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(54) Transmit-receiver leakage cancellation in an OFDM system

(57) Transmitter noise cancellation may be applied
on a channel by channel basis to active channels of an
incoming radio frequency signal received at a receiver.
A noise cancellation filter may be provided for each active
channel in a predetermined signal band. Applying noise
cancellation on a per active channel basis instead of to
the entire receive band may substantially reduce the fil-

tering requirement and number of filter coefficients or
taps to save power and reduce manufacturing costs.
Channelized transmitter noise cancellers, multi transmit-
ter-receiver cross coupling cancellers, and hybrid full sig-
nal band and channelized transmitter noise cancellers
are also provided.
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Description

BACKGROUND

[0001] Radio frequency (RF) transmitter-receivers and
transceivers have been capable of both transmitting and
receiving RF signals. Typically, the transmit bands and
the receive bands have been offset from each other to
minimize interference at the receiver from the outgoing
transmitter signals. Other interference reducing tech-
niques, such as the use of special filters such as surface
acoustic wave (SAW) filters have also been used to re-
move unwanted frequency components from the trans-
mitted signals and reduce interference at the receiver.
[0002] Many transceivers today use digital predistor-
tion techniques to generate more usable power from am-
plifiers, avoiding the need for larger amplifiers consuming
more power. However, the use of these digital predistor-
tion techniques caused additional transmitter noise to
leak into the received signals at the receiver. The addi-
tional noise leakage has been reduced by increasing the
size of the duplexer to achieve better isolation between
transmit and receive bands. However, as wireless devic-
es such as phones, tablets, and other RF devices be-
come smaller and less expensive, these larger and more
expensive duplexers have become impractical.
[0003] To reduce this additional transmitter noise, a
noise cancellation filter covering the entire transmitted
signal band was applied to a copy of the signals trans-
mitted at the transmitter in order to estimate the noise
from the transmitted signals that was expected to leak
into the received signals. As a result, the cancellation
filter required setting a large number of taps or filter co-
efficients that was very expensive to manufacture. The
cost and resources required to provide and program this
large number of taps make it impractical for many low
cost applications. Additionally, each of these taps had to
be powered so that as the number of taps increases, the
total power consumption by the taps also increased mak-
ing large numbers of taps impractical for use in low power
applications.
[0004] Full band noise cancellation filter performance
was also degraded by external blockers. External block-
ers may include signals within a receiver band but not in
any active channels. For example, in cellular systems,
an external blocker may include another operator’s signal
on different channels within a given band. Full band noise
cancellation filters would consider these additional sig-
nals from external sources as noise since they were not
included in the transmitted signal and this additional
noise had slowed down the rate of convergence of the
full band noise cancellation filter due to this additional
noise. These external blockers also caused delays and
errors during the adaptation process in which filter coef-
ficients were adjusted to improve the noise cancelling
capabilities of the full band filter.
[0005] In some instances, noise cancellation filters
have been designed to be independent of a digital front

end of a receiver circuit. This was done because some
users prefer to use their own customized digital front end
equipment for applying specialized signal processing to
the received incoming signals. Digital front end circuits
may include a digital down converter, channel specific
filters, and other signal processing blocks customized for
particular applications.
[0006] There is a need for a low power, reduced size
RF noise cancellation circuit that is able to cost efficiently
minimize transmitter noise leakage in received signals
without having its adaptation rate reduced by external
blockers. In some instances there is also a need for noise
cancellation circuits that are digital front end independent
so that customers can apply customized signal process-
ing functions to the digitized received signals.

Summary

[0007] According to a first aspect of this disclosure,
there is provided a circuit comprising: a channelizer chan-
nelizing at separate outputs a received incoming radio
frequency signal and a transmitted outgoing radio fre-
quency signal; and a cancellation filter for each active
channel of the incoming radio frequency signal, each
cancellation filter coupled to an output of the channelizer
for the respective active channel, each cancellation filter
configured to estimate and cancel transmission noise
from the outgoing signal in each respective active incom-
ing channel.
[0008] The circuit may further comprise: a transmitter;
a receiver; an analog to digital converter (ADC) coupled
to the receiver and the channelizer, wherein the chan-
nelizer is a digital downconverter; a mixer coupled be-
tween the receiver and the ADC, the mixer mixing the
incoming radio frequency signal with an oscillating signal;
a radio frequency amplifier and a band pass filter coupled
between the receiver and the mixer; and a low pass filter
coupled between the mixer and the ADC.
[0009] Advantageously the circuit further comprises a
plurality of analog to digital converters (ADCs) and chan-
nelizers, wherein: a first ADC is coupled to a first chan-
nelizer for processing the incoming signal; a second ADC
is coupled to a second channelizer for processing the
outgoing signal; each cancellation filter includes a filter
stage coupled to a subtractor; the subtractor for each
active channel is coupled to a respective channel output
of the first channelizer; and the filter stage for each active
channel is coupled to a respective channel output of the
second channelizer. The or each channelizer may in-
clude a digital down converter or a transmultiplexer.
[0010] A first mixer may be coupled to the first ADC,
the first mixer mixing the incoming radio frequency signal
with an oscillating signal; a second mixer may be coupled
to the second ADC, the second mixer mixing the outgoing
signal with the oscillating signal; also there may be a
radio frequency amplifier and a first band pass filter cou-
pled between an incoming signal source and the first mix-
er; and a second band pass filter coupled to the second
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mixer, and the channelizer is a polyphase fast Fourier
transform based channelizer.
[0011] Advantageously a first low pass filter is coupled
to the first mixer and the first ADC; and a second low
pass filter is coupled to the second mixer and the second
ADC, and the channelizer is an orthogonal frequency-
division multiplexing (OFDM) transmultiplexer.
[0012] It is possible to provide a common channel filter
for each active channel coupled to an output of the sub-
tractor for the respective active channel. In some embod-
iments, the circuit has a first channel filter for each active
channel coupled between the subtractor for the respec-
tive active channel and the respective channel output of
the first channelizer; and a second channel filter for each
active channel coupled between the filter stage for the
respective active channel and the respective channel
output of the second channelizer. A minimum mean
square error estimator may be coupled to the first and
the second channel filters for each active channel and
generate updated filter coefficients for the filter stage of
a respective active channel based on a calculated error
for the respective active channel. Advantageously the
circuit may include a comparator including logic for com-
paring a root mean square (RMS) power of the outgoing
signal and the incoming signal and activating the mini-
mum mean square error estimator when a difference of
the compared RMS power exceeds a threshold, the ac-
tivating triggering the estimator to generate updated filter
coefficients for the filter stage of at least one active chan-
nel. The cancellation filter may include a memory storing
the updated filter coefficients.
[0013] In some embodiments there may be a full band
noise filter coupled to the second ADC and the second
channelizer; a full band noise subtractor coupled to the
full band noise filter, the first ADC, and the first channeliz-
er; and a control unit coupled to the full band noise filter
and each cancellation filter, the control unit configured
to selectively activate and deactivate the full band noise
filter and each cancellation filter. The control unit may be
configured to toggle between activating the full band filter
when active channels are concentrated over a contigu-
ous region of a signal band and activating each cancel-
lation filter when active channel are discontiguously
spread across the signal band. The circuit may include
a full band filter adaptation unit coupled to the full band
noise filter and the first DDC, and including a first esti-
mator estimating filter coefficients across a full signal
band of the incoming signal; and a channel filter adapta-
tion unit coupled to each cancellation filter, the first chan-
nelizer, and the second channelizer, and including a sec-
ond estimator to estimate at least one filter coefficient on
a per channel basis for at least one of the channels.
[0014] Preferably there is provided a multi transmitter-
receiver noise cancellation circuit comprising a number
n≥2 of circuits wherein each of the n circuits includes: n
cancellation filters for each active channel; each of the
filter stages of the n cancellation filters for each active
channel is coupled to the respective channel output of

