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relates to the field of signal processing technology for
efficient signal representation and reproduction using wavelet
transformations.

(2) Prior Art

Radar warning receivers (RWRs) receive and process signal
pulses found within an input wide band signal. The performance
of RWRs, and other deviées used for signal detection and feature
extraction purposes, is often measured by charg_ing Receiver
Operating Characteristic curves (ROC curves) in which the
system’s performance in Probability of Detection (POD) vs. the
False Alarm.Rate (FAR) is plotted and compared. An RWR system
can have a higher probability of signal detection at a lower
false alarm rate if the system’s signal to noise ratio (SNR) at
the detection point is improved (e.g., it has a higher operating
sensitivity). Therefore, it is a great adirantage for RWR
systems to reduce the noise content of the incoming signal
relative to the signal content of the detected pulses. However,
heretofore, advanced signal denoising techniques have not been
appl:.ed to RWR systems. '

For RWRs, higher operating sensitivity translates into
increased range of detection, improved accuracy and increased
precision for time of arrival (TOA), angle of arrival (AOA),
pulse width (PW) measurement, and peak amplitude measurements of
the input signal. An overall gain in RWR system operating
sensitivity also translates into reduced vulnerability for the
carrier which hosts the RWR; the above being the ultimate goal
of such a system.

Current RWR systems based on the ex1st1ng receiver designs
and architectures suffer from the lack of advanced signal
processing capabilities to effectively deal with the problems
associated with signal noise contamination in the broad band:
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the narrow band frequency domain. As such, the detectlon range
of prior art RWR systems is hampered and frequency ambiguity
problems persist. Thus, what is needed is an RWR system with
increased capability to reduce the context of signal noise
within the input signal relative to the content of the signal
pulses desired for detection. To this end, what is needed is an
RWR system having greater sensitivity over the prior art designs
to provide increased advanced warning and thus protection for
the host carrier.

Accordingly, the present invention RWR system offers a
system for significantly reducing the noise content of an
incoming RWR signal relative to the content of signal pulses
desired for detection (e.g., operates with an increased signal
to noise ratio). The present invention offers a significant
increase of overall RWR system sensitivity and range of
detection. Further, the present invention offers a denoising
system that can be retrofitted into existing RWR designs to
allow effective denoising while not substantially altering other
aspects of downstream processing performed by the RWR systems.
These and other advantageous of the present. invention not
Specifically recited above will become clear within discussions
of the present invention herein.

Summary of the Invention
A method and apparatus are described for high speed

denoising of an input wide band signal received by a radar
warning receiver (RWR) system. The system of the present
invention digitizes the input signal into sample windows each
having a number of sample data points (x). The present
invention includés a signal transformation processor system
which convolves Haar wavelet basis functions across in,dividualh

time segments of the input signal to produce sets of correlation
ts of correlation
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REPLACEMENT SHEET Substitute sheet - 3 April 2001 (e.g., w de band) channel
for pul se signal detection, identification and characterization. Wthout
advanced denoi sing techni ques and signal processing hardware, prior art RWR
systens nust process incomng signals having substantial noise content

Wwhi ch unfortunately reduces their overall 3sensitivity. Prior .art RWR
systens al so | ack advanced signal processing 5 capabilities- to effectively
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rati o). The 8B gArresponds to a different basis function, Or a same basis
function applied to an individual time segment. Each 1level
contains a different number of represented frequency bands and
different number of time segments per fregquency band.
Therefore, each 1level provides different frequency/time
resolution. For each level, the coefficients are sorted into a
- coefficient map by magnitudé order. A thresholding processor
determines each level’s coefficients having magnitudes within a
threshold range and discards the remaining coefficients (e.g.,
the "noise"). The processor then determines the coefficient map
having the best correlation to the input signal sample Dby
analyzing the drop-offs in coefficient magnitude across each of
the coefficient maps. These coefficients can be used to (1)
reconstruct a denoised digital or analog signal using a re-
transformation process or (2) to produce a digital report
indicating vital pulse information including leading edge pulse
position, pulse peek amplitude, pulse duration, etc. Under the
present invention, using wavelet transformation, the input
signal energy is efficiently repackaged in terms of wavelet
basis functions with a reduced set of information (coefficients)
representing the input signal.

Specifically, an embodiment of the present invention
includes a method for denoising an input RWR digital signal, the
method comprising the computer implemented steps of: a) sampling
the input digital signal into sample windows, each sample window
comprising x discrete sample points; b) convolving the sample
window with selected wavelet basis functions across n frequency
resolution levels to generate n sets of x correlation
coefficients with each frequency resolution level generating x
correlation coefficients; c) generating a set of n coefficient
maps, one coefficient map per frequency resolution level of the
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Figure 1 is an overall block diagram of two embodiments of

a radar warning receiver (RWR) system in accordance with the
present invention both including a denoising system using
wavelet transformation.

Figure 2 illustrates an embodiment of the denoising
processor system of the present invention using a computer
systen.

Figure 3 is a flow diagram illustrating initial steps of
the present invention process for denbising an input signal
using wavelet transformation.

Figure 4 is a flow diagram illustrating parallel processing
steps of the present invention process for wavelet
transformation and coefficient thresholding for multiple
frequency resolution levels (e.g., 1 to n).

Figure S5A 1is a flow diagram illustrating discrete
convolution and decimation steps of the wavelet transformation
step of Figure 4 in accordance with the present invention.

i Figure 5B is a flow diagram illustrating the coefficient
thresholding and recording step of Figure 4 in accordance with
the present invention for each level.

Figures 6A, 6B, and 6C represent exemplary coefficient maps
produced by wavelet transformation processes for three exemplary
frequency resolution 1levels in accordance with the present
invention. i

Figure 7 is a flow diagram of steps of one exemplary
embodiment of the present invention for using. the-denoising
system of the present invention with a digital RWR analysis
systenm. . )

Figure 8 is a flow diagram of steps of one exemplary
embodiment of the present invention for recoﬁstru_ctinq a
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Figure 10B 111ustrates two wavelet basis functions applied
to a second time segment for frequency resolution level 1, in’
accordance with the present invention, for an embodiment having
a signal window of four sample points (x=4).

Figure 10C illustrates four wavelet basis functions for
frequency resolution level 2, in accordance with the present
invention, for an embodiment having a signal window of four
sample points (x=4).

Figure 11A illustrates a discrete convolution procedure
with decimation convolving the 2 wavelet basis functions of
frequency resolution level 1 across two time segments of the
input sample window to arrive at the 4 level 1 coefficients of
the present invention. '

Figure 11B illustrates a discrete convolution procedure
with decimation convolving the 4 wavelet basis functions of
frequency resolution level 2 with the input sample window to
arrive at the 4 level 2 coefficients in accordance with the
present invention.

Figures 12A, 12B, 12C, and 12D illustrate reconstruction by
discrete convolution procedures with interpolation to arrive at
the denoised signal based on the frequency resolution level 1
coefficients in accordance with the present invention.

Figures 13A, 13B, 13C, and 13D illustrate reconstruction by
discrete convolution procedures with interpolation to arrive at
the frequency resolution level 1 coefficients based on the
frequency resolution level 2 coefficients in accordance with the
present invention.

Figure 14 illustrates the waveforms for.the two wavelet
basis functions (1 high, 1 1low band) for the frequency
resolution level 1 within an embodiment of the present invention
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functlons (4 high, 4 low band) for the frequency resolution

level 3 within an embodiment of the present invention where
x=32.

Figure 17 illustrates the 16 waveforms for the wavelet
basis functions (8 high, 8 1low band) for the frequency
resolution level 4 within an embodiment of the present invention
where x=32.

Figures 18A and 18B illustrate the 32 wavelet basis
functions (16 high, 16 low band) for the frequency resolution
level 5 within an embodiment of the preseﬁt invention where
x=32.

Figures 19A and 19B illustrate two discrete convolution and
decimation processes performed by the present invention to
arrive at the 32 coefficients of the frequency resolution level
1, based on an input signal sample window within an embodiment
where x=32. _

Figures 20A, 20B, 20C and 20D illustrate four discrete
convolution and decimation processes performed by the present
invention to arrive at the 32 coefficients of the frequency
resolution level 2, based on an input signal sample window
_ﬁithin an embodiment where x=32. '

Figures 21A and 21B illustrate two exemplary discrete
convolution and decimation processes performed by the present
invention to arrive at the first four and the last four

- coefficients of the 32 coefficients of the frequency resolution
level 3, based on an input signal sample window within an
embodiment where x=32.

Figures 22A and 22B illustrate two exemplary discrete
convolution and decimation processes performed by the present
invention to arrive at the first two and the last two
coefficients of the 32 coefficients of the frequency resolution
level 4, based on an input signal sample window within an
embodiment where x=32. '



-2B - a) convol ving said sanple wi ndow with selected wavel et basis
functions across n frequency resolution |evels to generate n sets of x
correlation coefficients, each frequency resolution | evel generating x
correlation coefficients; b) generating a set of n coefficient naps, one
‘coefficient map for each frequency 5 resofution |level of said n frequency

resolution levels;, c) determ n| st coefficient map, of sai.d -
coefficient maps Figuresy$3a PPE. iii’ﬂ?ﬁ’é@ﬁ?s tyo Oe:§e1ﬁ9]&1;%t giggﬁﬂ:%.
poi nts of saidiw@amﬂlenvmamﬂomwiahadébar procegsee| perfdroedr byathenpresent

coeffici ent ti:l%Star‘iQ‘%fef ¢ Q:'Ne '%Q'stdhnd the’ hakt RdeRficients of
retransform | on SO said selected correlatio qeffl ci

ts
sai d best cdd¥e |3c§ é’fﬂefrfﬂ-ﬁltebtﬁeegnEP?u€¥e%‘1‘Fr&R¥ fs °§’e&etYea'| £al L@Fﬁﬁal
and e) a g Gah alinpatasdlgng1Cc eanpliecrwindow oditinirsaan pmbodimentsyhere
for convertéi_g_; sai d out put denoised digital signal into an output denoised
anal og sign ’rhe present invention alsqo provides a nethod for denoi sing
an input digital Riowreis 24h andt 2l ddhpstsaty dheceehpureprveiprinenaed

3 f e!otsa?) SIt h;ﬂ?@}ﬂgﬁbn{ pebBnBela¥t én %amlﬁefﬁbrﬂédqbﬁlsftga;aﬂmnbﬁt
Conput er 1 ode B SRR oL AP 0B e ALP8 8n oo 02, PEARTSC Sfpori, GebodBfal
menory unit imputai su.ggaa psamp ben msedaugnngﬂwl é2prgee§§b¢1?@t%erqﬂ)r f¥hehe
steps a) thrguah &S fesbiuitioithevel 1 within an embodiment where x=32.

