 which corresponds to the
waveform applicable for a given air interface, such as
WCDMA, HSPA, or LTE, generated upstream of the feed-
forward cancellation is input to the feed-forward cancella-
tion electronics of FIG. 1B. Filter 103, which may be a fixed
filter in a bank of filters or a tunable filter, or omitted, may
filter the transmit band (TX signal 101) before being ampli-
fied by power amplifier 104. Power amplifier 104 amplifies
the filtered TX signal 101. The output of power amplifier
104 is a higher power signal (e.g., signal 108) which
includes interference that may be generated by power ampli-
fier 104. The interference may result from the inherent
non-linear nature of power amplification done by power
amplifier 104.

[0070] In addition, coupler 102 samples TX signal 101.
TX signal 101 has its amplitude and phase changed (e.g.,
using a vector modulator—linear VM 111—as well as power
amplifier 12) so that the magnitude of the sampled signal as
injected by coupler 119 (e.g., signal 114) is the same
magnitude as signal 115 and the phase offset as discussed in
more detail herein. Although a vector modulator is dis-
cussed, it is also possible that this method may be imple-
mented with multiple devices, such as a device that controls
the amplitude of the signal (e.g., variable-gain amplifier or
attenuator) and another device that controls the phase of the
signal. One purpose for filter 103 is to help provide matching
of group delay in the main forward path when compared to
the carrier loop, if filter 113 is used. Filter 113, for example,
may bandpass-filter using tuned or a bank of filters, or
omitted, resulting in signal 114. Signal 114 has the same
magnitude as signal 115, but is 180 degrees out of phase
after any phase shift from coupler 119. For example, if the
coupler is a balanced Wilkinson, then signal 114 and signal
115 have the same magnitude and are 180 degrees out of
phase. On the other hand, if coupler 119 is a 90° hybrid, then
signal 114 and signal 115 have the same magnitude and are
90 degrees out of phase (the path design would be setup so
that the extra 90° for signal 114 causes signal 114 and signal
115 to be 180° out of phase when they combine). Signal 115
is obtained via coupler 105 which samples signal 108 which
includes power amplifier generated interference.

[0071] Injecting of signal 114 with signal 115 on segment
122 provides for the removal of the transmit energy of signal
115. For additional perspective, loop 98 retrieves a sample
of'the undistorted transmitter in order to provide a signal that
removes the transmit energy from the sample of the noise in
loop 99. Without the loop 98, loop 99 may add even more
noise via power amplifier 117 associated with the existence
of the transmit energy. The sample of the transmit energy in
loop 98 is adjusted in amplitude and phase such that the
transmitter energy removed at coupler 119. Without the
transmit energy as described, loop 99 may take a more
faithful sample of the interference, with minimal addition of
its own distortion and with acceptable linearity specifica-
tions for the components in loop 99.

[0072] The signal with the removed transmit energy on
segment 122 is input to linear vector modulator (LVM) 116
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and amplified by power amplifier 117. The output of power
amplifier 117 is signal 107 for which the transmit signal has
been removed, but for which the interference in the receive
band that was generated by the power amplifier remains.
Signal 107 is an appropriately phase-shifted and amplified
signal that provides for the cancellation of sample noised in
the receive band when injected via coupler 106 into the main
path 120. This signal 9 is a high power version of TX signal
101 with interference cancelled in the receive band as the
transmit carrier has been cancelled in the receive band.

[0073] Moreover, noise that remains in the receive band
may be cancelled by digital residual interference cancella-
tion as discussed in more detail herein (e.g., FIGS. 5A-5E
discussed below). In summary, an input signal from tone
generation functions used for channel characterization, auto-
matic gain control, and 1/Q compensation in the digital
method may be injected via a coupler onto segment 118. The
resultant signal of segment 118 would then be coupled into
the signal at the output of the power amplifier on main path
120 via coupler 6 to obtain signal 109, the high power
transmit signal which is fed to downstream to transmit
antenna functions.

[0074] FIG. 1C illustrates an exemplary measured result
of the remaining signal as seen in the receive band after
carrier cancellation. The carrier power is removed. Here, for
example, trace 123 is the carrier signal in the receive band
that occurs in signal 108 and trace 124 is the signal in the
receive band that occurs in signal 109.

[0075] FIG. 1D illustrates exemplary results measured
across a wide bandwidth after interference cancellation.
FIG. 1C illustrates carrier cancellation of over 23 dB, while
the FIG. 1D illustrates interference cancellation in the
receive band. The noise from the power amplifier (e.g.,
power amplifier 104) is canceled by 30 dB. Cancellation is
achieved over broad bandwidth, suitable for 4G waveforms
and other future broadband waveforms. Due in part to group
delay matching in all loops, feed-forward self-interference
cancellation overcomes limitations of many conventional
systems which operate over much narrower bandwidths. In
addition, feed-forward self-interference cancellation as dis-
cussed herein enables additional downstream processing
using digital processing means to deal with elimination of
the residual noise after carrier cancellation where the
residual noise occurs at low power levels closer to the noise
floor of the system.

[0076] Variations due to temperature and component tol-
erances should be accounted for in implementations of
feed-forward self-interference cancellation. It may benefi-
cial to use components that have especially high linearity, in
order avoid limiting the cancellation achievable, especially
for high power systems. The electronics of the feed-forward
self-interference cancellation path may drift with time and
temperature, so an electronic feedback control circuit, such
as controller 121, may be used. Controller 121 may maintain
carrier cancellation lock. The result is a sampled output of
the interference from the Power Amplifier as seen in the
receive band which remains stable throughout the operation
of the system. Implementations of the present invention
have confirmed the operation of the art taught herein. It is
beneficial for group delay to be carefully controlled for both
the carrier cancellation and error cancellation loops. The
carrier cancellation loop may drift such that the sampled
carrier power may be out of exact anti-phase with the
sampled carrier+interference signal. Or it may have drifted
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to no longer be the same amplitude as the sampled carrier+
interference signal. In either case, carrier power will be less
than optimally removed from the sampled interference out-
put of coupler 119. The controller 121 circuit senses the
resulting carrier power (the power after subtraction) and
adjusts amplitude and phase (e.g., in LVM 111) to maintain
optimal phase and amplitude matching of the carrier loop.
[0077] Discussed below is one example for control of the
carrier cancellation path of the feed-forward self-interfer-
ence cancellation path. First, the phase and magnitude of the
LVM 111 in the carrier cancellation path are swept over their
usable range to find an operating point that is close to the
optimal operating point of the system (e.g., the operating
point that minimizes the carrier power at the output of the
feed-forward self-interference cancellation path). With
regard to LVM 111, the power measurement for control is a
broadband power measurement of the signal at the output of
coupler 119. Once the sweep has completed, controller 121
utilizes a “perturb and observe” algorithm to find the optimal
operating point. It changes the magnitude and phase by
small steps; if the cancelled carrier power decreases by
changing either value in a given direction, then that direction
is closer to the optimal operating point. Otherwise, if the
power increases, then the operating point is in the other
direction, and controller 121 switches directions of magni-
tude and phase values. This may be done periodically.
[0078] Control of the error cancellation path using LVM
116, for example, is similar to the carrier cancellation path,
with the exception that power measurement of the error
cancellation path is a sample of the output signal 109. This
sample may be fed through a super-heterodyne receiver to
limit the power measurement to the desired receive channel.
Otherwise, control for the two methods is similar.

[0079] Controller 121 has control over the tunable, con-
trollable or switchable elements shown in FIG. 1B and
include magnitude and phase of LVM 111, LVM 116, filter
103, filter 113 (e.g., tunable or switched), or other control-
lable elements to be included as determined to be needed on
an application-to-application basis. For example, filter 103
and filter 113 shown in FIG. 1B may be used, but filter 103
and filter 113 are not necessary in many applications. In
addition, controller 121 may control other elements such as
FFTs, IIR filters, and other digital elements which discussed
generally herein.

[0080] FIG. 1E illustrates another exemplary topology and
elements of feed forward cancellation that is similar to what
is shown in FIG. 1B. Some of the common elements as
shown in FIG. 1B have the same numbers as shown in FIG.
1E. Many of the elements shown in FIG. 1E are optional and
may be removed. Elements (e.g., gains, delays, or power
detectors) shown in FIG. 1E may be removed or reposi-
tioned to accommodate different goals of effectiveness of the
system.

[0081] As shown by the arrows, there are multiple alter-
native filter locations. Loop 98 (carrier cancellation loop)
and loop 99 (interference/error cancellation loop) of FIG. 1E
have different elements than what is shown in loop 98 and
loop 99 of FIG. 1B. System 95 of FIG. 1E provides an
example of the use of the feed forward cancellation method
with the digital cancellation method. The connection and
configuration of system 95 to the feed forward cancellation
method is similar to digital residual interference cancellation
loop 1206 as connected with feed-forward self-interference
cancellation loop 1204 shown in FIG. 12B.
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[0082] With continued reference to FIG. 1E, in the inter-
ference cancellation loop (loop 99), there may be a compo-
nent called a power detector that goes to a controller. The
controller is sensing the analog power, which is primarily the
carrier power that makes it through the carrier cancellation
loop (loop 98). Carrier cancellation occurs in the coupler
119. The residual amount that is not successfully canceled
may be fed into the optional power detector. The power
detector gives an output voltage that responds to the carrier
power. Controller 121 may be used to minimize the voltage
at that location. Controller 121 makes use of the output of
the power detector. Controller 121 may adjust the amount of
attenuation (attenuator 94) and the amount of phase shift
(phase shifter 93), such that it minimizes the amount of
detected carrier power, in order to stabilize the carrier
cancellation loop (loop 98). If the controller is digital then
there may be one controller. There also may be multiple
separate controllers when the carrier cancelation is done in
a fully analog way. The use of separate controllers may be
faster and could prove advantageous. For example, in secure
communications there may be a need to change frequencies
quickly and a fast stabilization loop may be preferred with
an analog method

[0083] Those skilled in the art will certainly recognize that
elements of the feed-forward self-interference cancellation
of FIG. 1B and FIG. 1E may be configured for applications
for use with different air interfaces or Radio Access Tech-
nologies (RAT) and for operation in different bands as well
as at different power levels. And gains, coupling losses and
power amplifier and other gain elements as well as feedback
control parameters may be applied appropriately to a given
application of the art of the present invention. For example,
the disclosed components of the systems and methods may
be electronically reprogrammable via controller 121 so
operation may happen over many bands.

Digital Self-Interference Residual Cancelation

[0084] FIG. 2 illustrates receiver based processing which
enables cancellation of Power Amplifier generated noise
which occurs in the receive band across the receive band.
Signal A, the transmit signal is input to antenna means for
transmission of signals to subscriber units or other trans-
ceivers. Tone generator generates two fixed tones which are
constant during the operation of the system as well as swept
tones which are periodically applied during the operation of
the system to enable characterization of the channel between
the transmitter and the receiver. Tone generator includes up
conversion functions to enable transmitting the tones coin-
cident with the band of operation of the RX signal.