the second channelizer for the respective circuit; and the
subtractor of each cancellation filter for each active chan-
nel is coupled to the respective channel output of the first
channelizer for the respective circuit.
[0015] According to a second aspect of this disclosure,
there is provided a noise cancellation circuit comprising:
a plurality of receivers, each coupled to a respective an-
alog to digital converter (ADC) and a respective digital
down converter (DDC); a plurality of transmitters, each
also coupled to a respective analog to digital converter
(ADC) and a respective digital down converter (DDC);
and a plurality of cancellation filters with at least one can-
cellation filter coupled between each of the transmitter
channelizers and the receiver channelizers.
[0016] In a further aspect there is provided a method
comprising: channelizing incoming radio frequency (RF)
signals received at a receiver and outgoing RF signals
for transmission; identifying each active channel of the
channelized incoming RF signals; and applying a noise
cancellation filter to only each identified active channel
of the channelized incoming and outgoing RF signals.
[0017] The method of may further comprise: mixing the
incoming and the outgoing signals with an oscillating sig-
nal; digitizing each of the mixed signals; digitally down
converting each of the digitized signals; channelizing
each of the digitized signals; and applying the noise can-
cellation filter to only the identified active channels of the
channelized down converted signals.
[0018] Advantageously the digitized signals are chan-
nelized as part of the digital down conversion. The meth-
od may further comprise providing a separate noise can-
cellation filter for each channel.
[0019] The method may further comprise: applying a
channel filter to each of the channelized down converted
signals before applying the noise cancellation filter; com-
paring a root mean square (RMS) power of the incoming
signal to the outgoing signal; calculating a minimum
mean square error of the channel filtered incoming and
outgoing down converted signals for each channel when
a difference of the compared RMS power exceeds a
threshold; and updating filter coefficients for the noise
cancellation filter provided for at least one channel based
on the calculated minimum mean square error.
[0020] According to a further aspect there is provided
a circuit comprising:

a noise cancellation filter having filter coefficients
configured to estimate a transmitter noise leakage
across a band of a received signal;
a sub-band adaptation unit estimating at least one
filter coefficient on a sub-band basis for at least one
sub-band of the band;
a synthesizer coupled to the sub-band adaptation
unit and generating estimated filter coefficients
across a full band from each estimated filter coeffi-
cient at each sub-band; wherein at least one filter
coefficient of the noise cancellation filter is updated
based on the estimated filter coefficients across the
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full band.

[0021] The circuit may further comprise: a frequency
domain adaptive filter in the sub-band adaptation unit
and estimating each filter coefficient on the sub-band ba-
sis in a frequency domain for at least one sub-band of
the band; and an inverse fast Fourier transform module
in the synthesizer and converting the estimated filter co-
efficient(s) in the frequency domain for each sub-band
into the estimated filter coefficients across the full band
in a time domain.
[0022] The circuit may further comprise: a channelizer
coupled to the sub-band adaptation unit and splitting the
received signal and a transmitted signal inputted to the
noise cancellation filter into the at least one sub-band;
and a buffer storing the split received signal and the split
transmitted signal outputted by the channelizer.
[0023] The circuit may further comprise: a serial digital
down converter and channel filter in the channelizer se-
rially down converting and channelizing the received sig-
nal and the transmitted signal one sub-band at a time;
and an alignment module delaying the channelized re-
ceived signal and the channelized transmitted signal until
corresponding sections of the channelized received and
transmitted signals are time aligned.
[0024] The circuit may further comprise:

a transmitter;
a receiver;
a first analog to digital converter (ADC) coupled to
the receiver and the sub-band adaptation unit;
a second analog to digital converter (ADC) coupled
to the transmitter, the sub-band adaptation unit, and
the noise cancellation filter;
a subtractor coupled to the first ADC and the noise
cancellation filter;
a first mixer coupled between the receiver and the
first ADC, the first mixer mixing the incoming radio
frequency signal with an oscillating signal;
a second mixer coupled between the transmitter and
the second ADC, the second mixer mixing the in-
coming radio frequency signal with an oscillating sig-
nal;
a radio frequency amplifier and a first band pass filter
coupled between the receiver and the first mixer;
a first low pass filter coupled between the first mixer
and the first ADC;
a second band pass filter coupled between the trans-
mitter and the second mixer; and
a second low pass filter coupled between the second
mixer and the second ADC.

[0025] In a further aspect of this disclosure there is
provided a method comprising: estimating a filter coeffi-
cient a filter cancelling a transmitter noise across a signal
band on a sub-band basis for at least one sub-band of
the signal band; converting the estimated filter coefficient
for each sub-band into filter coefficients across the signal

band; and updating at least one filter coefficient of the
filter based on the converted filter coefficients across the
signal band.
[0026] The method may further comprise: estimating
each filter coefficient of the filter on the sub-band basis
in a frequency domain; applying an inverse Fourier trans-
form to each estimated filter coefficient for each sub-band
in the frequency domain; and calculating filter coefficients
across the signal band in a time domain from the applied
inverse Fourier transform.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027]

FIG. 1 shows a first exemplary circuit in an embod-
iment.

FIG. 2 shows a second exemplary circuit in an em-
bodiment.

FIG. 3 shows a third exemplary circuit in an embod-
iment.

FIG. 4 shows a fourth exemplary circuit in an em-
bodiment.

FIG. 5 shows exemplary methods in embodiments.

FIG. 6 shows a fifth exemplary circuit in an embod-
iment.

FIG. 7 shows a sixth exemplary circuit in an embod-
iment.

DETAILED DESCRIPTION

[0028] Noise cancellation may be applied on a channel
by channel basis to a copy of an outgoing signal to be
transmitted at the transmitter. The copy of the outgoing
signal may be channelized and split up into separate
channel components through a channelizing process.
The digitized signals received at a receiver may also be
channelized and split into separate signals on a channel
by channel basis. A noise cancellation filter may be pro-
vided for each channel in a predetermined receive band.
In some instances, one or more noise cancellation filters
may be provided only for those active channel(s) within
the predetermined receive band. In other instances the
noise cancellation filter(s) may be provided for all chan-
nels, but only activated for active channel(s) within the
receive band.
[0029] Applying noise cancellation on a per active
channel basis instead of to the entire receive band may
result in the removal of external blockers by an active
channel filter before noise cancellation is applied. As a
result, the adaptation rate of the channel specific noise
cancellation filters need not be affected by external block-
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ers and adaptation may occur at an original, uncompro-
mised speed regardless of any external blockers.
[0030] Applying noise cancellation on a per active
channel basis instead of to the entire receive band may
also substantially reduce the filtering requirement and
number of filter coefficients or taps of the noise cancel-
lation filter. For example, full band filtering of Wideband
Code Division Multiple Access (W-CDMA) signals may
require the single filter to have at least several dozen if
not one hundred or more taps more than each of individ-
ual channel filters when filtering is done on a channel by
channel basis by, for example, splitting W-CDMA signals
into 5 MHz channels and filtering only active channels.
Since only the filters associated with active channels
need to be powered, substantial power savings may be
realized when filtering on an active channel basis.
[0031] A circuit in an embodiment may include a trans-
mitter, a receiver, an analog to digital converter (ADC)
coupled to the receiver, a channelizer coupled to the
ADC, and a cancellation filter for each active channel of
an incoming radio frequency signal received at the re-
ceiver. Each cancellation filter may be coupled to an out-
put of the channelizer for the respective active channel.
Each cancellation filter may be configured to estimate
and cancel noise from the transmitter in each respective
active incoming channel. In some instances the chan-
nelizer may include a digital downcoverter (DDC), which
may be implemented with digital mixers, or a polyphase
and/or fast Fourier transform transmultiplexer such as an
orthogonal frequency-division multiplexing (OFDM)
transmultiplexer that extracts individual subcarriers in an
OFDM receiver.
[0032] A mixer may be coupled between the receiver
and the ADC. The mixer may mix the incoming radio fre-
quency signal with an oscillating signal. A radio frequency
amplifier and a band pass filter may be coupled between
the receiver and the mixer. A low pass filter may be cou-
pled between the mixer and the ADC.
[0033] FIG. 1 shows an exemplary circuit 200 in an
embodiment. A transmitter 215 may transmit outgoing
RF signals. A receiver 225 may receive incoming RF sig-
nals. The transmitter 215 may be coupled to a RF power
amplifier 205 that may amplify outgoing signals to drive
an antenna of the transmitter 215. A first ADC 230 may
be coupled to the receiver 225 and a first channelizer
272. An incoming RF signal received at receiver 225 may
propagate along a receiver signal path 260. A second
ADC 214 may be coupled to the transmitter 215 and a
second channelizer 271. An outgoing signal to be trans-
mitted at transmitter 215 may be propagated along ob-
servation path 250 from the output of the power amplifier
205 in addition to being transmitted at transmitter 215.
[0034] Each channelizer 271 and 272 may channelize
the signals outputted by the respective ADC 214 and
230. During the channelizing, the channelizers 271 and
272 may split the respective signals into separate chan-
nels on a channel by channel basis. Thus, in some in-
stances, the channelizers 271 and 272 may include a