Figures 25A and 25B illustrate discrete convolution and
interpolation reconstruction processes performed by step 710 of
the present invention to arrive at the 32 coefficients of the
frequency resolution level 1 based on the 32 coefficients of the
frequency resolution level 2 within an embodiment where x=32.

Figures 26A, 26B, 26C and 26D illustrate discrete
convolution and interpolation reconstruction processes performed
by step 710 of the present invention to arrive at the 32 .
coefficients of the frequency resolution level 2 based on the 32
coefficients of the frequency resolution 1level 3 within an
embodiment where x=32. ,

Figures 27A, 27B, 27C,- 27D, 27E, 27F, 27G, and 27H
illustrate discrete convolution and interpolation reconstruction
processes performed by step 710 of the present invention to
arrive at the 32 coefficients of the frequency resolution level
3 based on the 32 coefficients of the frequency resolution level
4 within an embodiment where x=32.

Figures 28A, 28B, 28C, 28D, 28E, 28F, 28G, 28H, 28I, 28J,
28K, 28L, 28M, 28N, 28(0), and 28P illustrate discrete
convolution and interpolation reconstruction processes performed
by step 710 of the present invention to arrive at the 32
coefficients of the frequency resolution level 4 based on the 32
coefficients of the frequency resolution level 5 within an
embodiment where x=32. '

Figure 29A illustrates a representation of an input
digitized signal sampled over multiple points showing both noise
and a signal pulse. '

Figure 29B illustrates a représentation‘ of a denoised
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descriptlon of the present invention, numerous specific details

are set forth in order to provide a thorough understanding of.
the present invention. However, it will be obvious to one
skilled in the art that the present invention may be practiced
without these specific details. In other instances well known
methods, procedures, components, and circuits have not been
described in detail as not to unnecessarily obscure aspects of
the present invention.

Notation and Nomenclature

Some portions of the detailed descriptions which follow are
presented in terms of procedures; logic blocks, processing, and -
other symbolic representations of operations on data bits within '
a computer memory. These descriptions and representations are
‘the means used by those skilled in the data processing arts to
most effectively convey the substance of their work to others
skilled in the art. A procedure, logic block, process, etc., is
interpreted to be a self-consistent sequence of steps or
instructions leading to a desired result. The steps are those
requiring physical manipulations of physical quantities that
represent physical entities. Usually, though not necessarily,
these quantities take the form of electrical or magnetic signals
capable of being stored, transferred, combined, compared, and
otherwise manipulated in a computer system. It has proven
convenient at times, principally for reasons of common usage, to
refer to these signals as bits, values, elements, symbols,
characters, terms, numbers, data, or the like.

It should be borne in mind, however, that all of these and
similar terms are to be associated with the appropriate physical
gquantities and represented entities and are merely convenient
labels applied to these quantities. Unless specifically stated
otherwise as apparent from the following discussions, it is
appreciated that throughout the present invention, discussions
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The present invention utilizes wavelet transformations to

transform a digitized signal window into sets of correlation
coefficients ("coefficients") that represent wavelet basis
functions. One type of wavelet transformation performed by the
present invention is the Haar wavelet transformation. The
wavelet basis functions ("basis functions") employed by the
present invention to perform the transformation are Haar wavelet
packets and are specifically tailored for pulse signal
representation while not well formulated to correlate with
- signal noise. This representation maximizes the utility of
available a priori information about the input signals and also
packages the signal energy efficiently into a reduced number of
terms (e.g., coefficients) for fast signal denoising, detection,
characterization and reconstruction. The wavelet
.transformations performed by the present invention are
efficiently performed using multiple parallel processing units.
Wavelet transformation outperforms classical Fourier
transformation techniques in cases when the input signals are
wide band transients, as is the case in RWR applications. This
advantage stems from the fact that wavelets themselves are.
energy pulses having: 1) oscillations; 2) with a zero average
over the wavelet; 3) with constant fidelity, e.g., df/f is
constant; 4) with no DC terms, and 5) with finite support, e.g.,
most of the wavelet value is zero except for a small duration of
non zero (1/-1) values. Wavelets are different from sinusoidals
(that have infinite support) in that wavelet transformations
allow a combined time-frequency representation of the signal,



i ndi vi dual time segments of the input signal to produce sets of correlation

8 coefficients. Signal noise is poorly represented by the selected Haar
wavel et basis functions while expected. pul se signal characteristics are
wel |l represented by the basis functions. Wthin the wavel et

transformation processes, a plurality (npoof frequency resolution levels
are sinmultaneously determ ned, each frequency resolution |level having a
fi xed nunberatherorthaimtaosodecfiregduancy (Rgpreseniaician ngst PRAVAAeGRY of

Z?PPLEeﬁ?ingPg@?3n3§$§#f§%ﬁﬁdomTugﬁﬁErPOG?QGé%éﬂﬂ ﬁﬂaﬁ?ﬁ%gh&tibﬁndaffﬂrﬁ
_ , a sa asi s _functi | e n_individual
ti me segmen€onstgpgy qrrﬁ%‘leWnté’r#:lﬁiydi PPEPRAL aﬂ@nﬁﬁ&%ﬁ’ﬁéﬁr%‘ééﬁ?‘g{éﬂgu
fT L equency baegelsand dh:llileeera Mourderof transefexgnent ¥hady foddowscyisanal.
erefore, . rou defr gl e b 1Sy Olgut §
For each Ie\c/%?',%gtl ﬁggégef‘ﬁ)c?éhts ar g&%grgithe? ﬁfrﬁ%ﬁ?équéﬁbﬂggiﬁé o HRsx
wavelet transformation processor system for denoising of an

input wide band signal carrying pulse signals with noise.

Present Invention RWR System 14

Figure 1 illustrates a block diagram of an RWR system 14 in
accordance with the present invention, including a Haar wavelet
transformation processor unit 112 ("processor unit 112").
According to system 14, wide band radio frequency (RF) signals
are réceived over input 5 (e.g., a complex antenna) by a wide
band quadratic ("quad") receiver unit 10. Quad receiver 10 can
be implemented in accordance with a number of well known designs
and typically contains four fields of view. Quad receiver 10
outputs wide band video signals over line 15 which are supplied
to an analog to digital converter (ADC) circuit 20, which is.
also well known. The signal over line 15 is an input analog
signal and contains noise. ADC circuit 20 generates a digital
representation of the input analog signal received by quad
receiver 10. Although a number of sample frequencies can be
used within the scope of the present invention, an exemplary ADC
circuit 20 can operate at a sample frequency of 64 MHz with a
sample resolution of 8-10 bits. Sampled digital signal points
;epresentative of the input analog signal 15 are supplied'over
bus 25 to the Haar wavelet transformation processor unit 112.
The size of bus 25 depends on the resolution of the ADC circuit
20 and in one embodiment is between 8-10 bits wide. The digital
signal points presented over bus 25 are sampled by processor
unit 112 in sample windows of x signal points per window.
Preferably x is a power of 2.

In one embodiment, processor system 112 is a high speed
computer system implemented to  perform parallel processing
(e.g., having a single high speed central processing unit or
having multiple parallel central processing units).
Alternatively, the design of the processor system 112, as
described herein to follow, can be implemented with a custom
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caefficient map by magnitude order. A threshol ding processor determ nes
each level's coefficients having nmagnitudes within a threshold range and

di scards the remaining coefficients (e.g., the "noise"). The processor then
determ nes the coefficient map having the best correlation to the input
signal sanple by analyzing the drop-offs 3h coefficient magnitude across
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Processor system 112 of Figure 1 receives the digitized
'representation of the input signal over bus 25 and selects
sample windows, each having a determined number of sample points
(e.g., X). Processor system 112 performs Haar wavelet
transformations upon the sample points using multiple frequency
resolution levels (e.g., n), each level having different
frequency and time resolutions. At each frequency resolution
level, n, processor system 112 convolves (with decimation)
selected Haar wavelet basis functions across different time
segments of the input sample window to generate x different
correlation coefficients ("coefficients"). Across all n levels, .
a total of n*x coefficients are computed by processor system 112
with coefficients of a same level determined in parallel with
other levels.
At each frequency' resolution level, the processor system
112 of Figure 1 also generates a coefficient map ranking all of
the x coefficients of that level by their respective magnitudes.
Processor system 112 analyzes each coefficient map to determine
_which map of the n levels best packages or correlates to the
input signal sample; a drop-off procedure can be used by
processor unit 112 to perform this process with the coefficient
map having the shérpest drop~-off curve selected as the "best
coefficient map." The best coefficient map can also be selected
by using two distinct methods from a complete multi-resolution
signai decomposition tree diagram. The first method is a
minimum entropy procedures. Shannon entropy of a function
expansion is a classic measure of good fit or the ndistance"
between the basis function and the signal function. Thus,
signal decomposition with minimum entropy indicates that the
basis function in use provides the best fit or most efficient
energy compaction. The second method is the sharpest



conprising x discrete sanple points; b) convolving the sanple wi ndow with
sel ected wavel et basis functions across n frequency resolution levels to
generate n sets of x correlation coefficients with each frequency
fesolutlon | evel generating x correlation coefficients; c) generating a set
of n coefficient maps, one coefficient nep per frequency resolution |evel
of the 4 n frequency resolution levels; d) determining a best
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method. .