[0085] Further to FIG. 2, the Transmit signal is sampled
via coupler 2 and input to filter 3, which reduces the power
of the Tx carrier. The output of filter 3 feeds into low noise
amplifier 7 to generate the RX1 signal 10 which is a
composite signal used in further digital process as a refer-
ence signal which contains the tones which were injected
into the transmit path as well as the residual noise generated
by the power amplifier which occurs in the receive band.
[0086] As also shown in FIG. 2 a receive signal F which
is obtained from receive antenna functions includes the
residual noise from the power amplifier which occurs in the
receive band after transmit carrier cancellation as well as the
tones which were injected into the transmit signal and also
includes the desired receive signal from which residual noise
is to be further cancelled. The receive signal F is amplified
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via low noise amplifier 8 to obtain the RX2 signal 9 which
is further processed to remove residival transmit noise.
[0087] According to another aspect of the disclosure,
digital self-interference residual cancellation samples the
output of the power amplifier before the antenna and then
subtracts this sample from the received signal from the
antenna. To do so, the system injects tones into the receive
channel to characterize the frequency response of the chan-
nel with respect to both amplitude and phase across the
channel. With this characterization information, the sampled
data can be equalized to be the same as the received signal
and subtracted successfully. In summary, injected tones are
a reference that goes through the same distortion as the
self-interference signal, which allows for the inversion of the
distortion of the self-interference and, therefore, broadband
cancellation of the interference from the received signal.
[0088] Isolation between transmit and receive bands on
the order of 20 to 40 dB may be obtained with digital
self-interference residual cancellation, depending on the
degree of match in both phase and amplitude between the
compensating signal and the residual transmit signal across
the receive band channel as seen at the input to the receiver.
[0089] FIG. 5A illustrates an exemplary digital residual
noise cancellation system (or generally, an interference
cancellation system) used as a stage of Tx-Rx self-interfer-
ence cancellation before the received signal is processed by
the physical layer of the radio. The digital residual noise
cancellation system uses a sample of the transmit signal
before the transmit antenna of a device (e.g., signal based on
the sample from coupler 2 of FIG. 2). The sample of the
transmit signal is referred to as Rx signal 149, which
includes the injected tones, and may be used to determine
which part of the received signal (Rx signal 131) is transmit
interference. Once the transmit interference is determined it
may be removed from the Rx signal 131. Rx signal 131
includes the interference plus the tones plus the desired
signal. As discussed herein, to determine and remove the
transmit interference, the system continuously injects two
tones (constant during the operation of the system) just
outside the receive channel and periodically sweeps a third
tone through the channel.

[0090] It has been determined that the injected tones add
only a very small degradation to the desired signal. The
levels used for the injected tones are controllable and
advantageously enables transmission of these tones at levels
which are just large enough to allow them to be seen in the
receive band, but small enough that they add minor degra-
dation to the operation of the system. The level of the tones
may be significant. If the tones are too large then they
degrade the performance of a system, because there is
limited dynamic range in the receiver. The tones should be
loud (i.e., large) enough to meet a signal to noise ratio that
give valid results for the IIR filter (e.g., IIR filter 146). The
tones should be loud (i.e., large) enough to meet a signal to
noise requirements of the rest of the system while respecting
the dynamic range limitations of the system For example,
there may be a receiver that has a 60 dB dynamic range and
a goal may be to try to cancel 30 dB of interference. In this
scenario the power of the tones can be adjusted such that
they are above the interference level but below the 60 dB
limit, giving up to a 30 dB range of valid power levels,
depending on the required SNR. Therefore tones should be
between 20 dB and 30 dB above the interference level. The
tones should be large enough so that they are greater than the
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interference level, but less than the dynamic range of the
receiver. The digital residual noise cancellation system dis-
cussed herein may operate at baseband.

[0091] With continued reference to FIG. 5A, a first stage
in the system 130 may compensate for imbalances in 1/Q
compensator 132 and 1/Q compensator 148 for RX signal
149 and Rx signal 131, respectively, used to compensate for
gain and phase imbalances that might have occurred during
down conversion using one of the fixed tones mentioned
above (e.g., the fixed tone at the lower edge of the reception
band). If these imbalances are left uncompensated, they lead
to skew and rotation in the received constellations, which
reduces the amount of cancellation. The compensation algo-
rithm uses one of the two fixed tones mentioned above (e.g.,
the fixed tone at the lower edge of the reception band) and
minimizes a power of the image tone at the negative of the
frequency of the image tone.

[0092] Regarding 1Q Compensators 132 and 148 (‘I” for
in-phase and ‘Q’ for quadrature phase, as known to one of
ordinary skill in the art), the distortion from IQ imbalance
can be characterized by a matrix E=[1, 0; -g sin(¢), g
cos(¢)], where g is a gain mismatch between the two arms
of the 1Q compensator 132 and/or the 1Q compensator 148
(each having a respective IQ demodulator), and ¢ is a phase
mismatch between the two arms. In one aspect, a processor
(not shown) in a controller 121 is configured to compute the
inverse of E (i.e., a matrix E™') and apply the inverse matrix
to the received digital data so that the original non-distorted
constellation can be processed. The inverse of E is therefore
E~'=1/(g cos(¢)*[1, 0; gsin(¢p), 1]. Further, a non-transitory
or tangible computer-readable medium (not shown) may be
connected to the processor. Such computer-readable
medium may store computer executable instructions, which
when executed by the processor cause the processor to carry
out the various features and functionalities of the disclosure.
Such non-transitory computer-readable medium may
include memory devices such as read-only memory (ROM),
random access memory (RAM), and the like, or combina-
tions thereof.

[0093] In an embodiment, a structure as shown in subsys-
tem 600 in FIG. 6 can be used to nvert the distortion in the
received signal. The subsystem 6001 is included inside each
of the IQ compensators 132 and 148. In FIG. 6, a complex
input signal S,, at an input 167 (representing the received
signal at a receiver) is first separated into its real and
imaginary parts or components in a module 168, which are
respectively multiplied by coefficients c1 stored in a module
169 and c2 stored in a module 170, respectively, by multi-
plier 171 and adder 172. The imaginary component obtained
from the module 168 is combined with the output of the
multiplier 172 by adder 173. The signals at the inputs of a
combiner 604 are both real signals. Therefore, the output of
the adder 173 is real. The signal at the output of the
combiner 604 is a corrected signal. In other words, if the
input 167 receives S,,,, then an output of block the combiner
604 is E~'%s.

[0094] In one aspect of this disclosure, one or more
feedback loops 702 and 704 to calculate the coefficients c1
and c2 in FIG. 6 may be deployed. Here the subsystem 600
is described with respect to the feedback loops 702 and 704
in a subsystem 700 in FIG. 7. A fixed tone is injected in a
transmission signal and an image of the fixed tone is
observed in the received signal. For example, if the fixed
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tone injected is at a frequency f,,,., the image tone is at
—{ e the goal of the feedback loops is to minimize the
power of the image tone.

[0095] This is accomplished in the subsystem 700 by
taking a Fast Fourier Transform (FFT) 708 after buffering
the incoming signal 602 at a buffer 706 and multiplying at
a multiplier 710, the values of FFT bins 713 and 714 by
constants 716 and 718 corresponding to the fixed tone and
its image tone. In one aspect, the buffers are optional and
alternative functional elements may be used by one of
ordinary skill in the art in view of this disclosure. The result
is that if the image tone’s magnitude is dropped to O, the
product in complex form at a module 712 will also be zero.
The imaginary part of the output of the module 712 is fed to
a negative unity gain buffer 720 of the feedback loop 702
and the real part of the output of the module 712 is fed to a
unity gain buffer 722. The resulting error signal at an output
of'the multiplier 710 is split into its real and imaginary parts,
which are fed through integrators 724 and 726 (which are
rate translated by rate translators 728 and 730, respectively,
and which are preceded by the buffers 720 and 722, respec-
tively as well as an adder 732 which adds an offset 734) to
force the DC error to 0. This is similar in concept to how a
Costas Loop locks to an incoming complex signal and
separates out the I and Q components. In one aspect, the
buffer 722, the offset 734, and the adder may be optional and
may be replaced by a single negative unity gain block.
[0096] In one aspect of this disclosure, the next stage of
the system 130 is configured to equalize the differences in
magnitude and phase variation seen between the Rx signal
131 and the Rx signal 149. Because the interference from the
transmitter 100 must be removed over the entire bandwidth
of the receive channel shown in the subsystem 130, it is not
good enough to simply match the magnitude and phase at a
single frequency and then subtract the two signals. To
accomplish this characterization, a tone is periodically swept
through the receive channel at a discrete number of frequen-
cies, and the power of that tone at each port is measured and
processed. This tone is referred to as a swept tone, and the
discrete frequencies may be equally spaced in the receive
band.

[0097] Measurements of magnitude and phase of the down
converted swept tone at each of the discrete frequencies are
made via an FFT 133. Further, measurements are made at
each of'k discrete frequencies of the swept tone to determine
a measured H, where:

[0098] H, is the measurement of H(e/”,)
[0099] ., and.
[0100] H, is the measurement of H(e/*,), where H denotes

a transfer function such that H(e™) is the frequency-domain
representation of the difference between the path from the
output of the transmitter 100 to Rx ports RX1 and RX2 in
FIG. 5A receiving the signals 131 and 149. If X(¢") as the
frequency-domain representation of the transmitted signal.
Then R1(¢”™) is the portion of the transmitted signal that is
received at Rx port RX1 and R2(e/™) is the portion of the
transmitted signal that is received at Rx2. It will be appre-
ciated that RX1 is the port that receives a sample of the
transmitted signal and RX2 is the normal receive port for the
system. Then H is (R2/X)/(R1/X)=R2/R1 where & has been
dropped for clarity of this equation defining H.

[0101] Advantageously, the value of k is controllable by
the controller 121 for a given instance of the system 130.
The higher the value of k, the number of measurement points
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across the receive band, the more likely it is that the IIR filter
146 will be able to match the frequency response well. By
way of example only and not by way of limitation, imple-
mentations of the system 130 have shown that values of'k as
small as 47 yield cancellation results which can meet
applications requirements in many applications.

[0102] Within software in the controller 121, tables of
values of H, for both magnitude and phase are determined
for a given measurement cycle (e.g., a swept tone measure-
ment cycle for that of the swept tone) normalized to an
angular frequency w,. Here, w,=2xf,/Fs where f, is the
frequency of a given discrete tone and Fs is the sampling
frequency.

[0103] FIGS. 8A and 8B illustrate the measured data with
respect to both magnitude and phase across the receive band.
The plots define the channel response estimate for the
channel between the transmitter and the receiver. In FIG.
8A, a best-fit curve shown as the continuous line curve for
the magnitude of the samples of the received signal (e.g., the
Rx signal 149). The samples are illustrated as circles in the
curve in FIG. 8A. Likewise, in FIG. 8B, a best-fit curve
shown as the continuous line curve for the phase of the
samples of the received signal (e.g., the Rx signal 149). The
samples are illustrated as circles in the curve in FIG. 8B.