separate output for each channel with an incoming RF
signal band. In some instances, the channelizers may
only output signals on a channel by channel basis for
those channels that are active. The channelizers 271 and
272 need not generate output signals for inactive chan-
nels. In some instances, the channelizers 271 and 272
may include a DDC, a polyphase, a fast Fourier trans-
form, and/or other type of transmultiplexer.
[0035] In some instances, a cancellation filter 240 may
be provided for each of the channels within the incoming
RF signal band. In other instances, a cancellation filter
240 may only be provided for only those active channel(s)
within the signal band. Each cancellation filter 240 may
be coupled to an output of the first and second channeliz-
ers 272 and 271 for the respective channel. Each can-
cellation filter 240 may be configured to estimate and
cancel noise from the transmitter 215 in each respective
active incoming channel.
[0036] Each cancellation filter 240 may include a filter
stage 241 coupled to a subtractor 242. The subtractor
242 for the cancellation filter 240 in each active channel
may be coupled to a respective channel output of the first
channelizer 272. The filter stage 241 for the cancellation
filter 240 in each active channel may be coupled to a
respective channel output of the second channelizer 271.
A common channel filter 280 may be provided for each
active channel and coupled to an output of the subtractor
242 for the respective active channel.
[0037] In some instances, a first mixer 228 may be cou-
pled to the receiver 225 and the first ADC 230. The first
mixer may mix the incoming radio frequency signal with
an oscillating signal from an oscillating source 221. A
second mixer 212 may be coupled to the transmitter 215
and the second ADC 214. The second mixer 212 may
mix the outgoing signal with the oscillating signal from
the oscillating source 221. A radio frequency amplifier
226 and a first band pass filter 227 may be coupled be-
tween the receiver 225 and the first mixer 228. A second
band pass filter 211 coupled to the transmitter 215 and
the second mixer 212. A first low pass filter 229 may be
coupled to the first mixer 228 and the first ADC 230. A
second low pass filter 213 may be coupled to the second
mixer 212 and the second ADC 214.
[0038] FIG. 2 shows an embodiment 300 in which
channel filtering is provided on both the receiver signal
path 360 and the observation signal path 350. A trans-
mitter 315 may transmit outgoing RF signals. A receiver
325 may receive incoming RF signals. The transmitter
315 may be coupled to a RF power amplifier 305 that
may amplify outgoing signals to drive an antenna of the
transmitter 315. A first ADC 330 may be coupled to the
receiver 325 and a first channelizer 372. An incoming RF
signal received at receiver 325 may propagate along a
receiver signal path 360. A second ADC 314 may be
coupled to the transmitter 315 and a second channelizer
371. An outgoing signal to be transmitted at transmitter
315 may be propagated along observation path 350 from
the output of the power amplifier 305 in addition to being
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transmitted at transmitted at transmitter 315.
[0039] Each channelizer 371 and 372 may channelize
the signals outputted by the respective ADC 314 and
330. During the channelizing, the channelizers 371 and
372 may split the respective signals into separate chan-
nels on a channel by channel basis. Thus, in some in-
stances, the channelizers 371 and 327 may include a
separate output for each channel with an incoming RF
signal band. In some instances, the channelizers may
only output signals on a channel by channel basis for
those channels that are active. The channelizers 371 and
372 need not generate output signals for inactive chan-
nels. In some instances, the channelizers 371 and 372
may include a DDC, a polyphase, a fast Fourier trans-
form, and/or other type of transmultiplexer.
[0040] In some instances, a cancellation filter 340 may
be provided for each of the channels within the incoming
RF signal band. In other instances, a cancellation filter
340 may only be provided for only those active channel(s)
within the signal band. Each cancellation filter 240 may
include a filter stage 241 coupled to a subtractor 242.
[0041] Channel filters 381 and 382 may also be pro-
vided for the different channels in both the receiver signal
path 360 and the observation signal path 350. Each chan-
nel filter in a first set of channel filters 382 may be coupled
to a respective channel output of the first channelizer 372
and to a respective filter stage 341 of the cancellation
filter 340 associated with the respective channel. Each
channel filter in a second set of channel filters 381 may
be coupled to a respective channel output of the second
channelizer 371 and to a respective subtractor 342 of the
cancellation filter 340 for the respective channel. Each
cancellation filter 340 may be configured to estimate and
cancel the channel filtered noise from the transmitter 315
in each respective active incoming channel.
[0042] In some instances, a first mixer 328 may be cou-
pled to the receiver 325 and the first ADC 330. The first
mixer may mix the incoming radio frequency signal with
an oscillating signal from an oscillating source 321. A
second mixer 312 may be coupled to the transmitter 315
and the second ADC 314. The second mixer 312 may
mix the outgoing signal with the oscillating signal from
the oscillating source 321. A radio frequency amplifier
326 and a first band pass filter 327 may be coupled be-
tween the receiver 325 and the first mixer 328. A second
band pass filter 311 coupled to the transmitter 315 and
the second mixer 312. A first low pass filter 329 may be
coupled to the first mixer 328 and the first ADC 330. A
second low pass filter 313 may be coupled to the second
mixer 312 and the second ADC 314.
[0043] In some instances, an estimator 391 may be
coupled to the outputs of the channel filters 381 and 382.
The estimator 391 may be configured to estimate new
filter coefficients on one or more of the channels based
on the filtered signals from the channel filters 381 and
382 on the respective channel(s). The estimator 391 may
use an estimation algorithm, such as a minimum mean
square, least squares, recursive least squares, least