Of the best coefficient map, the processor system 112
selects the coefficients having the largest magnitude ("selected
coefficients"); a threshblding procedure can be used here.
Since noise signal characteristics and waveforms are not well
represented by the Haar wavelet basis functions of the present
invention, selection of the largest magnitude coefficients while
eliminating the remainder coefficients effectively perforins a
denoising of the transformed input signal sample.

At this point, RWR system 14 of the present invention
generates one of two different outputs depending on the RWR
implementation desired, both of which are shown in Figure 1. In
a first embodiment, a digital pulse processor 45 is employed and
is coupled to receive a digital pulse report 40 stored in
computer memory. Processor system 112 generates the digital
pulse report 40, which is stored within unit 35, based on the
selected coefficients of the best coefficient map. The pulse
report 40 contains vital information regarding a detected pulse
within the input sample including whether a pulse was detected
at all, the pulse 1leading edge position, the pulse peak
amplitude and the pulse width or duration. This information is
.supplied to a digital pulse processor 45 for pulse and signal
recognition and other well known threat characterization
processing. The output of the digital pulse processor 45 is
supplied to an output display unit 70 and/or a countermeasures
unit 70, both of which are well known in the art.

In a second, or "retrofit ," embodiment of the RWR system
14, the processor system 112 of Figure 1 contains a
reconstruction (e.g., re-transformation) processor which inputs
the selected coefficients of the best coefficient map. Based on
these selected coefficients, the re-transformation processor
performs a re-transformation to reconstruct a digital signal
representing a denoised version of the input digital signal at
25. This digital signal is normalized and then output over bus



a radar warning receiver (RAR) systemin accordance with the present
i‘nvention both including a denoising systemusing wavel et transfornmation.
Figure 2 illustrates an enbodi nent of the denoising processor system of the
present invention using a conputer system Figure 3 is a flow diagram
illustrating initial steps of the presentignvention process for. denoising
an input signal using wavelet transformation. Figure 4 is a flow di agram
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i nvention fdignal') ovexr line 60 which is supplied to the wide band video
pulse processor 65 for processing. In this "“retrofit"-

embodiment, an otherwise conventional RWR system can be

retrofitted using the present invention processor system 112 in

combination with the ADC circuit 20 and the DAC circuit 55. The

present invention denoising system of this embodiment receives

a "video in" 15 and generates a "clean video out" 30 (video-

in/video-out) used by conventional downstream processors (e.g.,

processor 65). The output of the wide band video pulse

processor 65 is supplied to an output display unit 70 and/or a

_countermeasureé unit 70, both of which are well known in the

art. '

Figure 2 illustrates one embodiment of processbr system 112

as a computer systemn. The wavelet transformation .processes'

(e.g., process 300/Figure 3) of the present invention can be

realized utilizing parallel processing. Processor 101 can be a

high speed processor capable of executing simultaneous

processing tasks or, alternatively, processor 101 can be

implemented as a number of individual parallel executing

processors 101 (e.g., n processors), one for each of the n

frequency resolution 1levels analyzed within the present

invention wavelet transformation processes. In genei'al,

'.processor system 112 comprises an address/data bus 100 for

communicating information, the central processor(s) 101 coupled

with the bus 100 for processing information and instructions,

one or more cowmputer readable volatile memories (e.g., random

access memory) 102 coupled with bus 100 for storing information

and instructions for the central processor(s) 101, one or more

computer readable non-volatile memories (e.g., read only memory)

103 coupled with bus 100 for storing static information and

instructions for the processor(s) 101, a signal communication

device 108 coupled to the bus 100 for providing communication

between processor system 112 and external units, and an optional

data storage device 104 such as a magnetic or optical disk and



Figures 6A, 6B, and 6C represent exenplary coefficient maps produced by
wavel et transformati on processes for three exenplary frequency resol ution

| evel s in accordance with the present invention. Figure 7 is a flow diagram
of . steps of one exenplary enbodi nent of the present invention for using.

the denoising systemof the present invenijjon with a digital RAR analysis
system Figure 8 is a flow diagram of steps of one exenplary enbodi nent of
the present dimkendiibve f coupbedneithcbusg 100 falensteeinginahfgrsagbah fand

application J__known anal og RWR pul se processor. Figure 9A, Figure
9B and Figuﬁ%‘g% gﬁgcgﬁése diagranms illustrating frequency bands qf three
frequency resol utdRkiomaddyscempledidres¥stemahi? Gambeoan (IpfHanal-dispiay

signal . Fi guesriieA 1iolsl gotipaédsté sus\aoa Eorbaisplaying i infomptiiondto the
computer user, an optional alphanumeric input device 106 coupled
to bus 100 for communicating information and command selections
to the central processor(s) 101, and an optional cursor control
device 107 coupled to bus 100 for communicating user input
information and command selections to the central processor(s)
101. When computer system 112 is used as an embedded system,
units 105, 106 and 107 are typically excluded.

Process Flow of RWR System

Figure 3 illustrates steps of process flow 300 performed by
the present invention to perform signal denoising. At step 305,
radio frequency (RF) signals are received over antenna 5 by quad
receiver 10 which generates a noisy analog video signal (the
input signal) over line 15. Step 305 can be performed using
well known components and techniques. At step 310, the noisy
analog video signal is digitized by ADC circuit 20 which samples
the noisy video signal over sample windows, each sample window
having a number (x) of discrete digital sample points. The
digital signal output over bus 25 is the input digitized signal.
Step 310 can be performed using v_ﬂell known components and
techniques. The ADC circuit 20 is preprogrammed to sample at a
predetermined frequency (e.g., 64 MHz) and the number of sample
points within a sample window is programmable (e.g., X sample
points). Running at an exemplary frequency of 64 MHz, the time
between input signal sample points is approximately 15.63
nanoseconds.

At step 315 of Figure 3, the processor system 112 of the
present invention performs high speed real-time wavelet
transformation to transform the digital sample points of bus 25.
Step 315 performs wavelet transformations on a sample window by
sample window basis. During the transformation process, a
programmable number (e.g., n) of frequency resolution levels
("levels") are simultaneously processed, each level generating
at least x coefficients corresponding to the current input
sample window. At each level, the discrete sample points of the



tq a first tinme segnent for frequency resolution level 1, in accordance
with the present invention, for an enbodi nent having a signal w ndow of
four sanple points (x=4). Figure 10B illustrates two wavel et basis
functions applied to a second tinme segnent for frequency resolution |evel
"1, in accordance with the present inventﬂdh for an enbodi nent having a
signal w ndow of four_sanple points gure 10C il lystrates four
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with the inporrespphdingndaweflet basis function correlates to the input
signal within the input sample window. At each of the n levels,
X coefficients are generated based on the above convolution
process. For each level, a coefficient map is produced by step
315 which ranks the coefficients by magnitude. The level having
the coefficient map which best correlates to the input digital
sample window (e.g., the "best coefficient map") is determined
by the processor system 112 at step 315. Based on a threshold
process, the highest magnitude coefficients of the best
coefficient map (e.g., the "selected coefficients") are then
output by step 315 and stored into a memory unit (e.g., 102,
103, or 104 of Figure 2).

It is appreciated that typically the input sample window
and the wavelets used for convolution are binary. In these
cases, the present 1nvent10n transformation at step 315 is
particularly advantageous because convolution is performed by
addition and subtraction instructions, rather than with process
intensive multiplication instructions, due to the fact that the
mother wavelet basis functions are represented by "1" and "-1."
Since multiplication is not utilized during step 315, the
present invention convolutions operate a high speed and are well
suited for real-time applications.

At optional step 320 of Flgﬁre 3 the present invention
performs scalar and/or vector quantlzatlon to encode the
selected coefficients into a form having a certain number of
bits (e.g., y) that depends on the desired resolution of the RWR
system 14. Step 320 is performed so that peak amplitude and
leading edge position information is properly interpreted by the
downstream processors. In some cases, step 320 is not required.
At optional step 325, the present invention performs sorting of
levels provided pulse-on-pulse processing is requested. During
pulse-on-pulse processing, different levels processed at step
315 can individually represent a second detected pulse within



arrive at the 4 level 2 coefficients in accordance with the present
tnvention. Figures 12A, 12B, 12C, and 12D illustrate reconstruction by-

di screte convol ution procedures with interpolation to arrive at the

denoi sed signal based on the frequency resolution level 1 coefficients in
accordance with the present invention. Filires 13A, 13B, 13C, and 13D
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and the secondary pulse survive the thresholding processes of
the present invention. In this case, optional step 325 can be
used to select an other best coefficient map of the coefficient
maps genefated in step 315; the other best coefficient map being
used to represent the pulse-on-pulse condition. Wavelet
transformations offers advantageous detection capability for
pulse-on-pulse conditions due to the multiple resolution
strategy offered by their multiple different <frequency
resolution levels.