[0104] Further elements shown in FIG. 5A enable the
generation of a cancellation signal which is inverted and
added at an adder 135 to the Rx signal 131 to cancel the
residual transmitter noise to obtain a desired signal 134
which is then provided to further components of the receiver
for demodulation and further baseband processing. An Infi-
nite Impulse Response (IIR) filter 146 generates an IIR
response for each of the Rx signal 131 and the Rx signal 149
and periodically updates this response during the operation
of the system 130 in order to properly filter the interference
seen in the Rx signal 149 with respect to magnitude and
phase across the reception band. Generation of the coeffi-
cients of the IR filter 146, which has p zeroes and q poles,
p and q being integers, is done in conjunction with a
least-squares estimator 147 which attempts to provide the
best fit of the IIR response to the measured response of the
system 130 over the receive band.

[0105] The Infinite Impulse Response Filter transfer func-
tion in the z-domain is represented by:

Glo=(agta,z ™'+ . . . +a,zP)/(1+b 27"+ . . . +b 779 1)
[0106] The Equivalent IIR filter transfer function in the
frequency domain is represented by:

G(e")=(ay+a,(cos O—F sin W)+ . . . +a,,(cos pw-j sin

®)/(1+b,(cos w—j sin ®)+ . . . +b (cos go~j sin
qo) 2)
[0107] The IR transfer filter can also be represented by:

G("")=N(w)/ Di)~(a(0)+/B(w))/(o(w)+H(w)) 3

[0108] If we set a,=a,”+ja,’ and b,=b,"+jb,/ and we repre-

sent the desired Transfer Function of the IIR filter 146 to be
F(e’®) then,

F()=R()+jI(€"®) @

[0109] If the Error between the desired transfer function
and the actual transfer function is represented by &(w)

Then, &(@)=F(0)-G(®)=F(0)-N(0)/D(w) )

and §(@)D(w)=F(0)D(@)-Mw) Q)
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Further,
a(w)=ag+(a,” cos w+ad sin W)+ . . . +(a,” cos

po+ay sin pw) (6)
S(w)=ag+(ay cos w—a,” sin ©)+ . . . +a,” cos

w-a,” sin pw) (7

O(@)=1+(b," cos w+b{ sin )+ ... +(b," cos ga+b;
sin gw) (®)

T(0)=(b{ cos w-b," sin W)+ . .. +(b] cos qu—b," sin
qw) ©)

[0110] It further follows that DE=(R+jI)(o+jt)-(a+jf) . . .
(10) or,

Dé =Ro —It+ jUoRT) —a — jB (1D

or

k

D¢ = (Ro — It — @) + j(lo + Rt — ) = A(w) + jB(w) (13)
[0111] At discrete angular frequencies the magnitude
squared of DE is then

ID(0)E(00) P =47 (00457 (w0) (14)
[0112] The total error E is the error obtained from sum-

ming the errors at a set of m discrete frequencies.

m m (15)
E= ) ID@é@IP = ) [A%(@0) + B (@)
k=0

k=0

[0113] Thus,
m E=2[(Ry0u=Li03- 0+ 03t Ryty= )] 16)
[0114] If the partial derivative of E with respect to a,” is

taken, the error is minimized if this derivative is set to 0.

IE & a ] (1n

e é [—Z(rkﬂ'k — L _“k)al:r =20 oy + Rty _ﬁk)a_i:;
resulting in Equation (18) below:

OFE (13)

0= Z [Reo — Ikmy — oy )cos(ioy ) — (Iyoy + Ry7y — By )sin(a )]
=0

[0115] Similarly, if the partial derivative of the Error with
respect to a/, b/, and b/ are taken the following equations
(19), (20), and (21) respectively result.

dE/a = 19

0= Z [=(Reoy — letie — oy )sin(iwy ) — (kg + Ry Ty — i deos(iwy)]
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-continued
i (20)
AE/b =0= Z [(Riok — i — o M(Rycos(Ee ) + I sin(icoy ) +
k=0

(I oy + Ry = Br)Ugcos(iwy) — Rysin(icoy))]

and

E 2 o . @D
B_b‘-j =0= Z [(Ryor — Ity — g )(Rysin(icwy ) — Iycos(iwy ) +

(Ioy + Re7y = Bl sin(iewy) + Ry cos(iay )]

[0116] Using known matrix techniques for solving simul-
taneous equations the values of a, and b; for the IIR filter 146
are obtained which minimize the error between an output of
the IIR filter 146 and the measured self-interference channel
characterization. Advantageously, these calculations are
done periodically, dependent on the operational state of the
system 130, in order to update the IIR filter 146 parameters
as the self-interference channel changes.

[0117] A least mean squares curve fitting algorithm is
applied by the least squares estimator 147 in order to find a,,
and b, such that E, the sum of the absolute values of the
squares of the difference between the response of the IIR
filter 146 and the measured self-interference channel esti-
mate, is minimized.

E=3||H(e’",)-H,|P, for all values of k (0-k) (22)

[0118] Best fit of the IIR filter 146 values for a, and b,
when equations (19), (20), (21) and (22) above are mini-
mized by the processor in the controller 121. In an exem-
plary operational case, where p=q=12, fifty simultaneous
equations result, 26 for zeroes and 24 for poles. These
multiple equations can be expressed in terms of a matrix
which can be solved using known techniques. This same
procedure can then be followed for other possible combi-
nations of numbers of poles and zeros in order to find the
number of poles and zeros that minimize the error.

[0119] As real world channels between transmitter and
receiver in the system 98 and the system 130 within a
full-duplex transceiver are subject to constant change during
the operation of the system 130 and the system 98 and in
certain self-interference channel scenarios the actual chan-
nel response can exhibit scenarios where there are large
losses at one or more points across the receive band and/or
one or more large gains across the receive band, the actual
number of poles and/or zeroes of the IIR filter 146 can be
changed during the operation to provide the best fit between
the actual self-interference channel and the characterized
self-interference channel. As discussed, dependent on the
state of the self-interference channel during an instance of
the operation of the system 130, some value(s) or one or
more ai and/or bi may be zero which may be optimal and
represent the best fit for the given parameters of the IIR filter
146 for the given state of the self-interference channel. The
full-duplex transceiver can be located in a base station (e.g.,
a communications substation), a handset (e.g., a mobile
handset), a satellite, etc.

[0120] Least-Squares Algorithm. As described in the equa-
tions above for solving coefficients for a given filter structure
of the IIR filter 146. The equations around how the best
number of poles and zeros is algorithmically determined by
the following steps:
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[0121] 1. Start with the maximum number of poles and
ZEros.
[0122] 2. Compute the filter coefficients of the filter 146

that give the least-squares approximation to the measured
filter coefficients (using the equations above).

[0123] 3. Compute a residual error for this number of
poles and zeros. (E from above).

[0124] 4. Check that the poles are all within a radius of less
than 0.99. This ensures that the filter is stable and can be
realized easily (i.e., not marginally stable or unstable).
[0125] 5. Repeat steps 2-4 with one less number of zeros
each time until the number of zeros is 0 (i.e., only poles). Out
of all of these filters, pick the one with the lowest residual
error.

[0126] 6. Set the number of zeros to maximum again.
Repeat steps 2-5 with one less number of poles each time
until the number of poles is O (i.e., an FIR filter). Out of all
of these filters, pick the one with the lowest residual error.
[0127] Further to the stability of the IIR filter 146, the IIR
filter 146 is stable if all of its poles lie within the unit circle
(i.e., their magnitude is less than 1). This can be understood
by looking at the time-domain representation of a pole zp. In
the time domain, a pole at zp of the IIR filter 146 has the
form h[n]=sum(zp”). If Izpl<1, then Izp”|—>0 for large n,
and the series converges. If 1zpl/>=1, then the series diverges.
The placement of zeros does not affect stability (i.e., when
the IIR filter 146 has zeros outside the unit circle, the IIR
filter 146 is stable), but it does affect the response of the IIR
filter 146.

[0128] For a given number of poles (q) and zeros (p) of the
IIR filter 146, there are 2%*'+%) equations. This is because
the numerator has one more coefficient than the denominator
and all of the coefficients are complex.

[0129] Implementations of the disclosure yielded good
results for values of p=q=12. It is recognized by those skilled
in the art the higher the values of p and g, the more dynamic
features can be matched correctly by the IIR filter 146. Thus,
the system 130 may be algorithmically adapted or tuned for
a given application of the disclosure.

[0130] The output of IIR filter 146 may be fed directly to
position 135 along with Rx signal 131, which results in
removing interference for Rx signal 131, to create output
134 to receiver. The output of filter 146 is an equalized
version of the interference present on Rx signal 131 input.
The direct use of the IIR filter 146 output with no tone
comparison and associated components is preferably done
when there is minimal concern with regard to drift or gain
control updates of Rx signal 131.

[0131] With continued reference to FIG. 5A, it should be
understood that at times automatic gain control and tem-
perature may cause variations between the two paths (be-
tween Rx signal 131 path and Rx signal 149 path) that occur
on a faster timescale than the measurement of the channel
and calculation of new IIR coeflicients. Therefore, Fast
Fourier transform (FFT) block 133 and FFT block 140 may
be used to measure the magnitude and phase of a fixed tone,
such as the second fixed tone, on each path. The magnitude
and phase are then compared at comparison block 136, and
the results are fed into integrators in order to make adjust-
ments so that there is no DC offset between the two paths in
both magnitude and phase. The outputs of these integrators
(e.g., phase loop filter 141 and gain loop filter 144) are then
used to adjust the IIR filter 146 output so that the output of
phase shifter 143 has the same magnitude and phase as the
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receive signal input (Rx signal 131). The resulting signals
are then subtracted at 135, which removes interference from
Rx signal 131 (the received signal). As shown in FIG. 5A,
the output of the Variable Phase Shift element 143 is input
to a complex multiplier 166 which multiplies the output of
the variable phase shift element 143 by a complex multi-
plication factor, as is further described below, to shift the
output of the Variable Phase Shift element 143 with respect
to both amplitude and phase. This is done before a com-
parison is made at comparator 135 in order to scale the
signal output by the Variable Phase Shift element 143 to
optimize the effect of the scaled compensation signal output
by the complex multiplier 166. Here, the scaling is done with
respect to both amplitude and phase using a complex scaling
factor. The resulting signals are then subtracted at the adder
135, which removes interference from Rx signal 131 (the
received signal). Various aspects of this disclosure may
include a system where just the fixed tone is used and not the
swept tones or the IR filter. Vice versa, just the IIR filter 146
and the swept tone may be used and the fixed tone may not
be used. Finally, both may be combined where the IIR filter
146, the fixed tone, and the swept tone are all used.

[0132] FIG. 5D further illustrates the operation of the
complex multiplier 166. Here, a representation of a magni-
tude on an axis 802 of H(e) is shown for illustrative
purposes. This shows another example of measured ampli-
tude circuit response as previously illustrated in FIGS. 8A
and 8B. The magnitude scale on the axis 802 is in dB and a
frequency scale on an axis 804 is in normalized angular
frequency 2itf. A similar representation as previously also
shown in FIGS. 8A and 8B would apply for the phase of
H(e’”) but is not shown as the processes described below for
both magnitude and phase are similar.