mean squares, or other algorithm to estimate these filter
coefficients. The filter coefficients may be estimated pe-
riodically at predetermined intervals or at other predeter-
mined events, such as when the receiver and/or trans-
mitter are offline, just starting up, or at other times. The
estimator 391 may generate updated filter coefficients
for a filter in the filter stage 341 of a respective active
channel based on the coefficient estimates for the re-
spective active channel. Each filter stage 341 may have
an asymmetric frequency response and complex filter
coefficients since the outputs from channelizer 371 may
be complex valued.
[0044] In some instances, a comparator 392 may be
coupled to the estimator 391. The comparator 392 may
include logic for comparing a root mean square (RMS)
power of the outgoing signal on the observation signal
path 350 and the incoming signal on the receiver signal
path 360. In some instances the comparator 392 may
compare the power of incoming signal on the receiver
signal path 360 to a predetermined maximum value or
to the corresponding power of the outgoing signal. The
comparator 392 may also include logic for activating the
minimum mean square filter coefficient estimator 391
when the power of the incoming signal is less than the
predetermined maximum value or when a difference of
the compared power values of the incoming and outgoing
signals exceeds a threshold. The activation of the esti-
mator 391 by the comparator 392 may trigger the esti-
mator 391 to generate updated filter coefficients for the
filter stage 341 of at least one of the channels. The can-
cellation filters 340 may include a memory 343 storing
filter coefficients and the updated filter coefficients for the
filters in the filter stages 341.
[0045] FIG. 3 shows an exemplary hybrid circuit 400
in an embodiment. A first ADC 430 may be coupled to a
receiver (not shown) as in the other figures and a first
channelizer 472. An incoming RF signal received at the
receiver may propagate along a receiver signal path 460.
A second ADC 414 may be coupled to a transmitter (not
shown) as in the other figures and a second channelizer
471. An outgoing signal to be transmitted may be prop-
agated along observation path 450 in addition to being
transmitted.
[0046] Each channelizer 471 and 472 may down con-
vert and/or channelize the signals outputted by the re-
spective ADC 414 and 430. During the channelizing, the
channelizers 471 and 472 may split the respective sig-
nals into separate channels on a channel by channel ba-
sis. Thus, in some instances, the channelizers 471 and
472 may include a separate output for each channel with
an incoming RF signal band. In some instances, the
channelizers may only output signals on a channel by
channel basis for those channels that are active. The
channelizers 471 and 472 need not generate output sig-
nals for inactive channels. In some instances, the chan-
nelizers 471 and 472 may include a DDC, a polyphase,
a fast Fourier transform, and/or other type of transmulti-
plexer.
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[0047] Two types of cancellation filters 445 and 440
may be provided. A full band cancellation filter 445 may
be coupled to the second ADC 414, the second chan-
nelizer 471, and a subtractor 447. The subtractor 447
may also be coupled to the first ADC 430 and the first
channelizer 471. A full band filter adaptation unit 446,
which may include an estimator such as estimator 391,
may be used to calculate updated filter coefficients for
the full band cancellation filter 445. The full band filter
adaptation unit 446 may also be coupled to the receiver
signal path 460, in some instances between the subtrac-
tor 447 and first channelizer 472.
[0048] Channel specific cancellation filters 440 may be
provided for each of the channels within the incoming RF
signal band. In other instances, channel specific cancel-
lation filters 440 may only be provided for only those ac-
tive channel(s) within the signal band. Each cancellation
filter 440 may be coupled to an output of the first and
second channelizers 472 and 471 for the respective
channel. Each cancellation filter 440 may be configured
to estimate and cancel transmitter noise in each respec-
tive active incoming channel.
[0049] Each cancellation filter 440 may include a filter
stage 441 coupled to a subtractor 442. The subtractor
442 for the cancellation filter 440 in each active channel
may be coupled to a respective channel output of the first
channelizer 472. The filter stage 441 for the cancellation
filter 440 in each active channel may be coupled to a
respective channel output of the second channelizer 471.
A common filter 480 may be provided for each active
channel and coupled to an output of the subtractor 442
for the respective active channel.
[0050] A channel filter adaptation unit 490 may be cou-
pled to each channel output of the second channelizer
471, each filter stage 441, and the subtractor 442 and/or
common filter 480 for each channel. The channel filter
adaptation unit 490 may include an estimator 391 and/or
comparator 392 providing the same functionality dis-
cussed previously. The full band and channel cancella-
tion filters 445 and 440 may include a memory storing
filter coefficients and the updated filter coefficients for the
filters 445 and 440.
[0051] The full band and channel cancellation filters
445 and 440 may be coupled to a control unit 495 con-
figured to selectively enable and disable each of the filters
445 and 440 to provide the option of using only the full
band filter 445, only the channel filter 440, or both filters
445 and 440. The control unit 495 may be configured to
select the full band filter 445 in situations where active
channels may be concentrated over one contiguous re-
gion of the signal band or where signal isolation charac-
teristics do not require complex filtering requiring a large
number of filter coefficients to isolate transmitter noise.
[0052] The control unit 495 may be configured to select
channel filters 440 in situations where the active channels
are discontiguously spread across the signal band and
located in regions requiring a large number of filter coef-
ficients to isolate transmitter noise. Configuring the con-

trol unit 495 to toggle between the channel filters 440 and
full band filter 445 may result in improved performance
in situations where the low order full band filter 445 is
used in low complexity regions discussed above and the
channelized filters 440 are only applied to active chan-
nels of high complexity.
[0053] The filter coefficients of the full band filter 445
and the channel filters 440 may be updated by their re-
spective adaptation units 446 and 490. The coefficient
updating processes in these adaptation units 446 and
490 may be performed at different intervals. For example,
the filter coefficients of the full band filter 445 may only
be configured once in some instances, but the filter co-
efficients of the channel filters 440 may be configured
each time the circuit 400 is powered up or on another
periodic basis, such as in one non-limiting example, when
the main power level of the received incoming signal is
low enough or satisfies some other criteria.
[0054] In some instances, a first mixer 428 may be cou-
pled to the receiver and the first ADC 430. The first mixer
428 may mix the incoming radio frequency signal with an
oscillating signal from an oscillating source 421. A sec-
ond mixer 412 may be coupled to the transmitter and the
second ADC 414. The second mixer 412 may mix the
outgoing signal with the oscillating signal from the oscil-
lating source 421. A radio frequency amplifier 426 and a
first band pass filter 427 may be coupled between the
receiver and the first mixer 428. A second band pass filter
411 coupled to the transmitter 415 and the second mixer
412. A first low pass filter 429 may be coupled to the first
mixer 428 and the first ADC 430. A second low pass filter
413 may be coupled to the second mixer 412 and the
second ADC 414.
[0055] FIG. 4 shows a multi transmitter-receiver cross
coupled noise cancellation circuit in an embodiment. In
this example, only two transmitter-receiver pairs are
shown in respective cross coupled circuits 501 and 502,
but other embodiments may include additional transmit-
ters and/or receivers. Circuits 501 and 502 may each
include similar components.
[0056] For example, each circuit 501 and 502 may in-
clude a transmitter 515 transmitting outgoing RF signals,
and a receiver 525 receiving incoming RF signals. Each
transmitter 515 may be coupled to a RF power amplifier
505 that may amplify outgoing signals to drive an antenna
of the transmitter 515. Each circuit 501 and 502 may in-
clude a first ADC 530 coupled to its receiver 525. An
incoming RF signal received at each receiver 525 may
propagate along each respective receiver signal path
560. Each circuit 501 and 502 may include a second ADC
514 coupled to its respective transmitter 515. An outgoing
signal to be transmitted at each transmitter 515 may be
propagated along a respective observation path 550 from
the output of the power amplifier 505 in addition to being
transmitted at transmitted at its respective transmitter
515.
[0057] In some instances, each circuit 501 and 502
may include a cancellation filter stage 541 to 544 for each
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of the receivers included in the embodiment. For exam-
ple, since FIG. 4 includes two receivers, each of the trans-
mitters 515 may have two cancellation filter stages
541-542 and 543-544. In other instances with different
numbers of receivers, the number of filter stages would
be adjusted accordingly. Each of the filter stages 541 to
544 may also be coupled to a respective subtractor 551
to 554 and its corresponding second ADC 514.
[0058] Each of the filter stages 541 to 544 may be con-
figured to estimate and cancel transmitter noise between
the transmitter 515 that the filter stage 541 to 544 is cou-
pled to and a respective one of the incoming signals re-
ceived at each receiver 525. Thus, filter stage 541 and
its subtractor 551 may be configured to reduce transmit-
ter noise from transmitter 515 in circuit 501 from the in-
coming signal received at receiver 525 of circuit 501. Fil-
ter stage 542 and its subtractor 552 may be configured
to reduce transmitter noise from transmitter 515 in circuit
501 from the incoming signal received at receiver 525 of
circuit 502. Filter stage 543 and its subtractor 553 may
be configured to reduce transmitter noise from transmit-
ter 515 in circuit 502 from the incoming signal received
at receiver 525 of circuit 501. Filter stage 544 and its
subtractor 554 may be configured to reduce transmitter
noise from transmitter 515 in circuit 502 from the incom-
ing signal received at receiver 525 of circuit 502.
[0059] A low pass filter 531 in circuit 501 may be cou-
pled to the ADC 530 of circuit 501 and subtractors 551
and 553 of filter stages 541 and 543. A low pass filter
531 in circuit 502 may be coupled to the ADC 530 of
circuit 502 and subtractors 552 and 554 of filter stages
542 and 544.
[0060] In some instances, circuits 501 and 502 may
include a first mixer 528 coupled to its receiver 525 and
its first ADC 530. The first mixer may mix the incoming
radio frequency signal with an oscillating signal from an
oscillating source 521. Circuits 501 and 502 may include
a second mixer 512 coupled to its respective transmitter
515 and second ADC 514. The second mixer 512 may
mix the outgoing signal with the oscillating signal from
the oscillating source 521. Circuits 501 and 502 may in-
clude a radio frequency amplifier 526 and a first band
pass filter 527 coupled between its respective receiver
525 and first mixer 528. Circuits 501 and 502 may include
a second band pass filter 511 coupled to its respective
transmitter 515 and second mixer 512. Circuits 501 and
502 may include a first low pass filter 529 coupled to its
respective first mixer 528 and first ADC 530. Circuits 501
and 502 may include a second low pass filter 513 coupled
to the second mixer 512 and the second ADC 514.
[0061] An alignment module 565 may be coupled be-
tween one or more filter stages 541 and the second ADC
514 in each circuit 501 and 502. The alignment module
565 may be configured to add a delay or otherwise time
align the outgoing signal with the received incoming sig-
nal to cancel the transmitter noise from the corresponding
received incoming signal.
[0062] In instances where the outgoing and incoming