Depending on the embodiment of the present invention
selected (as discussed with respect to Figure 1), process 300
_continues using different steps (a first embodiment is shown
starting at Figure 7 with a second embodiment being shown
starting at Figure 8). These embodiments are described in more
detail further below. '

Wavelet Forward Transformation of RWR Input Signal

Figure 4 is a flow diagram illustrating steps of process
315 of Figure 3 in more detail. The steps of Figure 4 can be
realized by individual hardware processor units, or
alternatively, can be realized by software code executed by
processor 101 within processor system 112 and stored in computer
readable memories 102, 103 and/or 104. As shown in Figure 4,
the wavelet transformation process 315 of the present invention
is distributed across different frequency resolution levels
(e.g., level 1 to level n) simultaneously via steps 410a through
410n which each step processing a different frequency resolution
level. Steps 410a through 410n are performed simultaneously by
parallel processors. Each frequency resolution level offers a
different frequency and time resolution convolution with the
input sample window. The larger the wavelet basis function, the
better its frequency resolution is and the smaller the wavelet
basis function, the better its time resolution is.

Within each frequency resolution 1level, wavelet basis
functions of the same frequency resolution are used. The steps

g



Figure 15 illustrates the waveforns for the 4 wavel et basis functions (2

hi gh, 2 | ow band) for the frequency resolution level 2 within an enbodi nent
of the present invention where x=32. Figure 16 Ht+ustrates it vef or ns
for the wavel et basis functions (4 high, 4 lowp H@) ﬁlﬁﬁT Fﬁé Hﬁf@ uency
fesolution level 3 within an enbodi nent cf7the preserRERLAGEt i on fahere
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the n levels. Each level contains 2n different wavelet basis
functions} each wavelet basis function corresponds to an
individual frequency band within its level. Assuming x data
sample points per sample window, each frequency band within a
level r (r=<n) contains x / (2r) coefficients; therefore, each
frequency band contains x / (2r) time segments for a level r.
Therefore, for a wavelet basis function that is k times smaller
than the input sample window, the wavelet is convolved across k
equally spaced time segments of the input signal window. As the
coefficients are determined, they are time stamped with the time
segment of the sample window to which they correspond. It is
appreciated that within step 510, coefficients corresponding to-
a given frequency band (e.g., SSS1-SSS4) of a given level n can
be determined simultaneously with coefficients corresponding to
a different frequency band (e.g., SDS1-SDS4) of same level n.

At step 520, the present invention then ranks the
coefficients by order of magnitude for each of the n levels
which generates a coefficient map for each of the n levels.
Figure 6A, Figure 6B and Figure 6C illustrate three exemplary
coefficient maps 610, 640 and 660 respectively. As shown, the
poefficients are fanked from the left to right by order of their
respective magnitudes. The coefficient magnitude is shown along
the vertical axis 612, 642 and 662, for Figure 6A, Figure 6B and
Figure 6C, respectively, and the coefficient sort order is shown
along fhe vertical axis 614, 644 and 664, respectively.

Shown as steps 420a through 420n of Figure 4, for each of
the n levels, the present invention also performs a thresholding
process to select the coefficients of each 1level having
magnitudes larger than a determined threshold value that is
computed for each level. Steps 420a through 420n are processed
simultaneously by parallel processors and receive the outputs
generated by steps 410a to 410n, respectively. The threshold
value is determined as shown by step 530 of Figure 5B. Figure

This Sheet Has Been Reﬂlaced




1, .based on an input signal sanple wi ndow w thin an enbodi ment where x=32.
Fi gures 20A, 20B, 20C and 20D illustrate four discrete convol ution and

deci mati on processes perforned by the present invention to arrive at the 32
coefficients of the frequency resolution |evel 2, based on an input signal
Sanpl e wi ndow within an enbodi ment where xg32. Figures 21A and 21B
illustrate two exenplary discrete convol uti on and deci nati on processes
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an enbodi nena ﬁixgd;maqngtude value or, preferably, is based on a relatlve
coefficient magnitude based on the maximum magnitude of the
coefficient map for that 1level. The later thresholding
embodiment of the present invention utilizes the below
relationship for thresholding:

----------- = M3
Cl .

where, for a particular coefficient map, Cl1 is the maximum
magnitude coefficient and CT is the coefficient at the threshold
point. In one embodiment, M is approximately between 10 and 30
percent, but is a programmable value depending on the expected
characteristics of the input signal to be transformed. At step
5§35 of Figure 5B, once a threshold coefficient CT is selected,
all coefficients of that coefficient map within the threshold
are recorded into computer readable menmory (e.g., 102, 103 or
104) while the remaining coefficients are excluded. 1In this
case,'the coefficients falling outside of the threshold range
(e.g., 620, 650, and 670) most probably correspond to signal
noise which does not correlate well to the wavelet basis
functions of the present invention and therefore will not be
well represented by coefficient magnitudes. At the completion
of step 535 of steps 420a thrdugh 420n, the present invention
(for each individual level) generates a set of coefficients that
effectively packages the signal energy represented by the sample
‘points of the input signal window based on the basis functions
for each level. '

At step 430 of Figure 4, the present invention then selects
the frequency resolution 1level having the best correlated
coefficient map to the input signal window, this is the best
coefficient map. The thresholded coefficients of the best
coefflclent map most effectively package the signal energy of
the lnput signal window of all frequency resolution levels.



7 sFigures 23A and 23B illustrate two exenplary discrete convol ution and
deci mati on processes perforned by the present invention to arrive at the
first and the |ast coefficients of the 32 coefficients of the frequency
resolution level 5, based on an input signal sanple w ndow w thin an
‘enbodi nent where x=32. Figures 24A and 24B il lustrate discrete convol ution
and interpol ation reconstruction processes performed by ste 10 of the
present invEkePot3i®h eanabe PRELOYmE]| BYs a@lalﬂl#énaemhese@@gﬁ)\ﬁ ientyrmaps
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step 430 is close to the threshold coefficient (CT) determined
by steps 420a-420n.

By having a sharp drop-off point near the threshold
coefficient, the best coefficient map determined by step 430
illustrates that the wavelet basis functions of the
corresponding level efficiently correlate to the input signal
window by packaging the sample points using only a relatively
small number of basis functions. Using the coefficients maps
610, 640 and 660 shown in Figure 6A, Figure 6B and Figure 6C as
examples, coefficient map 610 offers the sharpest drop-off near
the threshold coefficient (CT), therefore, step 430 selects
coefficient map 610 as the best coefficient map. It is
appreciated that a number of well known techniques and processes '
can be used at step 430 for selecting the coefficient inap having
the sharpest drop-off value near the threshold coefficient. At
step 430, the present invention then records those coefficients
that are within the previously determined threshold range for
the best coefficient map and zeros all remaining coefficients of
that level. '

It is appreciated that, alternatively, step 430 can be
performed in advance of steps 420a through 420n. In this
alternative embodiment of the present invention, thresholding
-needs only to be performed once on the coefficient map selected
by step 430. However, under this alternative embodiment, step
430 does not have the advantage of searching for a sharp drop-
off near the threshold coefficient (CT) because the threshold
coefficients (determined at steps 420a-420n) have not yet been
determined. _ ' -

At step 435 of Figure 4, the present invention analyzes the
coefficient map selected by step 430 to determine if a pulse has
been detected at all. In certain cases where the sharpest drop-
off of the coefficient map is rather minimal (e.g., the selected
coefficient map is flat), the present invention determines that
no pulse is recognized and the input sample window contains all



frequency resolution level 2 wthin an enbodi nent where x=32. Fi gures 26A,
26B, 26C and 26D illustrate discrete convol uti on_and_i-r wo k
reconstruction processes perforned by step.710 f[Ht916H5&Te§ét ention to
artrive at the 32 coefficients of the frequency esol uREmCEavel 2} based on
the 32 coefficients of the frequency resopgtion ey Wrthin an

enbodi nent where x=32. Figures 27A, 27B, 27C, 27D, 27E, 27F, 27G and 27H
il lustrate dicideat e THiw atasd Qi ahbunntier FilguirieO 6B abetre! the! icoefifietentes

performed b e 1 of e prgse tisQn Vet
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28M 28N, 2 |II tra.te |scret convol |o and interpolation
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arrive at trﬁl@zse;mitednmﬁmlmtemfapeqlserais,gmésglauttilvnstxsvpo 4thepedton
the 32 coeffdidPnips Otnk hpreeeftcRnveh8E0h UEbBBrt8Y ehed clct?iBidts (and
their magnitudes) within the threshold range (e.g., range 620)
of the best coefficient map selected by step 430 and process 315
returns. _
What follows are two transformation embodiments (x=4, n=2
and x=32, n=5) to illustrate transformation 315 in more detail.
It is appreciated that the scope of the present invention is not
limited to these exemplary embodiments. For instance, the

embodiment with x=32 and n=5 implicitly teaches transformation
with 5, 4, 3, 2, and 1 frequency resolution levels with x=32, or
x=16, or x=8, or x=4, or x=2, as applicable. Further, by
extension of the convolution processes taught within these two
examples, one of ordinary skill in the art can readily derive
convolution processes for levels greater than 5 and for sample
windows of more than 32 sample points.

Wavelet Transformation Embodiment I, Convolution with x=4, n=2

The steps of process 315 are described with reference to an
example convolution and decimation transformation for an
embodiment where the input signal window contains four sample
points (e.g., x=4) and there are two frequency resolution levels
.(e.g. , n=2). Each frequency resolution 1level contains 4
transformation coefficients and each frequency band of frequency
resolution 1level 1 contains two time segments. ' These
coefficients are summarized in the Table I below along with the
number of time segments located within each frequency band per
level.