[0133] A best fit curve is generated using Least Square
functions in the least-squares estimator 147 of FIG. 5A. The
best fit curve is as a curve 808. Two other representations of
the best fit curve are shown as curves 810 and 812. The
curves 810 and 812 have exactly the same shape as the best
fit curve 808 with the exception that for the curve 812, the
entirety of the curve 812 is translated to pass directly
through a measurement point 816, which has been made at
the normalized frequency of zero, i.e., at a middle of the
band of interest. The curve 810 has been translated down to
pass directly through a point 814, which occurs at the
frequency of the fixed tone used for automatic gain control.
Here, as further illustrated in FIG. 5D, if the curve 808
anchored at the measurement point 816 measured at the
center of the band of interest for a given application of the
disclosure, the error magnitude is illustratively shown by an
error magnitude curve 820.

[0134] Illustratively, outside the region in the center of a
curve 820 indicating an error magnitude, the error magni-
tude is on the order of —15 db, while at the center of the
curve 820, the error magnitude is on the order of -35 db.
Thus, for example, if the system 98 and the system 130 were
deployed in a narrowband air interface, error performance is
illustratively better in the center of the band as is favored by
the spectral shape of the signal. The bandwidth of the
improved region as well as the actual shape of the error
magnitude curve is dependent on how well the infinite
impulse response of the IIR filter 146 of FIG. 5A matches the
actual circuit response of the self-interference channel
formed between the transmitter 100 and the receiver 500 of
a full-duplex transceiver.
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[0135] Alternatively, if the curve 808 is anchored on a
fixed tone 814, the error magnitude 818 is as is illustratively
also shown in FIG. 5D. Here, the error magnitude 818 shows
improved error performance around the fixed tone 814
frequency. Again, outside the improved error performance
region, the error magnitude is on the order of -15 db while
the error performance can be improved to be on the order of
-35 db. Further, the bandwidth of the improved region as
well as the actual shape of the error magnitude curve is
dependent on how well the IIR filter 146 generated matches
the actual circuit response of the self-interference channel.
Thus, as can be seen, the actual anchor point which may be
optimal for a given application may not be either point, and
may be optimal if the curve 808 is anchored at another point.
A complex correction multiplier is generated according to
the relationship)

Ho/H(e/)xH(e/)/H, (23)

[0136] Here, H,, is actual measured value at the center of
the band of interest at a normalized angular frequency of w;
His the actual measured value at a given angular frequency
wg; H(e ©9y is the IIR filter 146 response at the center of the
band of interest and H(e’*) is the IIR filter 146 response at
a given frequency.

[0137] This correction multiplier is a complex multiplier
(similar to the complex multiplier 125) accounts for both
amplitude and phase. Not shown in FIG. 5A, the correction
multiplier is computed in the controller 121 or in the
alternative, in another computing element (not shown in
FIG. 5A).

[0138] The scaling factor was chosen in this manner to
offset the effects of the feedback loop formed by the FFT
140, the comparison block 136, the phase loop filter 141, and
the gain loop filter 144 that uses the fixed tone 814. The
feedback loop ensures that after the multiplier 145 and the
phase shifter 143 (also referred to as the phase shift element
143), the magnitude of the fixed tone 814 is the same on both
paths at the frequency of the tone. This complex scaling
factor introduced by the complex multiplier 166 shifts that
result from being true around the fixed tone 814 to instead
be focused on the center of the band of interest.

[0139] Computation of the scaling factor is periodically
done during the operation of the system 130 and the system
98 as the circuit response is re-determined using self-
interference channel characterization swept tone sweeps,
re-computation of the channel characterization and re-com-
putation of the least square circuit response at the least
squares estimator 147.

[0140] FIG. 5B illustrates an exemplary method that
accounts for variations in the received signal (Rx signal 131)
and the output of the IIR filter 146, which is based on the
sample of the transmit signal (Rx signal 149). At block 161,
a magnitude and a phase of a tone in a receive signal (e.g.,
Rx signal 131) is determined. The magnitude and phase may
be determined based on the use of a Fast Fourier Transform
(FFT) or the like. As illustrated in FIG. 5A, FFT 133 may be
used to determine the magnitude and phase of a fixed tone
in Rx signal 131. At block 162, a magnitude and a phase of
a tone of a sampled transmit signal (e.g., Rx signal 149) is
determined. The sampled transmit signal may have been
through an IIR filter, such as IIR filter 146. For example,
FFT 140 of FIG. 5A may be used to determine the magnitude
and phase of the fixed tone of the sampled transmit signal.
At block 163, the magnitude and phase of the tone of the



US 2017/0019136 Al

receive signal and the tone of the sampled transmit signal
may be compared. For example, comparison block 136 of
FIG. 5A may compare the magnitude and phase of the tones.
[0141] With continued reference to FIG. 5B, at block 164,
the magnitude of the sampled transmit signal is adjusted
based on the comparison of block 163. For example, with
reference to FIG. 5A, gain loop filter 144 may be fed results
of the comparison block 136 along segment 137. The output
of gain loop filter 144 is used to adjust IIR filter 146 output
(which is based on the sampled transmit signal) so that the
output of the phase shifter 143 has the appropriate magni-
tude to cancel interference in Rx signal 131 (the receive
signal). At block 165, the phase of the sampled transmit
signal is adjusted based on the comparison of block 163. For
example, with reference to FIG. 5A, phase loop filter 141
may be fed results of the comparison block 136 along
segment 138. The output of phase loop filter 141 is used to
adjust IIR filter 146 output (which is based on the sampled
transmit signal) so that the output of the phase shifter 143
has the appropriate phase to cancel interference in Rx signal
131 (the receive signal).

[0142] Insome situations digital filters, such as FIR or IIR
operating at baseband on the digital samples, may be used to
remove noise before the “clean” sample of output 134. In
other situations RF filters may be removed as may be useful
in some software-defined operational modes.

[0143] The final stage of the digital self-interference
residual cancellation is a set of feedback loops that keep the
system stable between the equalizations mentioned above.
The loops, such as the loop with phase loop filter 141 and the
loop with gain loop filter 144, regulate the magnitude and
phase of the sampled signal so that when the Rx signal 131
and Rx signal 149 are subtracted, the power in the fixed tone
(e.g., the second fixed tone) used for automatic gain control
(AGC) is minimized.

[0144] For additional perspective, a discussion of auto-
matic gain control (AGC) as associated with digital self-
interference residual cancellation is provided below. Since
the two receivers have independent AGC loops, there are
conceivable situations where the AGC on one receiver will
change suddenly. The feedback loops, such as the loop with
phase loop filter 141 and the loop with gain loop filter 144,
in the system that try to match the magnitude and phase of
a second fixed tone between the two paths are designed to be
fast enough that they can compensate for the sudden change
in gain that would result from an AGC update. Note that in
this case, each receiver is assumed to have independent AGC
control, so no coordination is assumed between them. This
allows each receiver to compensate for sudden power
changes at its input. It is expected that Rx signal 149 AGC
will remain relatively stable since it is measuring a known
signal sampled from a power amplifier output (e.g., power
amplifier 104 of FIG. 1B).

[0145] As discussed herein, the compensated signal based
on the output of block 132 and block 143 of FIG. 5A of the
two feedback loops is subtracted from the receive signal (Rx
signal 131). The result of this subtraction is the output of the
noise canceller and contains output 134 to receiver in which
transmit residual noise interference is greatly reduced in
power. Here, with regard to the output 134, the transmit
interference in the receive band has been cancelled or
attenuated by some amount.

[0146] Controller 121 may exert control over the elements
of system 130. Illustratively, in implementations of system
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130, coefficients and other data that apply in a given mode
of operation of system 130 can be calibrated and stored for
invocation as needed throughout the operation of system 130
for given modes of operation during given instants of
operation of system 130. Thus, multi-band, multi-radio
access technology operational modes can be changed by
controller 121 as needed. This enables, for example, high
security operation where the mode of operation of the
system including bands can be changed on the fly.

Self-Interference Channel Estimation Example

[0147] FIG. 5C illustrates a flowchart illustrating opera-
tions of a method 2100 for characterizing a self-interference
channel of a full-duplex transceiver including the transmitter
100 and a receiver 500. The method 2100 may begin in an
operation 2102 in which the fixed tone and the swept tone
are generated at the transmitter 100 of the full-duplex
transceiver. The fixed tone and the swept tone may be
digitally generated by the controller 121 and then converted
into corresponding analog signals by a digital to analog
converter at the transmitter 100. The fixed tone may be
generated to have an analog frequency above an upper edge
of the reception band of the receiver 500. The swept tone
may be generated to have a frequency ranging from a lower
edge of the reception band to an upper edge of the reception
band. The swept tone may be generated periodically at
discretely spaced frequencies within the reception band. The
fixed tone and the swept tone may be injected to a message
signal to be transmitted by the transmitter 100.

[0148] In an operation 2104, the controller 121 of the
transmitter 100 up-converts the fixed tone, the swept tone
and the message signal to radio-frequency corresponding to
the transmission band of the transmitter 100. The up-
converted signal is the transmission signal.

[0149] In an operation 2106, a sample of the transmission
signal is provided to the receiver 500, collocated with the
transmitter 100. The sample provided to the receiver 500 is
free of external noise and degradation due to the self-
interference channel formed between the transmitter 100 and
the receiver 500.

[0150] In an operation 2108, the transmission signal
including the message signal, the fixed tone, and the swept
tone that changes frequency from below an upper edge to
above a lower edge of the reception band of the receiver 500
is transmitted. The fixed tone is used for the fast feedback
loop used for AGC and temperature compensation.

[0151] In an operation 2110, at the IIR filter 146 of the
receiver 500, an infinite impulse response of the self-
interference channel based upon a reception of the swept
tone swept at each frequency in the reception band is
determined using the equations 1-22 above.

[0152] In an operation 2112, the self-interference channel
between the transmitter 100 and the receiver 500 is esti-
mated based upon the coefficients of the IIR filter 146, as
also discussed in the equations 1-22 above. The self-inter-
ference is known from the transmit sample that is fed into
the system as the signal 149. The purpose of the IIR filter
146 is to equalize the frequency response that has been
applied to signal 131 and signal 149 so that they can be
subtracted with an equivalent frequency response, leading to
broadband cancellation.
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Tone Based IQ Compensation Example

[0153] Referring to FIG. 5E, a method 2200 for in-phase
and quadrature phase (IQ) compensation in a frequency
division duplex transceiver including the transmitter 100 and
the receiver 500 are illustrated. The method 2200 may begin
in an operation 2202 in which a fixed tone at a frequency
lower than a lower edge of the reception band may be
generated. The generation of the lower edge fixed tone may
be carried out digitally by the controller 121 in the trans-
mitter 100 prior to any transmission of a message signal by
the transmitter 100.

[0154] In an operation 2204, the fixed tone and the mes-
sage signal may be up-converted for transmission as a
transmission signal in the radio frequency domain. The
up-conversion may be to a frequency of transmission in the
transmission band of the transmitter 100.

