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METHODS AND APPARATUS FOR INTERFERENCE
CANCELING DATA CONVERSION

BACKGROUND

As is known in the art, the reception and demodulation of desired analog and digital
communication signals can be limited by the presence of high levels of unintentional and
sometimes, intentional interference. Modern receivers convert analog input waveforms
into digital waveforms at some point of the signal processing chain to take advantage of
enhanced digital processing technologies. This conversion process of digitizing the analog
waveform is performed by an analog to digital converter (ADC). As is known in the art,
the level of in-band interference that can be tolerated in these digital receivers is often

limited by the actual or effective number of bits (ENoB) of this ADC.

A number of attempts have been made to address ADC dynamic range limitations.
Predictor circuits have been developed to estimate the next analog input value, cancel the
predicted value in the analog domain, and recombine the estimate and subtracted
waveform in the digital domain. In other systems, known transmissions are subtracted
from the receive path. Other attempts to extend a system dynamic range include
developing narrower band receivers to mask interfering signals and higher dynamic range

ADCs to digitize both strong interfering and weak desired signals with sufficient signal-to-

noise ratio.

SUMMARY

The present invention provides methods and apparatus for achieving interference
cancelling data conversion. Exemplary embodiments of the invention extend the received
signal dynamic range of an analog-to-digital conversion system by partially cancelling an
interfering signal or signals with the use of multiple analog-to-digital converters, a digital-
to-analog converter, a programmable delay block, a gain block, and a difference amplifier,
and digital signal processing to reconstruct the received signal in the digital domain. The
system can further include simultaneous or offline calibration to model system noise,

distortion, and non-linear group delay to accurately reconstruct two passes of the signal

through analog blocks.
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In exemplary embodiments, a time-delayed version of the input signal is subtracted from
the input signal as part of the cancellation scheme. Cancellation of interferers across the
Nyquist bandwidth is achieved in a second pass path without growth in amplified residual
when a small time mismatch is introduced in the cancellation process. Intermodulation
distortion interference is removed in the digital domain by applying inverse distortion

models for multiple signals in the analog signal paths.

In exemplary embodiments of the invention, interference cancellation as part of the
cancellation scheme is achieved without reliance on prediction or known transmitted

waveforms. In addition, exemplary embodiments of the invention can handle changing

signal interference conditions.

In one aspect of the invention, a system comprises: a first ADC to receive an input signal
comprising an interfering signal and a signal of interest, a DAC to receive an output from
the first ADC and generate a coarse interferer cancelling signal, a first time delay module
to delay in time the input signal, a first summer to subtract an output of the DAC from the
delayed input signal output from the first time delay module, an amplifier coupled to the
output of the first summer for outputting a residual signal, a second ADC to receive the
residual signal from the amplifier, a second time delay module coupled to an output of the
first ADC, a first pass distortion module coupled to the output of the second time delay
module, a second pass distortion module coupled to the output of the second ADC, a
second summer module to receive an output of the first pass distortion module and an

output of the second pass distortion module and output a reconstructed signal of interest.

The system can further include one or more of the following features: a gain module
between the second ADC and the second pass distortion module, the first and second pass
distortion models provide non-linear harmonic distortion calibration, the system does not
use a predicted waveform, the system does not subtract a known waveform to perform
interference cancellation, a time mismatch between the first and second time delay
modules does not result in growth in the amplified residual signal, the first pass distortion
module is configured to apply an inverse non-linear distortion module to remove distortion
products on data received by the first ADC, the first pass distortion module is configured

to apply an inverse polynomial based on a model of the first ADC, and/or the second pass
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distortion module is configured to apply an inverse non-linear distortion function for the

second ADC and a DGC.

In another aspect of the invention, a method comprises: receiving an input signal
comprising an interfering signal and a signal of interest, digitizing the input signal to
generate a digitized input signal and a coarse interferer cancelling signal, employing a first
time delay module to delay in time the input signal, subtracting the coarse interferer
cancelling signal from the delayed input signal to generate a residual signal, amplifying
the residual signal, digitizing the amplified residual signal, delaying the digitized input
signal, employing a first pass distortion module to remove distortion from the delayed
digitized input signal, employing a second pass distortion module to remove distortion
from the digitized amplified residual signal, summing in a summer the outputs of the first

and second pass distortion modules, and reconstructing the signal of interest from the

summer output.