Table I
_ Time
Level Segments Coefficients
1 2 Di-D2, S1-S2
I
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gnbodinegt mherf x=32. Figure 29A illustrates a rgpresentation of an input
igitized signal sanpled over nultiple points shg arnd a
signal pulse. Figure 29B illustrates a represent ’}[ATH(;% th %bﬁﬁ%( . 8
digitized signal (as output by the present invention) |nput‘signa

of Figure 29A. Detailed Description of theilnvention A signal si ng
systemis described using wavel et transformati ons and reconstruction. In
the fol |l owi rRy detail ed desdripti on oPD1heSDkeRSk, iS82enti on, nuner ous
specific details are set forth in order to provide a thorough under st andi ng

of the present inventjan. e skilled.in

the art that the &sh qW@nﬁBﬁ{:ﬁﬁvsb %)’r%]f? Cﬁ# ﬁ%ﬁ%&sg ERBPLE; ¢

details. In sidwal iwigidow SsSoveonthining X0, X1, X2, and X3 sample points;
as well as a first wavelet basis function 335 located at a first

time segment for high frequency band of level 1 and a second
wavelet basis function 340 located at the first time segment for
low frequency band of level 1. Figure 10B illustrates the
wavelet basis function 335 located at a second time segment
along the sample window 330 and the wavelet basis function 340
located at the second time segment along the sample window 330.
Within 1level 1, wavelet basis functions 335 and 340 are
convolved with the sample points of window 330 at the two time
positions shown in Figure 10A and Figure 10B to generate a set
of four coefficients. At the time segment, functions 335 and
340 produce coefficients D1 and S1, respectively, (Figure 10A)
and at the second time segment, functions 335 and 340 produce
coefficients D2 and S2, respectively, (Figure 10B). Theréfore,
the transformation of level 1 provides both frequency and time
information. Basis functions 335 and 340 contain either a "1"
value or a "-1" value.

Figure 10C illustrates the wavelet basis functions for
level 2 for the present embodiment. From highest frequency to
lowest frequency, the wavelet basis functions are 345, 350, 355,
and 360, which when convolved with the input sample window 330,
produce level 2 coefficients of DD1, SD1, DSl1l, and Ss1,
.respectively. 'In level 2, the high'frequency band of level 1 is

" divided into two bands using wavelet basis functions 345 and 350
while the low frequéncy band of level 1 is divided into bands
using two wavelet basis functions 355 and 360. Level 2'
therefore provides better frequency resolution over level 1,
however, offers reduced time resolution because the four wavelet
basis functions span the entire input sample window 330. Basis
functions 345, 350, 355, and 360 contain either a "1" value or
a "-1" value. '

Level 1 Convolution. Figure 11A and Figure 11B illustrate
the convolution and decimation processes performed by step 410a
of Figure 4 for level 1 with an input sample window having 4

sample points (ighoring normalization factors)L__Egg_ffggggggx____

heet Has Been T‘laced
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met hods, procedures, conponents, and circuits have not been described in
detail as not to unnecessarily obscure aspects of the present invention.
Not ati on and Nonencl ature Sone portions of the detail ed descriptions which
follow are presented in ternms of procedures, |ogic blocks, processing, and
ot her synbolic representations of operatlgys on data bits wthin a conputer
menory. These descriptions and representations are the neans used by those

skilled in tﬂa@;dia&avawees%gaa afﬁrﬁ:ﬁitbmvﬁaoef fx%&@éehteaorbsey"&hem is

subst ance of thei.r 0 ther in,t [
ook oy oo camveret” gien 8 N8 KK o ﬁamalgeV+né3‘ﬁs$2$eﬁﬁlggq§aﬁ gdte
steps or |n$mmmmphm@§theadtngpreducqe@meﬁfncxﬁnﬁtSl'Ehe steps are those

requiring physica; aamiopyl g4ions of physical quantities that represent ,

physi cal entijti.,s. Usuallﬁ t hough not necessarlu% the§| quantltles t ake
the form of BaASd& r fORCtIPNRIAB: | 155 el s Shifhs WQy dpkpegpoints
transferred(damﬁmatw@n)c&mp&hedse&bddotumewsegmennlanaabedvomvedcwmputxz

system Aqa%c:i”&%’ ©RafiiV CP1f8bw 253b' HEIngPhiBEHREL! %uhRipi £85008n %to

conmon usage
arrive at the second low frequency coefficient S2 as:

82 = X2 + X3.
S1 and S2 represent two different time segments of the low
frequency band of level 1. High frequency band wavelet basis
function 335 (represented by "1 -1") is convolved with X0 and X1
of sample window 330 using discrete multiplication to produce
coefficient D1 as:

D1 = X0 - X1,

Basis function 335 is then shifted by two data points
(decimation) to the second time segment and convolved with X2
and X3 of sample window 330 using discrete multiplication to
arrive at the second high frequency coefficient D2 as:

D2 = X2 - X3. o _ _

D1 and D2 represent  two different time segments of the high
freéuency band of level 1. S1 and D1 are. time stamped to
correspond to the first time segment (e.g., the time position of
X0 and X1 of Figure 10A) while S2 and D2 are time stamped to
correspond to the second time segment (e.g., the time position -
of X2 and X3 of Figure 10B). The coefficients S1, S2, D1 and D2
are determined within the present invention based on the above'
relationships. Since the values involved are each binary,
addition and subtraction instructions are executed and
" multiplication instructions are avoided.

Level 2 Convolution. Figure 11B illustrates the
convolution processes performed by step 410b of Figure 4 for
level 2 with an input sample window having 4 sample points
(ignoring normalization factors). Lowest frequency band wavelet
basis function 360 (represented by "1 1 1 1") is convolved with
X0, X1, X2, and X3 of sample window 330 using discrete
multiplication to produce coefficient SS1 of level 2 as:

SS1 = X0 + X1 + X2 + X3,

Low frequency band wavelet basis function 355 (represented by "1



refer to these signals as bits, values, elenents, synbols, characters,
ternms, nunbers, data, or the like. It should be borne in m nd, however,
that all of these and simlar ternms are to be associated with the
appropriate physical quantities and represented entities and are nerely
convenient |abels applied to these quantijges. Unless specifically stated
ot herwi se as apparent fromthe follow ng discussions, it is appreciated
that throughpwy t-he')prieseahvbmvemivm X sAIssXapsand 23 ubf |sample wendsw

such as "pr 053330: Su.ﬁ?%lq scg-g@F ?gl?ﬁ é]‘taclrF Lgoakgagucgrco {eAd HE1 QF

"di spl ayi ng" Ion a processes of a conputer
system or sl¢ﬁ¢ku26§8&ﬂ:ron|c conputi ng device, or designed hardware unit

(FPGA, ASIC, PRC]\ﬂsf‘AL,xoethx)l -t lkat -ngpi pul ates and transforns data )
represent ed

system's r eg‘?%‘i‘g 2 Cal'ﬁé’ P A ron| ; egt ﬁg%&tﬁ;fénéﬂ;{gﬂ 380 Htea by
w] -1 1 -1") is convolved with X0, X1, X2, and X3 of sample
window 330 using discrete multiplication to produce coefficient
SD1 of level 2 as: '

SD1 = X0 - X1 + X2 - X3.

Highest frequency band wavelet basis function 345 (represented
by "1 -1 -1 1") is convolved with X0, X1, X2, and X3 of sample
window 330 using discrete multiplication to produce coefficient
DD1 of level 2 as:

DD1 = X0 - X1 - X2 + X3.

As with the level 1 coefficients, the coefficients of level 2
are determined by the present invention without resort to
multiplication instructions but rather use addition and
subtraction instructions. 'In this example where x=4 and n=2,
all of the level 2 coefficients have the same time segment.

It is appreciated that given the input sample window 330,
each of the above four coefficients for level 1 and each of the
above four coefficients for level 2 are simultaneously computed
by the present invention at steps 410a and 410b of Figure 4.

After computing the above 4 coefficients for level 1 and
the 4 coefficients for level 2, the present invention at steps
420a and 420b (Figure 4) computes a coefficient map .for level 1
.and for level 2, respectively. At step 420a, based on a
predetermined thresholding percentage (M), the present invention
determines the coefficients of level 1 having the magnitudes
within the threshold. At step 420b, based on the predetermined
thresholding (M), the present invention determines the
coefficients of level 2 having the magnitudes within the
threshold. At step 430, the present invention then determines
which coefficient map of level 1 or level 2 has a coefficient
order with a sharper drop-off of coefficient magnitudé. At step
430, the determined coefficients having the largest magnitude of
the best coefficient map are recorded into computer readable
memory.



r system
1 SSi on or

sigilarly represented as physical quantities
menories or registers or other such informat
di spl ay devi ces. Wavel et Transformations The |pr eseREPLAVEE utilizes
wavel et transformations to transforma digitilze gnal Wi ndow i nto sets of
correl ation coefficients ("coefficients"y, that represent wavel et basis
functions. One type of wavel et transformation perfornmed by the present

i nvention i wadviadtheran8rereiticom EnbodinkbhenII, chirolatdbat wherix=32yngksons
("basis functions") enployed by the present i nvention to performthe
transformation are Haar wavel et packets and are specifically tailored for
pul se signal repThsertapsopl wnidcessodlhecare fdesanikeddwithcxpference kot an

si gnal noi sexamplldl S dopRbIGCAbA! | @Ra MBédiKBSide tidrdfidrmaftianal lfabl €af
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energy effi &
fast signal pd:smns5| tg.,gd.etxenbnandha:hwteerairzeatfm farduencecresblutionn.
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transformation coefficients.

These coefficients are summarized
in the Table II below along with the number of time segments
located within each frequency band of each level.