signals are channelized through respective channelizers
or other circuits configured to split the signals on a chan-
nel by channel basis, each of the filter stages 541 to 544
and subtractors 551 to 554 may be provided for each of
the channels. In some instances, the channelizers may
include a DDC, a polyphase, a fast Fourier transform,
and/or other type of transmultiplexer. Thus, if the signal
band of the incoming signal contains n channels, there
may be n copies of filter stage 541 and subtractor 551
for each of the n channels, n copies of filter stage 542
and subtractor 552 for each of the n channels, n copies
of filter stage 543 and subtractor 553 for each of the n
channels, and n copies of filter stage 544 and subtractor
554 for each of the n channels. Thus, variations of the
cross coupled noise cancellation circuit may include the
noise filter channelization arrangements shown in the
other figures and discussed herein.
[0063] A multi transmitter-receiver noise cancellation
circuit, such as that shown in FIG. 4, may in some in-
stances include a number n of circuits similar to circuits
200, 300, 501 and/or 502, where n is two or more. Each
of these circuits may include the same number n of can-
cellation filters for each active channel. Each of the filter
stages of the n cancellation filters for each active channel
may be coupled to a respective channel output of the
second channelizer for the respective circuit. The sub-
tractor of each cancellation filter for each active channel
may be coupled to a respective channel output of the first
channelizer for a respective circuit for each of the circuits
from 1 to n.
[0064] A noise cancellation circuit in an embodiment
may also include two or more receivers, each coupled to
a respective analog to digital converter (ADC) and a re-
spective channelizer. The noise cancellation circuit may
also include two or more transmitters, each also coupled
to a respective analog to digital converter (ADC) and a
respective channelizer. The noise cancellation circuit
may also include a plurality of cancellation filters with at
least one cancellation filter coupled between each of the
transmitter channelizers and the receiver channelizers.
[0065] FIG. 5 shows an exemplary process in an em-
bodiment. In box 601, incoming received RF signals and
outgoing RF transmission signals may be mixed with an
oscillating signal.
[0066] In box 602, each of the mixed signals may be
digitized.
[0067] In box 603, each of the digitized signals may be
digitally down converted.
[0068] In box 604, each of the digitized signals may be
channelized or split on a channel by channel basis into
respective channel components. The digitized signals
may in some instances be channelized as part of a digital
down conversion process.
[0069] In box 605, a noise cancellation filter may be
applied to only the identified active channels of the chan-
nelized down converted signals. A separate noise can-
cellation filter may be provided for each channel.
[0070] In box 606, a channel filter may be applied to
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each of the channelized down converted signals before
applying the noise cancellation filter. The channel filter
may be a low pass filter, a band pass filter, or other filter.
[0071] In box 607, a root mean square (RMS) power
of the incoming signal may be compared to that of the
outgoing signal.
[0072] In box 608, a minimum mean square error of
the channel filtered incoming and outgoing down con-
verted signals may be calculated for each channel when
a difference of the compared RMS power exceeds a
threshold.
[0073] In box 609, filter coefficients for the noise can-
cellation filter provided for at least one channel may be
updated based on the calculated minimum mean square
error.
[0074] FIG. 6 shows an embodiment 700 in which filter
coefficients of a full band filter 791 are adapted on a sub-
band basis. A transmitter 715 may transmit outgoing RF
signals. A receiver 725 may receive incoming RF signals.
The transmitter 715 may be coupled to a RF power am-
plifier 705 that may amplify outgoing signals to drive an
antenna of the transmitter 715. A first ADC 730 may be
coupled to the receiver 725, a channel sub-band adap-
tation unit 793, and a subtractor 742. An incoming RF
signal received at receiver 725 may propagate along a
receiver signal path 760. A second ADC 714 may be
coupled to the transmitter 715, the channel sub-band ad-
aptation unit 793, and full band noise cancellation filter
791. The full band filter 791 may be coupled to the sub-
tractor 742 and ADC 714. The subtractor 742 may sub-
tract the estimated noise outputted by the full band filter
791 from the digitized received incoming signal. An out-
going signal to be transmitted at transmitter 715 may be
propagated along observation path 750 from the output
of the power amplifier 705 in addition to being transmitted
at transmitted at transmitter 715.
[0075] The channel sub-band adaptation unit 793 may
estimate filter coefficients on one or more of sub-bands
of the received incoming signals. A sub-band may include
any subdivision of a designated full signal band and may
include one or more channels or subportions thereof. By
estimating the filter coefficients on a sub-band basis, the
estimates may need only be performed on activate chan-
nels or sub-bands. This avoids the need to estimate filter
coefficients on inactive channels that may contain exter-
nal blockers or signals from other sources appearing the
designated signal band. The channel sub-band adapta-
tion unit 793 may therefore eliminate any influence of
external blockers by limiting its analysis to only those
active channels. This improves the accuracy and con-
vergence times of the estimation process. A sub-band to
full band synthesizer 792 coupled to the adaptation unit
793 may then reconstruct estimated filter coefficients for
the full signal band from the individual estimates for each
sub-band performed by the sub-band adaptation unit
793.
[0076] In some instances, the channel sub-band ad-
aptation unit 793 may include a frequency domain adap-