[0155] In an operation 2206, the transmission signal
including the fixed tone and the message signal may be
transmitted by the transmitter 100.

[0156] In an operation 2208, the receiver 500 may receive
a portion of the transmission signal including the fixed tone
and the message signal as a reception signal. In one aspect,
the reception signal may be down-converted to a lower or
intermediate frequency before a processor in the controller
121 may process the reception signal. It will be appreciated
that such down-conversion is part of a normal operation of
the receiver as other received signals may be down-con-
verted by the receiver 500, in addition to the leaked trans-
mission signal received as the reception signal in the opera-
tion 2208.

[0157] In an operation 2210, the processor of the receiver
500 may determine a gain mismatch (g) and a phase mis-
match (¢) between an in-phase (I) component and a quadra-
ture (Q) phase component of the reception signal by detect-
ing an image tone of the fixed tone in the reception signal.

[0158] In an operation 2212, the image tone is minimized
to compensate the gain mismatch and the phase mismatch
between the 1 and Q components of the received signal by
the processor. The minimization may include computing, at
the processor, the FFT 140 of the reception signal (also
referred to as the received signal) or forcing to zero a
product of a bin corresponding to the fixed tone and a bin
corresponding to the image of the fixed tone, outputting, at
the processor, to index into the FFT result to obtain the result
in a particular bin (corresponding to the frequency of the
fixed tone and its image), the FFT 140 by a first constant
corresponding to the fixed tone to result in a first product and
by a second constant corresponding to the image tone
corresponding to a second product, combining, at the pro-
cessor, the first product and the second product to form an
error signal, splitting, at the processor, the error signal into
a real error component and an imaginary error component,
integrating, at the processor, the real error component and
the imaginary error component to force a DC error in the
error signal to zero, splitting the reception signal into a real
component and an imaginary component, multiplying the
real component by a first coefficient and the imaginary
component into a second coefficient, adding the imaginary
component after the multiplying by the second coefficient to
the reception signal, and combining the imaginary compo-
nent in the reception signal after the adding to the real
component after the multiplying by the first coeflicient as an
input to the FFT 140.
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[0159] In one aspect, the minimizing may be performed
using a feedback loop in the receiver, the feedback loop
including the gain loop filter 144 for minimizing the gain
mismatch and the phase loop filter 141 for minimizing the
phase mismatch. Throughout this disclosure the term “mini-
mizing” or “minimize” may include a scenario where the
quantity to be minimized is forced to zero using binning. In
another aspect, the minimizing may include determining, at
the processor, a matrix E as E=[1 0; —g sin ¢, g cos ¢],
determining, at the processor, an inverse E-1 of the matrix E,
and applying the inverse E-1 to the received signal for the
compensating.

[0160] Simulations of system 130 have shown the degree
of isolation improvement or interference cancellation that
can be obtained with system 130. These results have been
verified against actual implementation of the system. The
results of these simulations are based on the accuracy of
phase and/or amplitude error between the residual error
compensation signal and the actual received signal. FIGS.
9A-D illustrate the degree of improvement in isolation
which are obtainable for different combinations of amplitude
error or phase error. Thus, as is seen, implementations of the
system may be optimized for given applications according to
isolation needs.

[0161] FIG. 3 illustrates a tone generation function used as
part of the digital residual interference cancellation loop
according to an aspect of this disclosure. Prior to transmis-
sion, a lower band edge fixed tone 9, an in band swept tone
10 swept at discrete frequencies, and an upper band edge
tone 11 may be combined and up-converted at an up-
converter 302.

[0162] Exemplary results of operation of the canceller are
shown in FIGS. 4, 10 and 11. FIG. 4 illustrates Rx signal 149
and Rx signal 131 for an exemplary 5 MHz LTE case. Signal
175 is the received signal (e.g., Rx signal 131) containing a
5 MHz LTE signal, a Tx interference signal that is roughly
20 dB above the thermal noise floor, and the tones used for
cancellation. Signal 173 is a low-pass filtered version of the
compensated sampled signal (e.g., Rx signal 149 path after
the variable phase shift 143 in FIG. 5A). During normal
operation, the tones in the Rx channel will not be present
unless an equalization operation is occurring. Signal 174 of
FIG. 4 shows the output a digital self-interference residual
cancellation system (e.g., output 134 of system 130), which
illustrates the previously buried LTE signal and the expected
20 dB of interference cancellation to the noise floor of the
receiver. The ability to cancel all the way to the thermal floor
of the receive means that this digital self-interference
residual cancellation system can be used with no degrada-
tion of the radio’s noise figure. The radio’s noise figure is the
degradation of the signal to noise ratio of the system. If there
is an inability to cancel to the thermal noise floor, the
sensitivity would be less than optimal, so that could be
described as either lower sensitivity within the radio or a
higher system noise figure for the radio.

[0163] FIG. 10 shows an operation where some interfer-
ence cancellation has occurred using feed-forward self-
interference cancellation, but without application of the
digital self-interference residual cancellation as disclosed
herein. Multiple representations of the de-modulated 5 MHz
LTE waveform before digital interference cancellation are
shown in FIG. 10. In block 181, the signal constellation is
shown, while in block 182, OFDM Error Vector Spectrum is
shown. At block 183, the spectrum is shown and at block
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184 a summary of error elements is shown. Since residual
noise has not been cancelled, the constellation is collapsed
and the data are unrecoverable.

[0164] FIG. 11 shows operation with both the interference
cancellation using feed-forward self-interference cancella-
tion and digital self-interference residual cancellation is
applied. Here, multiple representations of the de-modulated
waveform after digital interference cancellation are shown
as in FIG. 10 when digital interference cancellation is not
applied. Block 186 of FIG. 11 shows the signal constellation,
block 187 shows the OFDM Error Vector Spectrum, block
188 shows the spectrum, and block 189 shows a summary of
error elements. The signal is recovered from far beneath the
interference. Error vector magnitude is marginally affected
due to the presence of the tones, however, this is a temporary
condition as channel characterization tones are only swept
across the band periodically. As shown, however, even in the
presence of channel characterization tones the Error Vector
performance is good.

Self-Interference Cancellation Antenna
Methods

[0165] FIG.12A illustrates a self-interference cancellation
system according to an aspect of the disclosure. In FIG. 12A,
a feed-forward self-interference cancellation loop (FIG. 1A)
and a digital residual interference cancellation loop (FIG. 2)
are connected in tandem. In an embodiment, the transmit
signal 1202 sourced by modulation and baseband processing
functions may be input to the feed-forward self-interference
cancellation loop 1204. The feed-forward self-interference
cancellation loop 1204 may include a power amplifier. In
certain embodiments, the high power signal 1210 may
include residual noise after carrier cancellation the feed-
forward self-interference cancellation loop 1204 and input to
the digital residual interference cancellation loop 1206. The
high power transmit antenna signal 1212 may either be fed
to a transmit antenna or to further isolation mechanisms (as
seen in FIGS. 13-16). In some embodiments, the receive
signal 1214 may be either sourced by a receive antenna or
further isolation mechanisms (e.g., FIGS. 13-16). In the
present disclosure, the isolation obtainable using the two
cancellation loops, the feed-forward self-interference can-
cellation loop 1204 and input to the digital residual inter-
ference cancellation loop 1206, may be further improved by
application of antenna isolation methods.

[0166] FIG.12B illustrates a self-interference cancellation
system according to another aspect of the disclosure. The
embodiment in FIG. 12B includes the subsystems of the
feed-forward self-interference cancellation loop 1204 (from
FIG. 1), the digital residual interference cancellation loop
1206 (from FIG. 2), and a self-interference cancellation
circuit 1216. In other embodiments, the system 1250 may
include an additional circuit 1218. The additional circuit
1218 may include other antenna isolation methods, such as
using a separate antenna 1260 to receive a signal, or trans-
mitting the transmitted signal at a different polarization from
the received signal, for example.

[0167] The system 1250 may operate on any wireless
communication standard such as Global Systems for Mobile
communications (GSM), Universal Mobile Telecommuni-
cations System (UMTS), or Long Term Evolution (LTE),
and may be configured to handle as many frequency bands
as needed. In an embodiment, for example, the system 1250
may handle 4 different frequency bands. The system 1250
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may be sized as needed, such as, in an example embodiment
where the system 1250 can handle 4 bands, the feed-forward
self-interference cancellation loop 1204 may be about 2.25
in?, the digital residual interference cancellation loop 1206
may be about 5.75 in?, and the self-interference cancellation
circuit 1216 may be about 4.75 in®. Of course, in other
embodiments, other dimensions may be used.

[0168] The system 1250 may be configured to provide any
amount of attenuation of the self-interference necessary,
typically on the order of about 30-110 dB. In certain
embodiments, different configurations of the system 1250
may be used or the components in the individual subsystems
may be varied to arrive at different amounts of attenuation.
For example, in an embodiment the feed-forward self-
interference cancellation loop 1204 and the digital residual
interference cancellation loop 1206 may be used to provide
a desired amount of attenuation without additional attenu-
ation circuitry. In such an example, the feed-forward self-
interference cancellation loop 1204 may provide about 40
dB of attenuation, while the digital residual interference
cancellation loop 1206 may provide about 30 dB of attenu-
ation, resulting in about a 70 dB of attenuation in the system
1250. In other embodiments, other combinations of the
subsystems, or components or methods in each subsystem
may be used to provide the desired attenuation. The sub-
systems may also each have an insertion loss associated with
them, for example, the feed-forward self-interference can-
cellation loop 1204 and the digital residual interference
cancellation loop 1206 may each have an insertion loss of
about 0.2 dB, and the self-interference cancellation circuit
1216 may have an insertion loss of about 0.5 dB.

[0169] FIG. 13A illustrates diagram of a self-interference
cancellation circuit with two circulators, a phase shifter, and
a filter according to an aspect of the disclosure. The use of
such a self-interference cancellation circuit may remove a
high power carrier from a receive chain while cancelling
noise in the receive band due to the transmitter. The system
may use circulators in filtering applications in several ways
to allow cheaper and less complex filters to be used, and aid
in the cancellation of reflected transmit noise from an
antenna.

[0170] In the circuit 1300 of FIG. 13A, a high power
carrier may be removed from the receive path while can-
celling noise in the receive band due to the transmitter. In an
embodiment, a transmitter power amplifier 1304 may be
configured to amplify a transmit signal 1302. The amplified
transmit signal 1302 may then be sent to a first circulator
1306, where the first circulator 1306 may be coupled to the
transmitter power amplifier 1304 through a port 1. In an
embodiment, circulator 1306 may have an insertion loss of
about 0.1-0.2 dB between port 1 and port 2. A second
circulator 1308 may be coupled through a port 1 of the
second circulator 1308 to the port 2 of first circulator 1306.
In some embodiments, an antenna 1310 may be coupled to
a port 2 of the second circulator 1308. The antenna 1310
may be located at an end of the transmission-reception path,
where the antenna 1310 may transmit the transmit signal
1302 and receive a receive signal 1324. The transmit power
of the antenna 1310 may be any power suitable to the
application, for example, the transmit power may be about
40 dBm. In an example embodiment, the return loss of the
antenna 1310 may be about 10-15 dB.