Table II
Time
Level ' Segs Coefficients
1 16 D1-D16, S1-S16
2 8 DD1-DD8, SD1-SD8, DS1-DS8, SS1-SS8
3 4 DDD1-DDD4, SDD1-SDD4, DSD1-DSD4, SSD1-SSD4
_DDSl-DDS4, SDS1-SDS4, DSS1-DSS4, SSS1-SSS4
4 (HIGH) 2 DDDD1-DDDD2, SDDDl-SDDD2,.DSDDl-DSDDZ,
(BANDS) SsDD1-SsSDD2, DDSD1-DDSD2, SDSD1-SDSD2,
DSSD1-DSSD2, SSSD1-SSSD2
4 (LOW) 2 DDDS1-DDDS2, SDDS1-SDDS2, DSDS1-DSDS2,
{BANDS) SSDS1-SsSDs2, DDSS1-DDSS2, SDSS1-SDss2,
DSSS1-~-DSSS2, SSS8S1-SSS8S82
5 (HIGH) 1 DDDDD1, SDDDD1l, DSDDDl, SSDDD1, DDSDD1,
{(BANDS) SDSDD1, DSSDD1, SSsDD1, DDDSD1, SDDSD1
- DSDSD1, SsSDSD1, DDSSD1, SDSSD1l, DSSSDl
SSSSD1
S (LOW) -1 pDDDDS1, SDDDS1, DSDDS1, SSDDS1, DDSDs1,
{BANDS) SDSDS1, DSSDS1, SS8SDS1l, DDDSS1, SDDSS1
DSDSS1, SsSDSS1, DDSSS1, SDSSsS1, DsSss1,
558851 -
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efficiently performed using nmultiple parallel processing units. Wavel et
transformati on outperforns classical Fourier transformation techniques in
cases when the input signals are wide band transients, as is the case in
RWR applications. This advantage stens fromthe fact that wavelets

- thenmsel ves are energy pul ses having: 1) qgscillations; 2) with a zero
average over the wavelet; 3) with const arft fidelity, e.qg., df/f is

constant: 4) witbBiBarRC4ceiuspificad PhiMmidh §55 SURROLbw aa-Frgg@ ,_,g,g
© the

t he wavel et val u zero QXCEPt 0 Jration of non zero
val ues. Wavéredswaveleat fhasisgh fupchiPee RS fhefirstnieveh Acqanding
support) inabo¥e WénsEorhatichOeRBhpIES ahs O¥hows OPPi tRE proCeds CIUG NS

oo esent o Waihih R, A aself (70505 LBRL Braf | SUME  basis
t ransf or mat ifgmctdpheB40cdmsshiftedelyebvy Aatial bojnteracross | the e cdata
resol uti on point sample window 830 (e.g., over 16 time segments). At each
time segment position, the wavelet basis function 340 is
multiplied by 2 sample points of sample window 830 to arrive at
each coefficient of S1-S16 of the low frequency band of level 1.
To illustrate the syntax of Figure 19A, S11 = X20+X21l; the other
15 coefficients are computed analogously. Figure 19B
illustrates convolution/decimation procedure 845 performed by
step  410a for level 1 where the 16 coefficients D1-D16 of the
high fregquency band of level 1 are.computed based on shifting
high frequency wavelet basis function 335 across the 16 time
segments of input sample window 830 in manner analogous to
Figure 19A. To illustrate the syntax of Figure 19B, D11 = X20-
X21; the other 15 coefficients are computed analogously. Level
1 of this example yields a time resolution of 16 time segments,
each two sample points in duration. The above convolution
procedures 840 and 845 generate 32 coefficients for level 1 with
a time resolution of 16 time segments for each of the two
frequency bands. '
Figure 15 illustrates the frequency band wavelet basis
functions 345, 350, 355, and 360 (from highest to lowest
frequency) for level 2 of the above transformation example.
High band functions are 345 and 350 and low band functions are
355 and 360. As shown by the process 850 of'Figure 20A, within
step 410b of the present invention, basis function 360 is
shifted by four data points across the 32 data point sample
window 830 (e.g., over 8 time segments). At each time segment
position, the wavelet basis function 360 is multiplied by 4
sample points of sample window 830 to arrive at each coefficient
of SS1-SS88 of the low frequency band'of level 1 of Table II.
For instance, SS7 = X24+X25+X26+X27. Similarly, as shown by the
convolution pfocesses 855, 860, and 865 of Figures 20B, 20C, and
20D, respectively, within step 410b of the present invention,
basis functions 355, 350, and 345 are individually shifted along
individual 4 data point time segments and at each segment is



| evel s, . unlike a Fourier transform What follows is a description
of an RMR systemeffectively enploying a Haar wavel et transformation
processor system for denoising of an |nput wi de band signal carrying pul se
signals with noise. Present Invention RAR System 14 Figure 1 illustrates a
bl ock di agram of an RWR system 14 in accojglance with the present invention
I ncl udi ng a Haar wavel et transfornmati on processor unit 112 ("processor unit

112"). /;ccordaﬂ%ﬂvt@a; WEER Jddata/vbéelnaaruslf {s’#ﬂpaé WaHHeRCE3 6 a%@i«ﬁnah%ﬁée
recei ve over | npu ex n en uaqr
("quad") redd p ing f ?L@ge'éﬂéd’qngg?ﬁ rl‘a%“%é' %ﬁ%ﬂ eﬁ%ﬁ 8 BbaS

apcordance\Dnamareapdmhlvaﬂymebﬁ Table désMgnngaddscypteabbyvobntaonsaﬁdur
fields of vigu nqél n'.SCRd @lbok/2 eaﬁoai&mﬁ%ﬁw&ﬁuwegeesél %%Sa%\se[ Ji ne

15 which are supplied to an analog to digital, converter é circu
which is al &8I AFM . 3aIRPE GirienthFefar fevel (% ant n&ﬁtagﬁﬁFG§a§Pﬂna
and cont ai n&hat whilaDQestelc B tofFRrge taridiecthe dirgiquencyemesstatibhosvet

the input analpg § gﬂikrgrleielﬁéﬁgr@yt&i’é‘éj GRS M llonltiRaUghed RUGRE" 2O

sanpl e frequencies ‘ca
(e.g., level 1 has 16 time segments while level 2 has only 8

time segments for each frequency band; and level 2 has four
frequency bands while level 1 has two frequency bands).

Figure 16 illustrates the eight frequency band wavelet
basis functions 464, 462, 460, 458, 456, 454, 452, and 450 (from
highest to 1lowest frequency) for 1level 3 of the above
transformation example. High band functions are 464, 462, 460,
and 458 and low band functions are 456, 454, 452, and 450.
Therefore, level 3 contains eight frequency bands, each band
having four coefficients and four time segments. As shown by
the convolution process 870 of Figure 21A, within step 410c of
the present invention (although not shown in Figure 4, step 410c
is analogous to step 410b but applicable to 1level 3
convolution), basis function 450 is shifted along the 4 time
segments and at each time segment is convolved with an 8 data
points of sample window 830 to produce the 4 lowest frequency
band coefficients 8SSS1-SSS4 of Table II using discrete

convolution and decimation. For instance, 8883 =
X16+X17+X18+X19+X20+X21+X22+X23. This provides four time
segments per frequency band. Similarly, as shown by the

convolution processes 875 of Figures 21B, within step 410c of
the present invention, basis function 464 is shifted along 4
time segments and at each time segment is convolved with 8 data
points of sample window 830 to produce the highest frequency
band coefficients DDD1-DDD4 of Table II using discrete
convolution and decimation.
‘The above convolution procedures 870 and 875 produce the
 first four and the last four coefficients for level 3. It is
appreciated that under analogous convolution procedures, the
remaining 24 coefficients SDD1-SDD4, DSD1-DSD4, SSD1-SSD4, DDS1-~
DDS4, SDS1-SDS4, and DSS1-DSS4 are produced by convolving
wavelet basis functions 462, 460, 458, 456, 454, and 452,



used within the scope of the present invention, an exenplary ADC circuit 20
‘can operate at a sanple frequency of 64 Miz with a sanple resolution of
8-10 bits. Sanpled digital signal points representative of the input anal og
si,gnal 15 are supplied over bus 25 to the Haar wavel et transformation
‘processor unit 112. The size of bus 25 dgpends on the resolution of the ADC
circuit 20 and in one enbodinent is between 8-10 bits wde. The digital

si gnal poi r%ésﬂéc}?ﬁ%i&ﬁﬂ, Q¢PbsBUEhS Badpl eShiRAew 830 Photessiwifting abkdsisn
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8 time segments while level 3 has only 4 time segments for each
frequency. band; and level 3 has eight frequency bands while
level 2 has four frequency bandsj. '

Figure 17 illustrates the sixteen frequency band wavelet
basis functions (from highest to lowest frequency) starting with
low band functions 499, 498, 496, 494, 492, 490, 488, and 486
and high band functions 484, 482, 480, 478, 476, 474, 472, and
470 for level 4 of the above transformation example.
Therefore, level 4 contains sixteen frequency bands, each band
having two coefficients. As shown by the convolution process
880 of Figure 22A, within step 4104 of the present invention
(although not shown in Figure 4, step 4104 is analogous to step
410b but applicable to level 4 convolution), basis function 470
is shifted along 2 time segments and at each time segment is
convolved with 16 data points of sample window 830 to produce
the 2 lowest frequency band coefficients SS5S1-SSSS2 of Table II
using discrete convolution and decimation. For instance, §8SS1
= XO0+X1+X2+X3+X4+ XS5+X6+X7+ X8+X9+X10+X11l +X12+X13+X14+X15.
This provides two time segments per frequency band. Similarly,
as shown by the convolution processes 885 of Figures 22B, within
step 4104 of the present invention, basis function 499 is
shifted across the two time segments and at each time segment is
Eonvolved with 16 data points of sample window 830 to produce
the highest frequency band coefficients DDDD1-DDDD2 of Table II
using discrete convolution and decimation.