The method can further include one or more of the following features: employing a gain
module between the second ADC and the second pass distortion module, the first and
second pass distortion models provide non-linear harmonic distortion calibration, a
predicted waveform is not used, a known waveform is not subtracted to perform
interference cancellation, and/or a time mismatch between the first and second time delay

modules does not result in growth in the amplified residual signal.

In a further aspect of the invention, a system, comprises: a first ADC means for receiving
an input signal comprising an interfering signal and a signal of interest, a DAC means for
receiving an output from the first ADC and generating a coarse interferer cancelling
signal, a first time delay means delaying in time the input si gnal, a first summer means for
subtracting an output of the DAC from the delayed input signal output from the first time
delay means, an amplifier coupled to the output of the first summer means for outputting a
residual signal, a second ADC means receiving the residual signal from the amplifier, a
second time delay means coupled to an output of the first ADC means, a first pass
distortion means coupled to the output of the second time delay module, a second pass

distortion means coupled to the output of the second ADC means, a second summer means
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for receiving an output of the first pass distortion module and an output of the second pass

distortion means and output a reconstructed signal of interest.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of this invention, as well as the invention itself, may be more fully
understood from the following description of the drawings in which:

FIG. 1 shows an exemplary interference cancellation system

FIG. 2A shows a jamming signal, FIG. 2B shows a FFT of the jamming signal; FIG. 2C
shows a signal of interest; and FIG. 2D shows a FFT of the signal of interest;

FIGs. 3A-D show the signals of FIGs. 2A-D with added distortion and zero time offset;
FIG. 4A shows a coarse cancellation signal, FIG. 4B shows a FFT of the coarse
cancellation signal, FIG. 4C shows a time aligned coarse cancellation signal and a residual
signal; FIG. 4D shows an amplified residual signal, FIG. 4E shows reconstructed
interfering signal, and FIG. 4F shows a FFT of the reconstructed signal.

FIGs. 5A-F shows the signals of FIGs. 4A-F with a small time mismatch;

FIG. 6 is a schematic representation of a signal distortion model;

FIGS. 6A and 6B are tabular representations of single and two tone outputs for the model

of FIG. 6;

FIG. 7 is a graphical representation of spectrum congestion in the Los Angeles area; and

FIG. 8 is a schematic representation of an exemplary computer that can perform at least a

portion of the processing described herein.
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DETAILED DESCRIPTION

FIG. 1 shows a signal interference cancellation system 100 in accordance with exemplary
embodiments of the invention. The system includes an input signal 102 including an
interfering signal 104 combined with a signal of interest 106. The input signal 102 is
provided to a first ADC 108 and to a first time delay module 110. The first ADC 108
output is provided to a DAC 112 and to a second time delay module 114. A first summer
module 118 subtracts the output of the DAC 112 from the time delayed input signal 116.
The first summer 118 output is amplified 120 to provide a residual signal to a second ADC

122.

A first pass non-linear processing block 130 receives the time delayed output of the first
ADC 108 and a second pass non-linear processing block 132 receives the output from the
second ADC 122 after digital gain control 124. The outputs of the first pass non-linear
processing block 130 and the second pass non-linear processing block 132 are combined
in a third summer module 134. The third summer output 134 is provided to a signal
extraction block 136 that can output reconstructed versions of the interfering signal 104’

and the signal of interest 106” from the input signal 102.

In the first pass, the input signal 102 is digitized with the first ADC 108 quantizing the
signal into 2”n bits of digital data. It is sometimes considered a coarse pass but an accurate
estimate of the signal. The first ADC 108 output is then delayed 114 in time and the
reconstructed DAC 112 output is used to subtract out the relatively strong interfering
signal 104 to the quantization accuracy of the ADC 108 output using the first summer 118,
which outputs the residual signal. The time delay accounts for latency of the "coarse"
ADC 108. The reconstruction DAC 112 converts the ADC 108 output to an analog signal
and controls the amount of cancellation for the second pass of the system by subtracting
the interference levels quantized and reconstructed by the ADC 108 and reconstruction
DAC 112 from the input signal 102. In one particular embodiment, the first ADC 108 has
an 8-bit output, the reconstruction DAC 112 has an 8-bit input, and the second ADC 122

has a 12-bit output.

In an exemplary embodiment, the outputs of first ADC 108, which provides the digitized
input signal, and the second ADC 122, which provides the di gitized residual signal, are
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processed in a digital signal processing module 138. A summing block 134 reconstructs
the original input signal 102 by summing and aligning the timing of the outputs of the first
and second ADCs 108, 122 accounting for the gain and time delay of each block. A time
delay control and calibration module 140 controls the delay of the first time delay module
110 and the overall time alignment of the system. Signals of interest are extracted from the

output of the summer 134 by the signal extraction block 136.