[0171] In certain embodiments, the first circulator 1306
and second circulator 1308 may be aligned along a trans-



US 2017/0019136 Al

mission-reception path of the self-interference cancellation
circuit 1300. A receiver amplifier 1322 may be coupled to a
reception path of the self-interference cancellation system,
where receive signal 1324 may be output to digital residual
interference cancellation loop 1206 (FIG. 12A) or a receiver.
It is contemplated that in some embodiments, the receiver
amplifier 1322 may be coupled to a port 3 of first circulator
1306. The typical power from port 1 to port 3 of circulator
1306 may be about 15-25 dB less than that of the incident
transmit power. In an embodiment, there may be about 20
dB of isolation between port 1 and port 3 of circulator 1306.

[0172] A phase shifter 1312 may be located on the recep-
tion path and coupled to a port 3 of the second circulator
1308. In certain embodiments, the phase shifter 1312 may be
adjusted to shift the phase of a signal passing through it a
desired number of degrees such that the signal can be
combined with the signal after port 3 of circulator 1306 to
cancel the transmit noise in the receive band. In a circuit
such as in FIG. 13A, where the signal passes through the
phase shifter 1312 twice, once on its path from the trans-
mitter, and once as it is reflected off the filter 1316, the phase
shifter 1312 may shift the phase of the signal by half of the
total amount desired for cancellation each time the signal
passes through the phase shifter 1312. For example, if 30
degrees of phase shift is needed for cancellation, the phase
shifter 1312 may shift the signal 15 degrees each time the
signal passes through, resulting in a total of 30 degrees of
phase shift.

[0173] In an embodiment shown in FIG. 13A, a variable
attenuator 1314 may be coupled to filter 1316 and the phase
shifter 1312. The variable attenuator 1314 may adjust the
amplitude of the signal passing through it as needed, for
example, to match the power of reflected noise from the
antenna 1310 with the power of the transmit noise in the
receive band from the transmitter in order to cancel the noise
before it reaches the receiver. In a circuit such as in FIG.
13 A, where the signal passes through the variable attenuator
1314 twice, once on it path from the transmitter, and once as
it is reflected off the filter 1316, the variable attenuator 1314
may attenuate the signal by half of the total amount desired
each time the signal passes through the variable attenuator
1314. For example, if 10 dB of attenuation is needed, the
variable attenuator 1314 may attenuate the signal 5 dB each
time the signal passes through, resulting in a total of 10 dB
of attenuation. In other embodiments, the variable attenuator
1314 may be a fixed attenuator. The filter 1316 may be
located between the variable attenuator 1314 and a load
1318, where load 1318 may be coupled to electrical ground
1320. In embodiments, the filter 1316 may be any filter
suitable to the application, such as a transmitter bandpass
filter or a receiver notch filter, for example. In other embodi-
ments, the attenuator 1314, phase shifter 1312, and filter
1316 can be in any order.

[0174] The circuit 1300 of FIG. 13A may provide for the
cancellation of the transmit carrier in the receive path and
the cancellation of transmit noise in the receive band. A
transmit carrier, along with intermodulation products may be
injected at port 1 of circulator 1306. The signal may travel
through both circulators 1306 and 1308 to the antenna 1310,
where although most of the energy may be radiated, some of
the energy may be reflected back towards circulator 1308. In
an embodiment, the carrier may be directed into a load 1318,
so that very little energy of the carrier can be reflected back
to the circulator 1308 and consequently, into the receive
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amplifier 1322. Energy in the receive band can be reflected
off of the filter 1316 and travel back through second circu-
lator 1308, through first circulator 1306, and then to the
receive amplifier 1322.

[0175] In some embodiments, the signal going into port 1
of circulator 1306 can take alternate paths through the
isolation of the circulators 1306 and 1308, which can cause
signal addition or cancellation. For example, when the
transmit signal approaches circulator 1306, some of the
signal may leak from port 1 to port 3, allowing some of the
transmit noise in the receive band to enter the sensitive
receiver. However, if the filtering is adjusted appropriately,
then the noise reflected off of the antenna can be shifted so
that when it reflects off of the filter 1316, and travels from
port 3 to port 1 of circulator 1308, and then from port 2 to
port 3 on circulator 1306, it can cancel with the transmit
noise in the receive band from the transmitter.

[0176] The system in FIG. 13A may provide several
advantages over other systems. For example, a high power
filter may not be required in the transmit path, thus reducing
losses and increases overall efficiency. The filter 1316 after
the second circulator 1308 can be a much lower power,
because the reflected signal from the antenna 1310 may be
significantly less than the incident power to the antenna
1310. In addition, the transmit noise in the receive band can
be canceled. The rejection of the noise in the receive path
may be limited though, to the isolation of the circulators
1306 and 1308 against the return loss of the antenna 1310,
and the tuning of the filter 1316. It is contemplated that the
bandwidth of cancelation may also be dependent on the
equivalent line length (e.g., phase delay) between each of the
devices along the path from circulator 1306 to antenna 1310
and from circulator 1306 to ground 1320. The rejection of
the transmit carrier may be limited to the return loss of
circulator 1306, since the carrier power reflected from the
antenna 1310 may be terminated with the filter 1316. In
some embodiments, a low loss, low power filter (not shown)
can be inserted in the receive path to remove the rest of the
transmit carrier since the typical power from port 1 to port
3 of circulator 1306 may be about 15-25 dB less than that of
the incident transmit power. The circuit 1300 may be
included in a wireless communication device such as a base
station or a mobile phone.

[0177] FIG. 13B illustrates a method 1350 of self-inter-
ference cancellation according to an aspect of the disclosure.
In step 1352, a transmit signal may be generated along a
transmit path of a transceiver. The transmit signal 1302 may
then be sent through a circulator 1306 (see FIG. 13A) to
substantially isolate the transmit signal 1302 from a receiver,
wherein at least a portion of the transmit signal 1302 enters
a receive path towards the receiver in step 1354. At step
1356, the transmit signal 1302 may be transmitted from an
antenna 1310. In an embodiment, a signal 1324 may be
reflected from the antenna 1310, wherein the reflected signal
1324 may be at substantially less power than an incident
power to the antenna 1310 in step 1358. The reflected signal
1324 can include a transmitter carrier signal and a transmit-
ter noise. In step 1360, a received signal 1324 may be routed
from the antenna 1310. The reflected signal 1324 may be
routed through a filter 1316 in step 1362. In an exemplary
embodiment in step 1364, the reflected and phase shifted
transmitter noise may be combined with the received signal
1324 in the receive path to cancel the portion of the transmit
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signal 1302 that entered the receive path towards the
receiver from the circulator 1306.

[0178] FIG. 14 illustrates a diagram of a self-interference
cancellation circuit with two circulators, a phase shifter, and
a filter according to another aspect of the disclosure. In the
circuit 1400 of FIG. 14, a high power carrier may be
removed from the receive path while cancelling noise in the
receive band due to the transmitter. The circuit 1400 may
have a reduced line length in the signal path as compared to
other embodiments (e.g. FIG. 15), which may enhance the
cancellation possible, and may provide a lower insertion loss
in the transmit path.

[0179] In the circuit shown in FIG. 14, a transmit signal
1402 may be sent to a transmitter power amplifier 1404
configured to amplify the transmit signal 1402, and send the
transmit signal 1402 to a first circulator 1406 through a port
1. A second circulator 1408 may be coupled through a port
1 of the second circulator 1408 to a port 3 of first circulator
1406. In an embodiment, an antenna 1410 may be coupled
to a port 2 of the first circulator 1406. The antenna 1410 may
be located at an end of the transmission-reception path,
where the antenna 1410 may transmit the transmit signal
1402 and receive a receive signal 1424.

[0180] In certain embodiments, a receiver amplifier 1422
may be coupled to a reception path of the self-interference
cancellation circuit, where receive signal 1424 may be
output to digital residual interference cancellation loop 1206
(FIG. 12A) or a receiver. It is contemplated that in some
embodiments, the receiver amplifier 1422 may be coupled to
a port 3 of second circulator 1406. This configuration may
allow for additional isolation of the transmit signal 1402 that
may leak from port 1 to port 3 of circulator 1406, since the
leaked portions of the transmit signal 1402 then have to pass
through circulator 1408 before it can enter the receiver. In an
embodiment, the leaked portions of the transmit signal 1402
may pass through filter 1416 to load 1418 thus further
reducing noise that may be sent to the receiver.

[0181] A phase shifter 1412 may be located on the recep-
tion path and coupled to a port 2 of the second circulator
1408. In an embodiment shown in FIG. 14, a variable
attenuator 1414 may be coupled to filter 1416 and the phase
shifter 1412. The filter 1416 may be located between the
variable attenuator 1414 and a load 1418, where load 1418
is coupled to electrical ground 1420. The filter 1416 may be
any filter suitable to the application, such as, for example, a
transmitter bandpass filter or a receiver notch filter. In other
embodiments, the attenuator 1414, phase shifter 1412, and
filter 1416 can be in any order.

[0182] In certain embodiments, a controller 1426 may be
coupled to the self-interference cancellation circuit 1400 to
control the circuit. The controller 1426 may be coupled to
the circuit in any suitable manner to control desired com-
ponents of the circuit. For example, in FIG. 14, the controller
1426 may be coupled to the phase shifter 1412 and the
variable attenuator 1414, such that these components may be
controlled. The controller 1426 may also be coupled to the
circuit after the receive amplifier 1422 to receive feedback
information on the properties of the signal to determine if
adjustments to the other components such as the phase
shifter 1412 and the variable attenuator 1414 may be needed.
A feedback and control algorithm may be applied by the
controller 1426 to adjust the phase shifter 1412 and the
attenuator 1414.
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[0183] FIG. 15 illustrates diagram of a circuit with two
circulators and a filter according to an aspect of the disclo-
sure. In the circuit 1500 of FIG. 15, a high power carrier may
be removed from the receive path.

[0184] In an embodiment, a transmitter power amplifier
1504 may be configured to amplify a transmit signal 1502.
The amplified transmit signal 1502 may then be sent to a first
circulator 1506, where the first circulator 1506 may be
coupled to the transmitter power amplifier 1504 through a
port 1 of the first circulator 1506. A second circulator 1508
may be coupled through a port 1 of the second circulator
1508 to a port 2 of first circulator 1506. In an embodiment,
an antenna 1510 may be coupled to a port 2 of the second
circulator 1308. The antenna 1510 may be located at an end
of the transmission-reception path, where the antenna 1510
may transmit the transmit signal 1502 and receive a receive
signal 1524.

[0185] In certain embodiments, the first circulator 1506
and second circulator 1508 may be aligned along a trans-
mission-reception path of the circuit 1500. A receiver ampli-
fier 1522 may be coupled to a reception path of the circuit,
where receive signal 1524 may be output to the digital
residual interference cancellation loop 1206 (FIG. 12A) or a
receiver. It is contemplated that in some embodiments, the
receiver amplifier 1522 may be coupled to a port 3 of first
circulator 1506.