The above convolution prodedures 880 and 885 produce the
first two low frequency and the last two high frequency
coefficients for 1level 4. It is appreciated that under
analogous convolution procedures, the remaining 28 coefficients
$DDD1-SDDD2, DSDD1-DSDD2, SSDD1-SSDD2, DDSD]_.-DDSDZ, SDSD1-SDSD2,
DSSD1-DSSD2, SSSD1-SSSD2, DDDS1-DDDS2, SDDS1-SDDS2, DSDS1-DSDS2,
S§SDS1-8sDs2, DDSS1-DDSS2, SDSS1-SDSS2, DSSS1-DSSS2, are produced
by convolving waveiet basis functions 498, 496, 494, 492, 490,

. 488, 486, 484, 482, 480, 478, 476, 474, and 472, respectively,



designed circuit having hardware parallel processors specially adapted to
perform wavelet transformations. Under this alternative enbodi nent,
the design of the processor system 112 can be real i zed using a programmabl e
data signal processing (DSP) chip-(e.g., the TM5 320 C80 by Texas
nstrunents) or an application. speC|f|c ntegrated circuit (ASI O,

or a programabl e Ioglc device (PLD), % field programmabl e gate array

(FPGA) on a n é(# ecessa%gﬁ%s tem?’{#a Par3(ac Qﬁﬁﬁ %‘iﬁrf%qhﬁla?ofsz.ﬁ'tgﬂﬁe sllgple q
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frequency bands).

Figure 18A and Figure 183 illustrate the thirty-two
frequency band wavelet basis functions (from highest to lowest
frequency) of level 5 with high band functions being 555a, S554a,
553a, 552a, 55l1la, 550a, 549a, 548a, 547a, 546a, 545a, 544a,
543a, 542a, 54la, and 540a, and low band functions being 555b,
554b, 553b, 552b, 551b, 550b, 549b, 548b, 547b, 546b, 545b,
544b, 543b, 542b, 541b, and 540b of the above transformation |
example. Therefore, level 5 contains thirty-two frequency
bands, each band having one coefficient. - As shown by the
convolution process 890 of.Figure 23A, within step 410n of the
present invention (step 410n is analogous to step 410b but
applicable to level 5 convolution), basis function 540b is
convolved with the 32 data point sample window 830 to produce
the lowest frequency band coefficient SSSSS1 of Table II using
discrete convolution. For instance, SS8S8SS1 = X0+ . . .+X31l.
This provides one time segment per frequency band. Similarly,
as shown by the convolution processes 895 of Figures 23B, within
step 410n of the present invention, basis function 555a is
convolved with the 32 data point sample window 830 to produce
the highest frequency band coefficient DDDDDlof Table II using
-discrete convolution.

The above convolution procedures 890 and 895 produce the
lowest and the highest frequency coefficients for level 5. It
is appreciated that under analogous convolution procedures, the
remaining 30 coefficients sDDDD1, DSDDDl1l, SSDDD1, DDSDD1,
sbsDD1, DSsSDDl1l, SSsDD1, DDDSD1, SDDSD1, DSDSD1l, SSDSD1, DDSSD1,
sDSsSD1, DSsSsD1, SSsSsD1, DDDDS1, SDDDS1, DSDDS1, SSDDS1, DDSDS1,
sSDsDS1, DSsSDS1, SsSsSDS1, DDDSS1, SDDSS1, DSDSS1, SSDSS1, DDSSS1,
SDSSS1, DSSSSl1l, are produced by convolving wavelet basis

 functions 554a, 553a, 552a, 551a, 550a, 549a, 548a, 547a, 546a,
545a, S544a, 543a, S542a, S41la, 540a, 555b, 554D, 553bp 552b,



a total of n*x coefficients are conputed by processor system 112 with
coefficients of a sane level determined in parallel with other |evels. At
each frequency resolution level, the processor system 112 of Figure 1 also
generates a coefficient map ranking all of the x coefficients of that |evel
by their respective magnitudes. Processor. gystem 112 anal yzes each
coefficient map to determ ne which map oTz the n |l evels best packages or

correl ates %Blshegsaﬂutsééﬂn%mﬁmﬁh% asiléﬁp ﬂébprﬂqwusasaansbgbu% by
processor uni t OI’ mth
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function expesoLY%iPE O¥PRsHeVeteadur el8Vedoot OEESHS + FWics; sFBﬁcetme
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level 5 has 32 frequency bands while level 4 has 16 frequency
bands) . _

In view of the foregoing, the present invention
transformation process 315 (Figure 4) computes the above 32
coefficients for each of the 5 levels simultaneously and stores
this information into a computer readable memory unit (102, 103
and/or 104) of system 112. Subsequently, the coefficients for
each of the 5 levels are sorted into 5§ different coefficient
maps (by level) and stored at step 520 (Figure 5A). At step 430
(Figure 4), the best coefficient map of the 5 levels is selected
and the best map’s coefficients having the largest magnitude
(e.g., as determined by step 535 (Figure 5B)) are stored in
computer readable memory to represent the transformed
representation of the input signal window.

Phase Diagram Representation

Figure 9A, Figure 9B and Figure 9C illustrate phase
diagrams 910a, 910b, and 910c for level 1, level 2 and level 3
of an exemplary wavelet transformation (step 315 of the present
;nvention) having n=3 and x=8. As shown in the diagrams,
frequency resolution increases and from level 1 to level 3 while
time resolution decreases in this same direction. Frequency
resolution increases as the level number increases because more
frequency bands are introduced, e.q., level 3 910c offers eight
frequency bands while level 1 910a- offers only two. In
addition, the size of the wavelet basis functions increase as
the level number increases (e.g., see Figures 14, 15 and 16).

However, as the level number increases, the time resolution
decreases proportionately, e.g., the wavelet basis functions of
level 3 910c are four times larger in time size compared to the
basis functions of level 1 910a and therefore the wavelet basis
functions of level 3 can be shifted fewer times over the input



energy conpaction. The second nethod is the sharpest 12
coefficient drop off nethod. As di scussed above, a search nethod can be
used for a coefficient map that exhibits the highest efficiently in energy
paekagi ng, e.g., uses the |east nunber of coefficients to represent a
preset desired signal energy |evel. Thes@econd nethod is the preferred
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. Assuming x=8 and n=3 fér diagram 910a, level 1 offers two
frequency bands (Low/High) and offers four coefficients per band
(see also Figure 14). The time segﬁents within each band are

- therefore twice the data sample rate (e.g., 2x15.6 ns @64 MHz
ADC circuit 20). Level 2 910b of Figure 9B offers two frequency
bands within the low band and offers two frequency bands within
the high band for a total four fréquency bands, each frequency -
band having two coefficients per band (see also Figure 15). The
time segments within each band are therefore four times the data
sample rate (e.g., 4x15.6 ns @64 MHz ADC circuit 20). Lastly,
level 3 910c of Figure 9C offers four frequency bands within the
low band and offers four frequency bands within the high band
for a total eight frequency bands, each frequency band having 1
coefficient per band (see also Figure 16). The time segment
within each band is therefore eight times the data sample rate
(e.g., 8x15.6 ns @64 MHz ADC circuit 20).

Therefore, each levél n offers a different frequency and
time resolution combination within diagrams 910a-910c. Within
the phase diagrams 910a-910c, those "tiles" with corresponding
coefficients having large magnitudes are shaded depending on
their magnitude. For instance, tile 936 of frequency resolution
level 3 910c corresponds to a particular frequency band (e.g.,
wavelet basis function) whose coefficient has a large magnitude.
The same is true for tile 934 in level 2 910b and tile 932 in
level 1 910a. As shown in the exemplary phase diagrams 910a-
910c, the input sample window contains significant energy in
specific frequency bands indicated by tiles 932, 934 and 936.
In other words, the basis functions representing these three
frequency bands efficiently correlate to the signal data of
input sample window. It is appreciated that the area of each of
the shaded tiles 932, 934, and 936 is the sane. This
illustrates that the time/frequency resolution ratio for each
level is the same.



At.this point, RAR system 14 of the present invention generates one of two
different outputs depending on the RAR i npl enentation desired, both of
which are shown in Figure 1. In a first enbodinent, a digital pulse
processor 45 is enployed and is coupled to receive a digital pulse report
40 stored in conmputer menory. Processor $ystem 112 generates the digital
pul se report 40, which is stored within unit 35, based on the sel ected
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14, the processor system 1l ure 1~ caqntains
P whereas ythe support fog a wavelet basi?s function is finite.

Considering the expected input signal for an RWR application is
a pulse, its signal format is non-stationary (e.g., the major or
statistical characteristics of the signal are changimj as a
function of time). Classic Fourier transformations while
effective for stationary signals are not effective for non-
stationary signals where wavelet transformations, such as the
present invention, offer more information within the
transformation domain.

Post Transformation Processing

Described heretofore are the wavelet transforﬁation
processes of the pfesent invention including two exemplary
embodiments (x=4 and n=2; x=32 and n=5). What fpllows is a
description of different post transformation processes performed
by two embodiments of the present invention RWR signal denoising
system. At the completion of step 420 of Figure 4, the selected
coefficients with the largest magnitude of the best coefficient
map are stored and therefore most of the denoising processes are
complete. The embodiments that follow describe two systems that
.make use of the denoised transformed signal in a larger RWR
system for feature extraction (e.g., pulse detection within a
| denoised reconstructed signal).

First Post Transformation Embodiment. In the first
embodiment, the coefficients selected by step 430 are used
directly to compute the digital pulse report 40 of Figure 1
which is supplied to a digital pulse processor 45 which performs
downstream processing for signal characterization and
recognition. In this embodiment, re-transformation is not
required and therefore is optionally performed. Figure 7
illustrates steps performed by this ‘embodiment of the present
invention and is a continuation of process 300 (Figure 3).



reconstruction (e.g., re-transformation) processor which inputs the

sel ected coefficients of the best coefficient map. Based on these sel ected
coefficients, the re-transformati on processor perforns a re-transformation
to-reconstruct a digital signal representing a denoised version of the
input digital signal at 25. This digital signal is normalized and then
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pulse’s leading edge, the pulse duration and peek amplitude.
Optionally, at step 815 the signal can be re-constructed (e.gqg.,
re~transformed) digitally using the selected coefficients of
step 430; this process is described in detail with respect to
the second embodiment of the present invention (step 710/Figure
8). At step 820, either the reconstructed digital signal from
step 815 or the digital report 810 is supplied to the digital
pulse processor 45 (Figure 1) for pulse detection and threat
characterization using well known techniques and components. At
step 825, the results of step 820 are output either for display
(e.g., on an azimuth display unit) and/or forwarded to an
electronic counter-measures unit.