tive filter 794. A frequency domain adaptive filter 794 may
perform adaptation by estimating coefficients for each
sub-band in a frequency domain. Different sub-bands
may be assigned to different bins corresponding to par-
ticular frequency ranges. Bins for different sub-bands
may be weighted differently according to the estimates
for the respective sub-band. External blockers may be
rejected by weighting the bins corresponding to frequen-
cy ranges of the external blockers accordingly.
[0077] The estimated coefficients for each sub-band
may be based on a comparison of the digitized received
incoming signal to the digitized outgoing signal transmit-
ted at the transmitter 715. To make this comparison, the
sub-band adaptation unit 793 may be coupled to both
the ADC 730 in the receiver path 760 and then ADC 714
in the observation path 750. The estimated coefficients
for the one or more sub-bands may then be used to in-
dependently adapt each respective sub-band. In some
instances, this adaptation may occur in real time, but in
other instances the estimation and adaptation may be
delayed. In some instances the adaptation of one or more
sub-bands may occur off-line during an interval when the
receiver is not receiving any incoming signals or in non-
real time.
[0078] The channel sub-band adaptation unit 793 may
use an estimation algorithm, such as a minimum mean
square, least squares, recursive least squares, least
mean squares, or other estimation algorithm. The filter
coefficients may be estimated periodically at predeter-
mined intervals or at other predetermined events, such
as when the receiver 725 and/or transmitter 715 are of-
fline, just starting up, or at other times. The estimator of
the channel sub-band adaptation unit 793 may generate
updated filter coefficient estimates for each sub-band
based on the estimate for the respective sub-band. The
estimator may calculate the estimates for each sub-band
serially one sub-band at a time or in parallel for two or
more sub-bands at a time. The full band filter 791 may
have an asymmetric frequency response and complex
filter coefficients since the outputs from ADC 714 may
be complex valued.
[0079] In some instances, the channel sub-band ad-
aptation unit 793 may include a comparator having logic
for comparing a root mean square (RMS) power of the
outgoing signal on the observation signal path 750 and
the incoming signal on the receiver signal path 760. In
some instances the comparator may compare the power
of incoming signal on the receiver signal path 760 to a
predetermined maximum value or to the corresponding
power of the outgoing signal. The comparator may also
include logic for activating the estimator in the channel
sub-band adaptation unit 793 when the power of the in-
coming signal is less than the predetermined maximum
value or when a difference of the compared power values
of the incoming and outgoing signals exceeds a thresh-
old. The activation of the estimator by the comparator
may trigger the estimator to generate updated estimates
for one or more channels or sub-bands of the received
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incoming signal.
[0080] A sub-band to full band synthesizer 792 may be
coupled to the sub-band adaptation unit 793 and the full
band filter 791. The synthesizer 792 may convert the es-
timated filter coefficeints for each of the sub-bands into
filter coefficients for the full band. Thus, the filter coeffi-
cients for the full band may be reconstituted from the
individual coefficients calculated for each sub-band by
the synthesizer 792. Once all of the channels have been
updated, the filter coefficients for the full band generated
at the synthesizer 792 may be used to set the filter coef-
ficients in the full band filter 791. This allows filter coeffi-
cients for the full band filter 791 to be updated to improve
noise cancellation independent of the digital front end so
that user wanting to apply their own customized signal
processing functions to incoming received signals can
do so by connecting their own digital front end.
[0081] In instances where the sub-band adaptation
unit 793 included a frequency domain adapative filter
794, the synthesizer 792 may include an inverse fast Fou-
rier transform (IFFT) module 795. The IFFT module 795
may convert the estimated coefficients in the frequency
domain for each bin corresponding to an active sub-band
into a set of filter coefficients for the full signal band in
the time domain. Using the frequency domain adaptive
filter 794 and the IFFT module 795 may reduce the com-
plexity of calculations that are required to reconstitute
the full band filter coefficients by preserving orthogonality
between the different sub-bands.
[0082] In some instances, a first mixer 728 may be cou-
pled to the receiver 725 and the first ADC 730. The first
mixer may mix the incoming radio frequency signal with
an oscillating signal from an oscillating source 721. A
second mixer 712 may be coupled to the transmitter 715
and the second ADC 714. The second mixer 712 may
mix the outgoing signal with the oscillating signal from
the oscillating source 721. A radio frequency amplifier
726 and a first band pass filter 727 may be coupled be-
tween the receiver 725 and the first mixer 728. A second
band pass filter 711 coupled to the transmitter 715 and
the second mixer 712. A first low pass filter 729 may be
coupled to the first mixer 728 and the first ADC 730. A
second low pass filter 713 may be coupled to the second
mixer 712 and the second ADC 714.
[0083] FIG. 7 shows an embodiment 800 in which filter
coefficients of a full band filter 891 are adapted on a sub-
band basis. A transmitter 815 may transmit outgoing RF
signals. A receiver 825 may receive incoming RF signals.
The transmitter 815 may be coupled to a RF power am-
plifier 805 that may amplify outgoing signals to drive an
antenna of the transmitter 815. A first ADC 830 may be
coupled to the receiver 825, a channelizer 872, and a
subtractor 842. An incoming RF signal received at re-
ceiver 825 may propagate along a receiver signal path
860. A second ADC 814 may be coupled to the transmit-
ter 815, channelizer 872, and full band noise cancellation
filter 891. The full band filter 891 may be coupled to sub-
tractor 842 and ADC 814. The subtractor 842 may sub-

tract the estimated noise outputted by the full band filter
891 from the digitized received incoming signal. An out-
going signal to be transmitted at transmitter 815 may be
propagated along observation path 850 from the output
of the power amplifier 805 in addition to being transmitted
at transmitted at transmitter 815.
[0084] The channelizer 872 may down convert and/or
channelize the signals outputted by the respective ADC
814 and 830. During the channelizing, the channelizer
872 may split the respective signals into separate sub-
bands, which may, but need not, include one or more
channels. In some instances, the channelizer 872 may
include a separate output for each designated sub-band
within an incoming RF signal band. In some instances,
the channelizer 872 may only output signals on a sub-
band by sub-band basis for those sub-bands that are
active. The signals for each sub-band may outputted se-
rially, one sub-band at a time, or in parallel. In instances
where the signals for each sub-band are outputted by
the channelizer 872 serially, the channelizer 872 may
include a serialized digital downconverter and channel
core filter. The channelizer 872 need not generate output
signals for inactive channels. In some instances, the
channelizer 872 may include a DDC, a polyphase, a fast
Fourier transform, and/or other type of transmultiplexer.
[0085] In some instances, one or more buffers 865 may
be coupled to the inputs and/or outputs of the channelizer
872. Buffers 865 may temporarily store copies of the dig-
itized signals on the receiver signal path 760 and obser-
vation signal path 750 that are supplied as inputs to the
channelizer 872. Buffers 865 may also temporarily stores
copies of channelized signals outputted by the channeliz-
er 872 that are subsequently used as inputs to the chan-
nel sub-band adapter 893 coupled to the channelizer 872
and/or buffers 865. Buffers 865 may be used in instances
where the channelizer 872 operates serially in that the
channelizer 872 is configured to output a signal for one
sub-band at a time. The buffers 865 may also include an
alignment module that may be configured to add a delay
or otherwise time align a buffered signal originating from
receiver signal path 860 with a corresponding buffered
signal originating from the observation signal path 850.
The alignment module may then time align serial signals
outputted by the channelizer 872 at different times even
though the signals may correspond to each other for
noise cancellation purposes.
[0086] The channelizer 872 and/or buffers 865 may be
coupled to a channel sub-band adaptation unit 893. The
channel sub-band adaptation unit 893 may estimate filter
coefficients of a noise cancellation filter on each of the
sub-bands of the received incoming signals outputted by
the channelizer 872. A sub-band may include any sub-
division of a designated full signal band and may include
one or more channels or subportions thereof. By estimat-
ing the filter coefficients on a sub-band basis, the esti-
mation calculation may be performed on only those ac-
tivate channels or sub-bands. This avoids the need to
analyze inactive channels that may contain external
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blockers or signals from other sources appearing the des-
ignated signal band. The channel sub-band adaptation
unit 893 may therefore eliminate any influence of external
blockers by analyzing only active channels. This im-
proves the accuracy and convergence times of filter co-
efficient generation process for the full band noise can-
cellation filter. A sub-band to full band synthesizer 892
coupled to the sub-band adaptation unit 893 may then
reconstruct estimated filter coefficients for the full signal
band by reconstituting the full band coefficients from the
individual estimated filter coefficients of each sub-band
performed by the sub-band adaptation unit 893.
[0087] In some instances, the channel sub-band ad-
aptation unit 893 may include a frequency domain adap-
tive filter 794. A frequency domain adaptive filter 794 may
perform adaptation by estimate filter coefficients for each
sub-band in a frequency domain. Different sub-bands
may be assigned to different bins corresponding to par-
ticular frequency ranges. Bins for different sub-bands
may be weighted differently according to the estimates
for the respective sub-band. External blockers may be
rejected by weighting the bins corresponding to frequen-
cy ranges of the external blockers accordingly.
[0088] The estimated filter coefficients for each sub-
band may be based on a comparison of the digitized re-
ceived incoming signal to the digitized outgoing signal
transmitted at the transmitter 815. To make this compar-
ison, the sub-band adaptation unit 893 may be coupled
to both the ADC 830 in the receiver path 860 and then
ADC 814 in the observation path 850 via channelizer
872. The estimates for the one or more sub-bands may
then be used to generate filter coefficients that independ-
ently adapt each respective sub-band. In some instanc-
es, this adaptation may occur in real time, but in other
instances the estimation and adaptation may be delayed.
In some instances the adaptation of one or more sub-
bands may occur off-line during an interval when the re-
ceiver is not receiving any incoming signals or in non-
real time.
[0089] The channel sub-band adaptation unit 893 may
use an estimation algorithm, such as a minimum mean
square, least squares, recursive least squares, least
mean squares, or other estimation algorithm to estimate
the filter coefficients. The coefficients may be estimated
periodically at predetermined intervals or at other prede-
termined events, such as when the receiver 825 and/or
transmitter 815 are offline, just starting up, or at other
times. The estimator of the channel sub-band adaptation
unit 893 may generate updated filter coefficients for each
sub-band based on the estimates for the respective sub-
band. The estimator may calculate the estimates for each
sub-band serially one sub-band at a time or in parallel
for two or more sub-bands at a time. The full band filter
891 may have an asymmetric frequency response and
complex filter coefficients since the outputs from ADC
814 may be complex valued.
[0090] In some instances, the channel sub-band ad-
aptation unit 893 may include a comparator having logic