[0186] A filter 1516 may be located on the reception path
and coupled to a port 3 of the second circulator 1508. In
other embodiments, a variable attenuator may be coupled to
filter 1516. The filter 1516 may be located between the
second circulator 1508 and a load 1518, where load 1518 is
coupled to electrical ground 1520. In certain embodiments,
the filter 1516 may be any filter suitable to the application,
such as a transmitter bandpass filter or a receiver notch filter,
for example.

[0187] In an embodiment, the user can take advantage of
the qualities of the antenna to reduce the power handling
requirement of the filter. In FIG. 15, a high power transmit
signal 1502 may be present at the output of the transmit
power amplifier 1504. This signal 1502 may pass through
first circulator 1506 and second circulator 1508 towards the
antenna 1510. The antenna 1510 may reflect some of the
high power transmit signal 1502 back due to the return loss
of'the antenna 1510, as well as send the receive signal 1524.
Both signals 1502 and 1524 may then travel through the
second circulator 1508 towards the filter 1516 and the load
1518. In an embodiment where the filter 1516 is a transmit
bandpass filter, the filter 1526 can allow the reflected signal
in the transmit band to go through to the load 1518 and be
absorbed, while the received signal may be reflected and
return towards the second circulator 1508. The received
signal can then proceed back to the first circulator 1506 and
then into the receiver amplifier 1522 where the signal may
be amplified and sent to the receiver. In such an embodi-
ment, the filter 1526 may have a lower power handling
requirement as a result of the return loss of the antenna 1510.
In another embodiment, the filter 1526 may be a receive
notch filter.

[0188] An advantage of the circuit 1500 is that a notch
filter or bandpass can be easier to design for high power
handling than a diplexer or other filtering methods. The
system noise figure in the circuit 1500 may also be reason-
ably low, and can depend on the return loss of the antenna,
the return loss of the circulators 1506 and 1508, the return
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loss of the filter 1516 in the receive band, and the noise
figure of the receiver amplifier 1522. In some embodiments,
advantages in power handling of the filter 1516 can be up to
about 20 dB, but can be dependent on the return loss of the
antenna 1510. Circuit 1500 may also greatly attenuate the
reflected transmit signal. The amount of attenuation can
depend on the return loss of the filter 1516 used and the
quality of the load 1518, and of course the quality of the
matching of the components in the rest of the circuit.
[0189] FIG. 16 illustrates diagram of a circuit with one
circulators and a phase shifter according to an aspect of the
disclosure. In the circuit 1600 of FIG. 16, transmit noise
present in the receive path may be canceled via phase shifter
1612. In an embodiment, a transmitter power amplifier 1604
may be configured to amplify a transmit signal 1602. The
amplified transmit signal 1602 may then be sent to a first
circulator 1606, where the first circulator 1606 may be
coupled to the transmitter power amplifier 1604 through a
port 1 of the first circulator 1606. In the embodiment shown
in FIG. 16, the phase shifter 1612 may be located on the
transmission-reception path and coupled to a port 2 of the
first circulator 1606. Antenna 1610 may be located at an end
of the transmission-reception path and coupled to the phase
shifter 1612. In an embodiment, the antenna 1610 may
transmit the transmit signal 1602 and receive a receive
signal 1624.

[0190] A receiver amplifier 1622 may be coupled to a
reception path of the self-interference cancellation system,
where receive signal 1624 may be output to digital residual
interference cancellation loop 1206 (FIG. 12A) or a receiver.
It is contemplated that in some embodiments, the receiver
amplifier 1622 may be coupled to a port 3 of first circulator
1306.

[0191] In an embodiment where the power reflected from
the antenna 1610 is similar to the power leaked from port 1
to port 3 on the circulator 1606, it may be possible to use a
phase shifter 1612 in the path of the antenna 1610 to set the
phase of the noise signal so that it cancels at port 3 of the
circulator 1606. This may allow the cancellation of either the
transmit carrier power or the power amplifier noise in the
receive band depending on the phase setting.

Software Defined Radio Front End and Secure Radio
Methods

[0192] According to another aspect of the disclosure, the
adaptability of the art taught herein can be applied for the
realization of high security systems. For example, one such
application of the art of this disclosure is a more secure and
robust frequency hopping method. Frequency hopping is
understood to increase security for communications. In
frequency hopping, the transmitter and receiver change the
frequency at which they are operating in a manner that is
known to both the transmitter and the receiver. FDD systems
utilize multiple, non-programmable band pass filters. The
band pass filters limited the usefulness of frequency hopping
because, due to, for example, space and cost constraints,
transmitters and receivers could have a limited number of
band pass filters. Thus, the number of frequency bands, and
radio access technologies, the transmitter and receiver could
hop through was limited.

[0193] As shown in FIG. 17, during the operation of the
system, transmit and receive operations of the system may
be changed during the operation of the system to increase
security to very high levels. For example, this may be
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accomplished by removing the multiple, non-programmable
band pass filters of the prior art. Instead, the system may use
a software-implemented filter to process the transmit and
receive signals. This disclosure may use a software-imple-
mented filter rather than multiple, non-programmable band
pass filters because of the feed-forward and digital interfer-
ence cancellation methods described above. The system of
this disclosure may use software-implemented filters
because the feed-forward and digital cancellation methods
remove transmit energy that would otherwise be present in
the receive frequency band. For example, the band pass
filters 3 and 13 may be implemented in software. As a result,
the center frequency of the band being passed by the band
pass filters 3 and 13 may be changed to virtually any
frequency suitable for communications. Therefore, the feed-
forward loop may be operable on any suitable Radio Access
Technology as well. Additionally, or alternatively, the linear
vector modulators 11 and 16 may also be software-con-
trolled. For example, the amount the magnitude and phase
variation of the signals processed by the linear vector
modulators 11 and 16 may be software-controlled.

[0194] In the digital cancellation method, the fixed tones
and swept tones may be upconverted before being injected.
The fixed and swept tones may be upconverted to the
operating transmission and reception frequency of the trans-
ceiver. If the operating transmission and reception frequency
of the transceiver changes, as it would during frequency
hopping, the frequencies to which the fixed and swept tones
may be converted may correspondingly change. Moreover,
the magnitude of the fixed and swept tones may be software-
controllable. Additionally, the coefficients for the IIR filter
146 may be software-controlled as well.

[0195] As shown in FIG. 17, the transmitter may operate
in, for example, three transmit frequency bands 1902, 1904,
1906. During transmission, the transmitter may transmit data
on frequency band 1902. To increase security of the trans-
missions, the transmitter may begin to transmit data on a
different frequency from frequency band 1902. For example,
the transmitter may switch from transmitting data on fre-
quency band 1902 to transmitting data on frequency band
1906, as indicated by 1914. The transmitter may change
which frequency band it is transmitting on based on, for
example, a programmed frequency hopping algorithm. After
transmitting data on frequency band 1906, the transmitter
may again change the frequency band on which it operates.
For example, the transmitter may switch from operating on
frequency band 1906 to operating on frequency band 1904,
as indicated by 1916. Thereafter, the transmitter may again
switch the frequency band on which it is transmitting. For
example, as indicated by 1918, the transmitter may switch
from operating on frequency band 1904 and return to
operating on frequency band 1906. The transmitter, after
transmitting on frequency band 1906 again, may switch the
frequency band on which it operates. For example, the
transmitter may start transmitting on frequency band 1902,
as indicated by 1920. The transmitter may periodically
change the frequency band on which it operates, as
described above. The number of frequency bands the trans-
mitter on may be any number and the length of time the
transmitter transmits on any single frequency band may be
the same for all frequency bands or variable.

[0196] Also shown in FIG. 17 is an operation of the
receiver during frequency hopping. Similar to the transmit-
ter as described above, the receiver may operate in three
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receive bands 1908, 1910, 1912. Operation of the frequency
hopping algorithm at the receiver is similar to the operation
of the frequency band at the transmitter. For example, the
receiver may be receiving data on frequency band 1910. The
receiver may change receiving frequency band to frequency
band 1912, as shown by 1922. The receiver may change
which frequency band it is receiving on based on, for
example, a programmed frequency hopping algorithm. After
receiving data on frequency band 1912, the receiver may
again change the frequency band on which it operates. For
example, the receiver may switch from operating on fre-
quency band 1912 to operating on frequency band 1910, as
indicated by 1924. Thereafter, the receiver may again switch
the frequency band on which it is operating. For example, as
indicated by 1926, the receiver may switch from operating
on frequency band 1910 to frequency band 1908, as indi-
cated by 1926. Thereafter, the frequency band the receiver is
operating on may change from 1908 to 1912, as indicated by
1928. The receiver may periodically change the frequency
band on which it operates, as described above. The number
of frequency bands the receiver on may be any number and
the length of time the receiver receives on any single
frequency band may be the same for all frequency bands or
variable.

[0197] What is material to the operations shown is that the
relationship between the transmit band/frequency and the
receive band/frequency be known and have been calibrated
for a given pairing so that the system can be controllably
adapted as needed during the operation of the system.
Calibration for predetermination of parameters which can be
controlled can be done in a known automated way at the
time of manufacture of the system. Since the system of this
disclosure uses a software-implemented filter, the number of
frequency bands and the types of Radio Access Technologies
the system may operate on is greater than prior art systems.

[0198] Advantageously, a relationship between transmitter
and receiver where both operate on the same frequency band
can be supported within the scope of the art taught herein.
Here the offset between transmit and receive bands can be
zero for either normal operation of the system or in high
security or other applications. Material is that the operation
for a given transmit and receive band relationship be cali-
brated for the system including calibration for a given
frequency division duplex single frequency operational case.

[0199] FIG. 18 is a flowchart illustrating a method 1800 of
operation of the apparatus of this disclosure, according to
one aspect of this disclosure. The flowchart 1800 begins at
steps 1802 and proceeds to 1804. At step 1804, a first tone
generated by, for example, a tone generator, is injected at the
edge of the frequency band of the receive channel. The first
tone may be upconverted so that it is at whichever frequency
band the apparatus is operating at. After completing 1804,
the method may proceed to step 1806.

[0200] At step 1806, a second tone is swept through the
frequency band of the receive channel. Like the first tone
injected at 1804, the second tone 1806 may be upconverted
so that it is operating at the frequency band the apparatus is
operating at. After completing 1806, the method may pro-
ceed to 1808.

[0201] At step 1808, the apparatus may receive a first
signal containing interference. There may also be a second
signal, which may be a sample of the PA output signal. After
completing 1808, the method may proceed to step 1810.
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[0202] At step 1810, the apparatus may compensate the
first or the second signal for gain and phase imbalances. For
example, the apparatus may use the I/Q compensators as
described above to compensate the first or the second
signals. In one aspect, both the first and the second signals
may be compensated using the I/Q compensators. After
completing 1810, the method may proceed to 1812.

[0203] At step 1812, the channel as seen at the receiver
may be characterized. For example, the apparatus may use
the swept tones at 1806 to characterize the channel as seen
by the receiver. After completing 1812, the method may
proceed to 1814.