The first pass inverse non-linear block 130 applies an inverse non-Jinear distortion
function to remove distortion products on the data received by the first ADC 108. In one
embodiment, the inverse non-linear distortion is performed by (1) determining the strong
signals and its fundamental distortion products, (2) determining the distortion function, (3)
generating a distorted waveform based on the distortion function, and (4)
removing/subtracting the undesired distortion products. In another embodiment, the
inverse non-linear distortion is applied by an inverse polynomial equation based on a
model of the first ADC 108 and the distortion products observed. Similarly, the second
pass non-linear block 132 applies an inverse non-linear distortion function on the analog
signal fed through the second ADC 122 and DGC 124. The Digital Gain Control (DGC)
block 124 is nominally set to normalize the most significant bit of the second ADC 122 to
one-half the level of the least significant bit of the first ADC 108.

Analog signals being digitized by the first ADC 108 may vary over time and may require
automatic gain control (AGC) stages to control the level to the first ADC 108 input 102 so
that they do not saturate or overdrive the first ADC 108 input. The normal operating signal

level into the first ADC 108 input 102 is set to account for the largest or continuous or

intermittent strong interfering signals.

The digital output signals from first pass non-linear block 130 and the second pass non-
linear block 132 are digitally summed together in the summing block 134. The digital
signals from these two paths are time-aligned by delay block 114 to account for the time
delay path through the first ADC 108, DAC 112, analog summer ] 10, analog gain block
120, second ADC 122, and DGC 124.
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The signal extraction block 136 separates signals of interest by applying digital filtering to
select a desired signal and to attenuate or remove extraneous signals. By applying a Fast
Fourier Transform (FFT) on the input data to the Signal Extraction Block 136, strong
interfering signals can be identified and extracted as an output 104. Similarly, the desired
signal can be extracted and output 106. As required, updates can be made to the inverse

non-linear distortion applied by the first and second non-linear blocks 130, 132 to improve

dynamic range of the system.

In exemplary embodiments of the invention, a system simultaneously calibrates out
distortion and/or non-linear group delay in the reconstructed signal with the use of
frequency swept calibration tone or tones with the use of a digital arbitrary waveform
generator (AWG), another DAC, and a sum module. The system can also store and replay

data through the system to improve the accuracy of the analog block models.

FIG. 2A shows an illustrative interfering or jamming signal, FIG. 2B shows a FFT of the
jamming signal, FIG. 2C shows a signal of interest or small signal, and FIG. 2D shows a
FFT of the small signal. The illustrative signals are simulated with no distortion and zero
time offset. FIGs. 3A-D show the signals of FIGs. 2A-D with distortion and zero time
offset. It is understood that the amount of interference and distortion cancellation is

dependent upon the inverse non-linear models (130, 132 FIG. 1).

FIGs. 4A-F shows signals that are time aligned with no timing errors. FIG. 4A shows
signal for the coarse ADC (108 FIG. 1) and FIG. 4B shows the FFT of the signal for the
coarse ADC signal. FIG. 4C shows a time aligned input waveform of the coarse ADC and
the residual signal from the summer 118 (FIG. 1) and FIG. 4D shows the amplified
residual signal. FIG. 4E shows the reconstructed coarse ADC signal and FIG. 4F shows
the FFT of the reconstructed coarse ADC signal.

FIGs. 5A-F show the signals of FIGs. 4A-F with a time mismatch. The growth in the

amplified residual signal can be seen in FIG. 5D when a small time mismatch is

introduced.
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FIG. 6 shows an exemplary circuit model for theoretical harmonic distortion (single tone)
and intermodulation distortion (two-tone) to provide an inverse non-linear distortion
model. For calculating harmonic distortion products, a single sine wave with amplitude
Va is input to a non-linear device generating output voltage Vour. For calculating
intermodulation distortion produccts, sine wave signals Va and Vb (two-tone) are input to
a non-linear device that generates output voltage Vour. First, second, and third order

products are determined with a third order polynomial with the sine wave inputs as

follows:

For a single tone:
Vin =V, cos(wt)
Vout = A,(Vin) + B, (Vin)’ + C, (Vin)®

Expanding Vout using Vin yields the following terms:

First Order: AV, cos(at)
BD
2

Third Order: (% C0Va3) cos(ayt) + (% C0Va3) cos(3 x wt)

Second Order: == (V) + %‘L(Vaz cos(2 xayt))

For two tones:
Vin =V, cos(at) +V,cos(a,t)
Vout = A,(Vin) + B, (Vin)* + C,(Vin)’

Expanding Vout using Vin yields the following terms:

First Order: 4,V cos(@t) + A Vycos(@,t)

By 2 2y, Bop2 By 12

V,"+Vy") + v, 2 )+ Vi 2 t
Second Order: 2 ¢ *' )+ 5 Va cos(2x @)+ =" (7" cos(2 x 3 2
+B,V,Vy cos(wt+ myt)+ BV, ¥y cos(wt - wst)

(% c, v} +§—C0VaVb2)cos(w1t)+ (3— c, v, +-§—C0Va2Vb)cos(a)2t)
+(% C,V,>)cos(3x )+ (i— C, V3> )cos(3x wyt)

Third Order: 3
+(Z CoVanb)[cos(Z x @it+ w,t)+ cos(2 x @ t- wot)]

+(—j;— CoVaVb2 Ycos(2 x wyt+ @ t)+ cos(2 x wyt- @ t)]
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Comparing products generated by a single tone input to a two-tone input, the DC term

BU
2

second input through a non-linear device. These small increases must be accounted for to

increases by (Vb2) and fundamental frequency term increases by %(Co Va Vb2) due to

achieve a high level of inverse non-linear distortion compensation.

FIGS. 6A and 6B show a numerical example comparison of theoretical harmonic and
intermodulation distortion levels for single and two-tone inputs. Differences are observed
for the DC as a result of the 2nd order product (-56.02 dBm versus -50.00 dBm), and
difference for the f1 tone as a result of the 3™ order product (-60.46 dBm versus -50.92

dBm).

FIG. 7 shows an exemplary RF spectrum in which a wide band digital receiver having a
high dynamic range receiver to capture strong and weak signals is desirable. The strong
signals produce distortion products that interfere with the reception of relatively small
signals of interest. It is understood that embodiments of the invention are applicable to
any system in which improving the dynamic range of a digital receiver is desirable, such

as radars, satellites, radio and television, wireless, and other systems receiving data.

FIG. 8 shows an exemplary computer 800 that can perform at least part of the processing
described herein. The computer 800 includes a processor 802, a volatile memory 804, a
non-volatile memory 806 (e.g., hard disk), an output device 807 and a graphical user
interface (GUI) 808 (e.g., a mouse, a keyboard, a display, for example). The non-volatile
memory 806 stores computer instructions 812, an operating system 816 and data 818. In
one example, the computer instructions 812 are executed by the processor 802 out of
volatile memory 804. In one embodiment, an article 820 comprises non-transitory

computer-readable instructions.

Processing may be implemented in hardware, software, or a combination of the two.
Processing may be implemented in computer programs executed on pro grammable
computers/machines that each includes a processor, a storage medium or other article of
manufacture that is readable by the processor (including volatile and non-volatile memory

and/or storage elements), at least one input device, and one or more output devices.

9



WO 2015/047460 PCT/US2014/040642

Program code may be applied to data entered using an input device to perform processing

and to generate output information.

The system can perform processing, at least in part, via a computer program product, (e.g.,
in a machine-readable storage device), for execution by, or to control the operation of, data
processing apparatus (e.g., a programmable processor, a computer, or multiple computers).
Each such program may be implemented in a high level procedural or object-oriented
programming language to communicate with a computer system. However, the programs
may be implemented in assembly or machine language. The language may be a compiled
or an interpreted language and it may be deployed in any form, including as a stand-alone
program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A computer program may be deployed to be executed on one
computer or on multiple computers at one site or distributed across multiple sites and
interconnected by a communication network. A computer program may be stored on a
storage medium or device (e.g., CD-ROM, hard disk, or magnetic diskette) that is readable
by a general or special purpose programmable computer for configuring and operating the
computer when the storage medium or device is read by the computer. Processing may
also be implemented as a machine-readable storage medium, configured with a computer

program, where upon execution, instructions in the computer program cause the computer

to operate.

Processing may be performed by one or more programmable processors executing one or
more computer programs to perform the functions of the system. All or part of the system
may be implemented as, special purpose logic circuitry (e.g., an FPGA (field

programmable gate array) and/or an ASIC (application-specific integrated circuit)).