for comparing a root mean square (RMS) power of the
outgoing signal on the observation signal path 850 and
the incoming signal on the receiver signal path 860. In
some instances the comparator may compare the power
of incoming signal on the receiver signal path 860 to a
predetermined maximum value or to the corresponding
power of the outgoing signal. The comparator may also
include logic for activating the estimator in the channel
sub-band adaptation unit 893 when the power of the in-
coming signal is less than the predetermined maximum
value or when a difference of the compared power values
of the incoming and outgoing signals exceeds a thresh-
old. The activation of the estimator by the comparator
may trigger the estimator to generate updated filter co-
efficient estimates for one or more channels or sub-bands
of the received incoming signal.
[0091] A sub-band to full band synthesizer 892 may be
coupled to the sub-band adaptation unit 893 and the full
band filter 891. The synthesizer 892 may convert the filter
coefficient estimates for each of the sub-bands into es-
timated coefficients for the full band. Thus, the estimated
coefficients for the full band may be reconstituted from
the individual coefficients calculated for each sub-band
by the synthesizer 892. Once all of the channels have
been updated, the generated coefficients for the full band
may be used to set the filter coefficients in the full band
filter 891. This allows filter coefficients for the full band
filter 891 to be updated to improve noise cancellation
independent of the digital front end so that user wanting
to apply their own customized signal processing func-
tions to incoming received signals can do so by connect-
ing their own digital front end.
[0092] In instances where the sub-band adaptation
unit 893 includes a frequency domain adapative filter
794, the synthesizer 892 may include an inverse fast Fou-
rier transform (IFFT) module 795. The IFFT module 795
may converted the estimated coefficients in the frequen-
cy domain for each bin corresponding to an active sub-
band into coefficients for the full signal band in the time
domain. Using the frequency domain adaptive filter 794
and the IFFT module 795 may reduce the complexity of
calculations that are required to reconstitute the full band
filter coefficients by preserving orthogonality between the
different sub-bands.
[0093] In some instances, a first mixer 828 may be cou-
pled to the receiver 825 and the first ADC 830. The first
mixer may mix the incoming radio frequency signal with
an oscillating signal from an oscillating source 821. A
second mixer 812 may be coupled to the transmitter 815
and the second ADC 814. The second mixer 812 may
mix the outgoing signal with the oscillating signal from
the oscillating source 821. A radio frequency amplifier
826 and a first band pass filter 827 may be coupled be-
tween the receiver 825 and the first mixer 828. A second
band pass filter 811 coupled to the transmitter 815 and
the second mixer 812. A first low pass filter 829 may be
coupled to the first mixer 828 and the first ADC 830. A
second low pass filter 813 may be coupled to the second
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mixer 812 and the second ADC 814.
[0094] The foregoing description has been presented
for purposes of illustration and description. It is not ex-
haustive and does not limit embodiments to the precise
forms disclosed. Modifications and variations are possi-
ble in light of the above teachings or may be acquired
from the practicing embodiments consistent with those
described herein. For example, in some embodiments
the channelization of the incoming and outgoing signals
may be performed by the digital down converter but in
other instances the channelization may be performed in-
dependent of the down conversion. Additionally, in some
embodiments the transmitter and the receiver may be
independent from each other with their own antennas but
in other embodiments the transmitter and receiver may
be part of a transceiver and/or coupled to a single anten-
na through a duplexer. Finally, in some instances the
bandwidths of each channel may be based on those
specified by a particular communications standard, but
in other instances the channelization may be applied on
a customized sub band basis independent of any channel
bandwidth dictated by the communications standard. For
example, while the third generation cellular W-CDMA
standard divides the band up into 5MHz channels, de-
pending on the duplexer complexity, the presence of ex-
ternal blockers, or other criteria noise filter cancellation
may be applied on a channelized sub band basis different
from the 5MHz channels dictated by this standard.

Claims

1. A circuit comprising:

a channelizer (272) channelizing at separate
outputs a received incoming radio frequency
signal and a transmitted outgoing radio frequen-
cy signal; and
a cancellation filter (240) for each active channel
of the incoming radio frequency signal, each
cancellation filter coupled to an output of the
channelizer for the respective active channel,
each cancellation filter configured to estimate
and cancel transmission noise from the outgoing
signal in each respective active incoming chan-
nel.

2. The circuit of claim 1 or 2, further comprising a plu-
rality of analog to digital converters (ADCs) and
channelizers, wherein:

a first ADC (230) is coupled to a first channelizer
(272) for processing the incoming signal;
a second ADC (214) is coupled to a second
channelizer (271) for processing the outgoing
signal;
each cancellation filter includes a filter stage
(241) coupled to a subtractor(242);

the subtractor for each active channel is coupled
to a respective channel output of the first chan-
nelizer; and
the filter stage for each active channel is coupled
to a respective channel output of the second
channelizer.

3. The circuit of claim 2, further comprising:

a first mixer (228) coupled to the first ADC, the
first mixer mixing the incoming radio frequency
signal with an oscillating signal;
a second mixer (212) coupled to the second
ADC, the second mixer mixing the outgoing sig-
nal with the oscillating signal;
a radio frequency amplifier and a first band pass
filter coupled between an incoming signal
source and the first mixer; and
a second band pass filter coupled to the second
mixer, wherein the channelizer is a polyphase
fast Fourier transform based channelizer.

4. The circuit of claim 3, further comprising:

a first low pass filter coupled to the first mixer
and the first ADC; and
a second low pass filter coupled to the second
mixer and the second ADC, wherein the chan-
nelizer is an orthogonal frequency-division mul-
tiplexing (OFDM) transmultiplexer.

5. The circuit of claim 2, 3 or 4 further comprising a
common channel filter for each active channel cou-
pled to an output of the subtractor for the respective
active channel.

6. The circuit of claim 2, 3 or 4 further comprising:

a first channel filter for each active channel cou-
pled between the subtractor for the respective
active channel and the respective channel out-
put of the first channelizer; and
a second channel filter for each active channel
coupled between the filter stage for the respec-
tive active channel and the respective channel
output of the second channelizer.