[0204] At step 1814, the apparatus may process the first
signal using an infinite impulse response filter. The output of
the infinite impulse response filter may be an interference-
cancelling signal. After completing 1814, the method may
end at 1816.

[0205] FIG. 19 is a flowchart illustrating a method 1900 of
operation of the feed-forward loop of this disclosure, accord-
ing to one aspect. The flowchart 1900 begins at step 1902
and proceeds to step 1904. At step 1904, the apparatus may
receive a first signal on a first path. This first signal may, for
example, be a signal to be transmitted. After completing step
1904, the method may continue to step 1906.

[0206] At step 1906, the first signal may be sampled into
a second path. For example, the first signal may be sampled
using a coupler. After completing step 1906, the method may
proceed to step 1908.

[0207] At step 1908, the first signal on the first path may
be amplified. The amplification, for example, may be
accomplished using a power amplifier. The first signal on the
first path may also be filtered using any suitable filter, such
as a band pass filter, a low pass filter, a high pass filter, or
any desired combination of filters. After completing 1908,
the method may proceed to 1910.

[0208] At step 1910, the sampled first signal on the second
path is phase shifted in a second pathway. For example, this
may be accomplished using a linear vector modulator. The
sampled first signal on the second path may also be filtered
using any suitable filter, such as a band pass filter, a low pass
filter, a high pass filter, or any desired combination of filters.
After completing step 1910, the method may proceed to step
1912.

[0209] At step 1912, the amplified first signal on the first
path may be added to the phase shifted, sampled first signal
on the second path. The two signals may be added, for
example, using a coupler or an adder. Adding the two signals
may result in a carrier-cancelled signal on a third path. The
carrier-cancelled signal on the third path may have its phase
adjusted using, for example, a linear vector modulator, or its
amplitude adjusted. After completing step 1912, the method
may proceed to step 1914.

[0210] At step 1914, the amplified first signal on the first
path may be coupled to the carrier-cancelled signal on the
third path. This may be accomplished using a coupler or an
adder. After completing 1914, the method may proceed to
1916 and end.

[0211] FIG. 20 is a flowchart illustrating a method 2000 of
operation of the apparatus, according to one aspect of this
disclosure. The method 2000 begins at step 2002 and may
continue to step 2004.

[0212] At step 2004, the apparatus may be configured to
operate on a first frequency. After the apparatus, such as a
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software defined radio front end, is configured to operate on
a first frequency, the method may continue to step 2006.

[0213] At step 2006, the apparatus may receive a transmit
signal in a first path. When the apparatus has received the
transmit signal in the first path, the method may continue to
step 2008.

[0214] At step 2008, the transmit signal may be amplified
in the first path. The amplification may happen using, for
example, a low noise amplifier. Once the transmit signal has
been amplified, the method may continue to step 2010.

[0215] At step 2010, the transmit signal may be coupled to
a second path. In the second path, the coupled transmit
signal may be phase shifted using, for example, a Linear
Vector Modulator. Once the coupled transmit signal has
been phase shifted, the method may continue to step 2012.

[0216] At step 2012, the amplified transmit signal in the
first path may be coupled to a third path. After the amplified
transmit signal is coupled, the method may proceed to step
2014.

[0217] At step 2014, the apparatus may couple the phase-
shifted transmit signal in the second path to the amplified
transmit signal in the third path. This coupling may result in
a carrier-cancelled signal in a fourth path in the apparatus.
After the signals in the second and third path have been
coupled, the method may continue to step 2016.

[0218] At step 2016, the apparatus may phase shift the
carrier-cancelled signal in the fourth path using, for
example, a Linear Vector Modulator. Once the carrier-
cancelled signal in the fourth path is phase shifted, the
method may continue to step 2018.

[0219] At step 2018, the apparatus may couple the phase
shifted, carrier-cancelled signal in the fourth path with the
amplified transmit signal in the first path. After the phase
shifted, carrier-cancelled signal in the fourth path and the
amplified transmit signal in the firs path are coupled, the
method may continue to step 2020.

[0220] At step 2020, the apparatus may be reconfigured to
operate on a second frequency. After the apparatus has been
reconfigured to operate on the second frequency, the method
may continue to step 2022 and end.

[0221] FIG. 21 is a flowchart illustrating a method 2100 of
operation of the apparatus, according to one aspect of this
disclosure. The method 2100 begins at step 2102 and may
proceed to step 2104.

[0222] At step 2104, the apparatus may upconvert a first
tone a first frequency and a second tone to a second
frequency. The first and second frequencies may be pre-
calibrated to operate in a plurality of frequency bands. The
first frequency may overlay the frequency band of the
receive channel. Additionally, the apparatus may upconvert
a third tone to a fitth frequency. After completing step 2104,
the method may proceed to step 2106.

[0223] At step 2106, the apparatus injected the upcon-
verted first tone into a receive channel. After completing step
2106, the method may proceed to step 2108.

[0224] At step 2108, the apparatus may sweep the upcon-
verted second tone through the frequency band of the
receive channel. The number of steps within the sweep may
be configurable by the controller. Also, the frequency band
of each step may be configurable by the controller. After
completing step 2108, the method may proceed to step 2110.
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[0225] At step 2110, the apparatus may use the swept
upconverted second tone to characterize the receive channel.
After completing step 2110, the method may proceed to step
2112.

[0226] At step 2112, the apparatus may process the trans-
mit signal using an IIR filter. The coefficients of the IIR filter
may be generated using the characterized receive channel.
Additionally, the IIR filter coefficients may be generated in
conjunction with a least-squares estimator circuit. The IR
filter may output an interference-cancelling signal. Addi-
tionally, the apparatus may couple the interference-cancel-
ling signal to a received signal containing interference. After
completing step 2112, the method may proceed to step 2114.
[0227] At step 2114, the apparatus may upconvert the first
tone to a third frequency and a second tone a fourth
frequency. The third and fourth frequencies may be in a
different frequency band from the first and second frequen-
cies. The first, second, third, fourth, and fifth frequencies
may be determined based on the radio access technology the
apparatus may be operating on. After completing step 2114,
the method may end at step 2116.

[0228] The present description is for illustrative purposes
only, and should not be construed to narrow the breadth of
the present disclosure in any way. Thus, those skilled in the
art will appreciate that various modifications might be made
to the presently disclosed embodiments without departing
from the full and fair scope and spirit of the present
disclosure. Other aspects, features and advantages will be
apparent upon an examination of the attached drawings and
appended claims.

What is claimed is:

1. A feed-forward self-interference cancellation method,
the method comprising:

receiving a transmit signal;

sampling the transmit signal;

amplifying the transmit signal;

combining the sampled transmit signal with a sample of

the amplified transmit signal;

responsive to the combining, removing the transmit of the

transmit signal and creating a self-interference sampled
signal; and

injecting the self-interference sampled signal with the

amplified transmit signal to remove self-interference
from the amplified transmit signal.

2. The method of claim 1, wherein the self-interference
sample signal is approximately 180 degrees out of phase of
the amplified transmit signal.

3. The method of claim 1, wherein the self-interference
sample signal is approximately 180 degrees out of phase of
the amplified transmit signal based on the use of at least one
or more devices that manipulate amplitude or phase.

4. The method of claim 3, wherein the at least one or more
devices that manipulate amplitude or phase is controlled by
a controller, the controller incrementally manipulating at
least one or more devices that manipulate amplitude or
phase to find an optimal operating point for cancellation of
self-interference.

5. The method of claim 1, wherien the self-interference
sample signal has a first magnitude that is approximately
equivalent to a second mangitude of the amplified transmit
signal.

6. The method of claim 1, wherein the self-interference
sample signal is amplified to a first magnitude, the first
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magnitude approximately equivalent to a second magnitude
of the amplified transmit signal.

7. A feed-forward self-interference cancellation system,
the system comprising:

a main path comprising a power amplifier, the power

amplifier amplifying a first transmit signal;

a first path for carrier cancellation, the first path compris-

ing:

a first sampler for sampling the first transmit signal, the
first transmit signal sampled from the input side of
the power amplifier along the main path; and

a first device for phase shifting or amplitude adjustment
the first transmit signal; and

a second path for error cancellation, the second path

comprising:

a second sampler for sampling the amplified first trans-
mit signal on the output side of the power amplifier
along the main path;

a first signal injector for creating a self-interference
sampled signal, the self-interference sampled signal
created based on injecting the phase shifted or ampli-
tude adjusted first signal with the sampled amplified
first transmit signal; and

a second signal injector for creating a self-interference
canceled signal, the self-interference canceled signal
created based on injecting the self-interference
sampled signal into the main path with the amplified
first transmit signal.

8. The feed-forward self-interference cancellation system
of claim 7, wherein the first sampler is a coupler.

9. The feed-forward self-interference cancellation system
of claim 7, wherein the first signal injector is a coupler.

10. The feed-forward self-interference cancellation sys-
tem of claim 7, wherein the first device is at least one or
more devices that manipulate amplitude or phase.

11. The feed-forward self-interference cancellation sys-
tem of claim 7, further comprising a controller communi-
catively connected with the first device, the controller incre-
mentally manipulating the first device to find an optimal
operating point for the feed-forward self-interference can-
cellation system.

12. A method of signal processing, the method compris-
ing:

receiving a first transmit signal;

amplifying the power of the first transmit signal which

results in a second transmit signal;
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sampling the first transmit signal which results in a first

sampled transmit signal;

sampling the second transmit signal which results in a

second sampled transmit signal;

phase shifting or amplitude adjusting the first sampled

transmit signal which results in a phase shifted or
amplitude adjusted first sample signal;

injecting the phase shifted or amplitude adjusted first

sample signal with the second sampled transmit signal
which results in a first interference signal;

passing the first interference signal through a modulator

and an amplifier which results in a second interference
signal; and

injecting the second interference signal with the second

transmit signal which results in a third transmit signal.

13. The method of claim 12, wherein the first transmit
signal is filtered by a bandpass filter before the amplifying
of the power of the first transmist signal.

14. The method of claim 13, wherein the bandpass filter
is a tunable filter.

15. The method of claim 13, wherein the bandpass filter
is a switched bank of bandpass filters.

16. The method of claim 12, wherein the sampling of the
first transmit signal is performed by a coupler.

17. The method of claim 12, wherein the phase shifting or
amplitude adjusting of the first sampled transmit signal is
performed by at least one or more devices that manipulate
amplitude or phase.

18. The method of claim 12, wherein the phase shifted or
amplitude adjusted sample signal is amplified to match the
magnitude of the second sampled transmit signal.

19. The method of claim 12, wherein the phase shifted or
amplitude adjusted sample signal is shifted 180 degrees in
relation to the second sampled transmit signal.

20. The method of claim 12, wherein the phase shifted or
amplitude adjusted sample signal is filtered by a bandpass
filter before being injected with the second sampled transmit
signal.

21. The method of claim 20, wherein bandpass filter is
controlled by a controller, the controller incrementally
manipulating the bandpass filter to find an optimal operating
point.

22. The method of claim 20, wherein the bandpass filter
is a tunable filter.

23. The method of claim 20, wherein the bandpass filter
is a switched bank of bandpass filters.
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