Having described exemplary embodiments of the invention, it will now become apparent
to one of ordinary skill in the art that other embodiments incorporating their concepts may
also be used. The embodiments contained herein should not be limited to the disclosed
embodiments but rather should be limited only by the spirit and scope of the appended

claims. All publications and references cited herein are expressly incorporated herein by

reference in their entirety.

10
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1. A system, comprising:
a first ADC to receive an input signal comprising an interfering signal and a signal

of interest;

a DAC to receive an output from the first ADC and generate a coarse interferer

cancelling signal;

a first time delay module to delay in time the input signal;

a first summer to subtract an output of the DAC from the delayed input signal
output from the first time delay module;

an amplifier coupled to the output of the first summer for outputting a residual

signal;
a second ADC to receive the residual signal from the amplifier;

a second time delay module coupled to an output of the first ADC;

a first pass distortion module coupled to the output of the second time delay

module;

a second pass distortion module coupled to the output of the second ADC;
a second summer module to receive an output of the first pass distortion module

and an output of the second pass distortion module and output a reconstructed signal of

interest.

2. The system according to claim 1, further including a gain module between the second

ADC and the second pass distortion module.

3. The system according to claim 1, wherein the first and second pass distortion models

provide non-linear harmonic distortion calibration.

4. The system according to claim 1, wherein the system does not use a predicted

waveform.

5. The system according to claim 1, wherein the system does not subtract a known

waveform to perform interference cancellation.

6. The system according to claim 1, wherein a time mismatch between the first and

second time delay modules does not result in growth in the amplified residual signal.

11
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7. The system according to claim 1, wherein the first pass distortion module is configured

to apply an inverse non-linear distortion module to remove distortion products on data

received by the first ADC.

8. The system according to claim 7, wherein the first pass distortion module is configured

to apply an inverse polynomial based on a model of the first ADC.

9. The system according to claim 1, wherein the second pass distortion module is

configured to apply an inverse non-linear distortion function for the second ADC and a

DGC.

10. A method, comprising:

receiving an input signal comprising an interfering signal and a signal of interest;

digitizing the input signal to generate a digitized input signal and a coarse
interferer cancelling signal;

employing a first time delay module to delay in time the input signal;

subtracting the coarse interferer cancelling signal from the delayed input signal to
generate a residual signal;

amplifying the residual signal;

digitizing the amplified residual signal;

delaying the digitized input signal;

employing a first pass distortion module to remove distortion from the delayed
digitized input signal;

employing a second pass distortion module to remove distortion from the digitized

amplified residual signal;

summing in a summer the outputs of the first and second pass distortion modules;

and

reconstructing the signal of interest from the summer output.

11. The method according to claim 10, further including employing a gain module

between the second ADC and the second pass distortion module.

12
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12. The method according to claim 10, wherein the first and second pass distortion

models provide non-linear harmonic distortion calibration.
13. The method according to claim 10, wherein a predicted waveform is not used.

14. The method according to claim 10, wherein a known waveform is not subtracted to

perform interference cancellation.

15. The method according to claim 10, wherein a time mismatch between the first and

second time delay modules does not result in growth in the amplified residual signal.

16. The method according to claim 10, further including configuring the first pass
distortion module for determining a strong signal and its fundamental distortion products,
determining a distortion function, generating a distorted waveform based on the distortion

function, and removing/subtracting the undesired distortion products.

17. The method according to claim 10, further including configuring the first pass
distortion module for applying an inverse polynomial equation based on a model of the

first ADC and observed distortion products.

18. The method according to claim 10, further including configuring the second pass

distortion module for applying an inverse non-linear distortion function on analog signal

fed through the second ADC and a DGC block.

19. A system, comprising:

a first ADC means for receiving an input signal comprising an interfering signal

and a signal of interest;

a DAC means for receiving an output from the first ADC and generating a coarse

interferer cancelling signal;
a first time delay means delaying in time the input signal;

a first summer means for subtracting an output of the DAC from the delayed input

signal output from the first time delay means;

13
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an amplifier coupled to the output of the first summer means for outputting a
residual signal;

a second ADC means receiving the residual signal from the amplifier;

a second time delay means coupled to an output of the first ADC means;

a first pass distortion means coupled to the output of the second time delay
module;

a second pass distortion means coupled to the output of the second ADC means;

a second summer means for receiving an output of the first pass distortion module
and an output of the second pass distortion means and output a reconstructed signal of

interest.

14
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