7. The circuit of claim 6, further comprising a minimum
mean square error estimator coupled to the first and
the second channel filters for each active channel
and generating updated filter coefficients for the filter
stage of a respective active channel based on a cal-
culated error for the respective active channel.

8. The circuit of claim 7, further comprising a compa-
rator including logic for comparing a root mean
square (RMS) power of the outgoing signal and the
incoming signal and activating the minimum mean
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square error estimator when a difference of the com-
pared RMS power exceeds a threshold, the activat-
ing triggering the estimator to generate updated filter
coefficients for the filter stage of at least one active
channel.

9. The circuit of claim 8, wherein the cancellation filter
includes a memory storing the updated filter coeffi-
cients.

10. The circuit of claim 2, 3, 4, 5, 6, 7, 8 or 9 further
comprising:

a full band noise filter (445) coupled to the sec-
ond ADC and the second channelizer;
a full band noise subtractor coupled to the full
band noise filter, the first ADC, and the first chan-
nelizer; and
a control unit coupled to the full band noise filter
and each cancellation filter, the control unit con-
figured to selectively activate and deactivate the
full band noise filter and each cancellation filter.

11. The circuit of claim 10, wherein at least one of the
following apply:

a) the control unit is configured to toggle be-
tween activating the full band filter when active
channels are concentrated over a contiguous re-
gion of a signal band and activating each can-
cellation filter when active channel are discon-
tiguously spread across the signal band;
b) the circuit further comprises:

a full band filter adaptation unit coupled to
the full band noise filter and the first DDC,
and including a first estimator estimating fil-
ter coefficients across a full signal band of
the incoming signal; and a channel filter ad-
aptation unit coupled to each cancellation
filter, the first DDC, and the second DDC,
and including a second estimator to esti-
mate at least one filter coefficient on a per
channel basis for at least one of the chan-
nels.

12. A multi transmitter-receiver noise cancellation circuit
comprising a number n ≥ 2 of circuits of claims 2 to
11, wherein each of the n circuits includes:

n cancellation filters for each active channel;
each of the filter stages of the n cancellation fil-
ters for each active channel is coupled to the
respective channel output of the second chan-
nelizer for the respective circuit; and
the subtractor of each cancellation filter for each
active channel is coupled to the respective chan-
nel output of the first channelizer for the respec-

tive circuit.

13. The circuit of claim 1, further comprising:

a transmitter (215);
a receiver (225);
an analog to digital converter (230) (ADC) cou-
pled to the receiver and the channelizer, wherein
the channelizer is a digital downconverter;
a mixer (228) coupled between the receiver
(225) and the ADC, the mixer mixing the incom-
ing radio frequency signal with an oscillating sig-
nal;
a radio frequency amplifier (226) and a band
pass filter (227) coupled between the receiver
(225) and the mixer (228); and
a low pass filter (229) coupled between the mixer
and the ADC.

14. A noise cancellation circuit comprising:

a plurality of receivers, each coupled to a re-
spective analog to digital converter (ADC) and
a respective digital down converter (DDC);
a plurality of transmitters, each also coupled to
a respective analog to digital converter (ADC)
and a respective digital down converter (DDC);
and
a plurality of cancellation filters with at least one
cancellation filter coupled between each of the
transmitter channelizers and the receiver chan-
nelizers.

15. A method comprising:

channelizing incoming radio frequency (RF) sig-
nals received at a receiver and outgoing RF sig-
nals for transmission;
identifying each active channel of the chan-
nelized incoming RF signals; and
applying a noise cancellation filter to only each
identified active channel of the channelized in-
coming and outgoing RF signals.

16. The method of claim 15, further comprising:

mixing the incoming and the outgoing signals
with an oscillating signal;
digitizing each of the mixed signals;
digitally down converting each of the digitized
signals;
channelizing each of the digitized signals; and
applying the noise cancellation filter to only the
identified active channels of the channelized
down converted signals.

17. The method of claim 16, wherein one or more of the
following apply:
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a) the digitized signals are channelized as part
of the digital down conversion;
b) the method further comprises providing a sep-
arate noise cancellation filter for each channel;
c) the method further comprises:

applying a channel filter to each of the chan-
nelized down converted signals before ap-
plying the noise cancellation filter; compar-
ing a root mean square (RMS) power of the
incoming signal to the outgoing signal; cal-
culating a minimum mean square error of
the channel filtered incoming and outgoing
down converted signals for each channel
when a difference of the compared RMS
power exceeds a threshold; and updating
filter coefficients for the noise cancellation
filter provided for at least one channel based
on the calculated minimum mean square er-
ror.

18. A circuit comprising:

a noise cancellation filter having filter coeffi-
cients configured to estimate a transmitter noise
leakage across a band of a received signal;
a sub-band adaptation unit estimating at least
one filter coefficient on a sub-band basis for at
least one sub-band of the band;
a synthesizer coupled to the sub-band adapta-
tion unit and generating estimated filter coeffi-
cients across a full band from each estimated
filter coefficient at each sub-band; wherein at
least one filter coefficient of the noise cancella-
tion filter is updated based on the estimated filter
coefficients across the full band.

19. The circuit of claim 18 where at least one of the fol-
lowing applies:

a) the circuit further comprises:

a frequency domain adaptive filter in the
sub-band adaptation unit and estimating
each filter coefficient on the sub-band basis
in a frequency domain for at least one sub-
band of the band; and an inverse fast Fou-
rier transform module in the synthesizer and
converting the estimated filter coefficient(s)
in the frequency domain for each sub-band
into the estimated filter coefficients across
the full band in a time domain;

b) the circuit further comprises:

a channelizer coupled to the sub-band ad-
aptation unit and splitting the received sig-
nal and a transmitted signal inputted to the

noise cancellation filter into the at least one
sub-band; and a buffer storing the split re-
ceived signal and the split transmitted signal
outputted by the channelizer;

c) the circuit further comprises:

a serial digital down converter and channel
filter in the channelizer serially down con-
verting and channelizing the received signal
and the transmitted signal one sub-band at
a time; and an alignment module delaying
the channelized received signal and the
channelized transmitted signal until corre-
sponding sections of the channelized re-
ceived and transmitted signals are time
aligned;

d) the circuit further comprises:

a transmitter;
a receiver;
a first analog to digital converter (ADC) cou-
pled to the receiver and the sub-band ad-
aptation unit;
a second analog to digital converter (ADC)
coupled to the transmitter, the sub-band ad-
aptation unit, and the noise cancellation fil-
ter;
a subtractor coupled to the first ADC and
the noise cancellation filter;
a first mixer coupled between the receiver
and the first ADC, the first mixer mixing the
incoming radio frequency signal with an os-
cillating signal;
a second mixer coupled between the trans-
mitter and the second ADC, the second mix-
er mixing the incoming radio frequency sig-
nal with an oscillating signal;
a radio frequency amplifier and a first band
pass filter coupled between the receiver and
the first mixer;
a first low pass filter coupled between the
first mixer and the first ADC;
a second band pass filter coupled between
the transmitter and the second mixer; and
a second low pass filter coupled between
the second mixer and the second ADC.

20. A method comprising:

estimating a filter coefficient a filter cancelling a
transmitter noise across a signal band on a sub-
band basis for at least one sub-band of the signal
band;
converting the estimated filter coefficient for
each sub-band into filter coefficients across the
signal band; and
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updating at least one filter coefficient of the filter
based on the converted filter coefficients across
the signal band, and optionally further compris-
ing:

estimating each filter coefficient of the filter
on the sub-band basis in a frequency do-
main;
applying an inverse Fourier transform to
each estimated filter coefficient for each
sub-band in the frequency domain; and
calculating filter coefficients across the sig-
nal band in a time domain from the applied
inverse Fourier transform.
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