Second Post Transformation Embodlment. In the second
embodiment of the present invention, the denoising system is
placed within an existing RWR system to provide a clean (e.g.,
denoised) video signal (over line 60/Figure 1) representing the
input signal. In this embodiment, reconstruction of the
selected coefficients (stored at step 430) back into the signal
domain is required. This process is described with reference to
Figure 8.

At step 710 of Figure 8, the'present_invention processor
system 112 performs a re-transformation of coefficients selected:
Et step 430 to produce a denoised reconstructed digital signal
which is supplied over bus 30 (Figure 1). Re-transformation is
performed by the present invention at step 710 by performing a
convolution of the coefficients against Haar wavelet basis
function 340 and the inverse of wavelet basis function 335
(referred to as 335’) using interpolation in lieu of decimation.
Generally, the during re-transformation at step 710 the present
invention convolves the low band wavelet basis: function with
interpolated low band coefficients and convolves the invérse of
the high band wavelet basis function with interpolated high band
coefficients. It is appreciated that during the re-
transformation process, those coefficients that were not



copbi nation with the ADC circuit 20 and the DAC circuit 55. The present

i‘'nventi on denoi sing systemof this enbodi ment receives a "video in" 15 and
generates a "clean video out" 30 (video- in/video-out) used by conventional
gpmnstrean1processors (e.g., processor 65). The output of the w de band
vi deo pul se processor 65 is supplied to qﬂsoutput di splay unit 70 and/or a
count ernmeasures unit 70, both of which are well known in the art. Figure 2
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' illustrate the re-transformation process from the level 1

coefficients back to the reconstructed denoised signal (X0, X1,
X2 and X3). As shown in Figure 12A, header 362 and footer 364
represent the level 1 coefficients used to reconstruct X0 and
zeros are placed between for interpolation. Wavelet 340 and
inverse wavelet 335’ are convolved with these coefficients such
that X0 = S1+D1. Similarly, Figure 12B illustrates the
arrangement of Figure 12A with the wavelets 340 and 335’ shifted
down by one position and convolved again with X1=51-D1. Figure
12C illustrates the arrangement of Figure 12B with the wavelets
340 and 335’ shifted down by one position and .convolved with
X2=S2+D2. Lastly, Figure 12D illustrates the arrangemént'of
Figure 12C with the wavelets 340 and 335’ shifted down by one
position and convolved with X3=S52-D2. Each of the
reconstruction processes shown in Figures 122, 12B, 12C and 12D
can be performed simultaneously given the input coefficients for
level 1 in order to rapidly generate the reconstructed denoised
signal X0, X1, X2 and X3. At step 710, It is appreciated that
the above processes are performed by the présent invention for
a particular input sample window only if step 430 indicated that
level 1 contained the best coefficient map, otherwise the level
1 coefficients are zeroed.

Figures 13A, 13B, 13C and 13D illustrate convolution and
interpolation processes that are used by the present invention
to translate level 2 coefficients into level 1 coefficients.
Based on the instant transformation, the processes of Figures
12A, 12B, 12C and 12D can then be used to arrive at the denoised
signal X0, X1, X2 and X3. Alternatively, the denoised signal
can be directly computed based on the coefficients of level 2.
As shown in Figure 13A, header 372 and footer 374 represent the
level 2 coefficients used to reconstruct S1 and zeros are placed
between for interpolation. Wavelet 340 and invefée wavelet 335/



.communi cating information, the central processor(s) 101 coupled with the
bus 100 for processing information and instructions, one or nore conputer
readabl e volatile nenories (e.g., random access nenory) 102 coupled with
bus 100 for storing information and instructions for the central
processor(s) 101, one or nore conputer readable non-volatile nenories
(e.g., read only nenory) 103 coupl ed witR&4bus 100 for storing static

informati on_and instructions f t he processor(s) 101, .a .signal '
cormun cat | SREASOTERIYES ¥hER Sheod cREPERERHY e e L SHAIRT | on
bet ween proSéwibarlystBigu 138didiustnates he arxangenenbt oSnBlguke 43A
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100 for di saragngememt oofiafFiigareo 13Ac with different a header 382 and a
different footer 384 with which the wavelets 340 and 335/ are
convolved; with D1=SD1+DDl1l. Lastly, Figure 13D illustrates the
arrangement of Figure 13C with the wavelets 340 and 335’ shifted
down by one position and convolved again with D2=SD1-DDl1. Based
on the above and the 1level 1 relationships, the following

relationships can be formed:

X0 = SS1+DS1+SD1+DD1
X1 S$S1+DS1-SD1-DD1
X2 = §S51-DS1+SD1-DD1
X3 S§S81-DS1-SD1+DD1

The above relationships for level 2 are performed simultaneously
at step 710 given the input coefficients for level 2 to rapidly
genérate the reconstructed denoised signal X0, X1, X2 and X3.
It is appreciated that the above processes are performed by the
present invention for a particular input sample window only if
step 430 indicated that level 2 contained the best coefficient
mép. If so, only the selected level 2 coefficients (e.g., with
magnitudes within the threshold value determined at step 420a)
are used to perform the reconstruction at step 710.
) Embodiment x=32 and n=5. Referring to the example
described above where x=32 and n=5, Figures 24A and 24B
illustrate the re-transformation process 942 which translates
from the 32 level 1 coefficients back to the reconstructed
denoised signal (X0, . . . , X31). As shown, wavelet basis
functions 340 and 335’ are individually shifted along the header
940a and the footer 940b and at each position convolved with the
level 1 coefficients to produce the signal data points (X0, . .
. , X31). The header 940a contains the low frequency resolution
' level 1 coefficients (s1, . . . , S16) while the footer 940b
contains the high frequency resolution level 1 coefficients (D1,
. . ., D16). Based on the syntax shown in Figures 24A and 24B,
each sample point (X0, . . . , X31) can be computed based on the



coaput er user, an optional al phanuneric input device 106 coupled to bus 100
for communi cating information and command sel ections to the central
processor(s) 101, and an optional cursor control device 107 coupled to bus
100 for communicating user input information and comrand sel ections to the
central processor(s) 101. Wen conputer §¥ tem 112-is used as an enbedded
system wunits 105, 106 and 107 are typicdlly excluded. Process Fl ow of RWR
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determlne the 32 level 1 coefficients based on the 32 level 2
coefficients. Therefore, from the level 2 coefficients, the
denoised signal (X0, . . . , X31) can be computed by relying on
the level 1 coefficients, or alternatively the denoised signal
can be directly computed by the level 2 coefficients. Figure
25A utilizes header 950a having SS1 . . . SS8 interpolated
coefficients with footer 950b having DS1 . . . DS8 interpolated
coefficients which are convolved with wavelets 340 and 335’ to
derive the low frequency resolution level 1 coefficients S1 . .
. 816. Figure 25B utilizes header 955a having SD1 . . . SD8
interpolated coefficients with footer 955b having DD1 . . . DD8
interpolated coefficients which are convolved with wavelets 340
and 335’ to derive the high frequency resolution 1level 1
coefficients D1 . . . D16. From the output of processes 952 and
957 and the above processes of Figures 24A and 24B,
relationships expressing the denoised signal (X0, . . . , X31)
in terms of the level 2 coefficients can readily be determined.
At step 710 of Figure 8, provided step 410 selected level 2 as
the best coefficient map, the present invention computes the
denoised signal based on the selected level 2 coefficients
(e.g., those coefficients having magnitudes within the threshold
determined at step 420b). _ :

Figures 26A, 26B, 26C and 26D illustrate re-transformation
processes 962, 966, 969, and 972 that are used by the present
invention to determine the 32 level 2 coefficients based on the
32 level 3 coefficients. Based on the level 3 coefficients, the
denoised signal (X0, . . . , X31) can be computed by computing
the level 2 coefficients first (see above), or can alternatively
the denoised signal can be directly computed based on the level
3 coefficients. Procedure 962 of Figure 26A utilizes header

- 960a having SSS1 . . . SSS4 interpolated coefficients with
footer 960b having DSS1 . . . DSS4 interpolated coefficients



t echni ques. The ADC circuit 20 is preprogramed to sanple at a

predeterm ned frequency (e.g., 64 MHz) and the nunber of sanple points
within a sanple window is programmable (e.g., x sanple points). Running at
an -exenpl ary frequency of 64 Mz, the tine bet ween input signal sanple
points is approximately 15. 63 nanoseconds, At" step 315 of Figure 3, the
processor system 112 of the present i nvert$ on performnms high speed real-tine
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of the 15 . . DDS4 interpolated coefficients which are convolved with
wavelets 340 and 335’ to derive the level 2 coefficients DS1 .
.. . DS8.  Procedure 969 of Figure 26C utilizes header 968a
having SSD1 . . . SSD4 interpolated coefficients with footer
968b having DSD1 . . . DSD4 interpolated coefficients which are
convolved with wavelets 340 and 335’ to derive the 1level 2
coefficients SD1 . . . SD8. Procedure 972 of Figure 26D
utilizes header 970a having SDD1 . . . SDD4 interpolated -
coefficients with footer 970b having DDD1 . . . DDD4
interpolated coefficients which are convolved with wavelets 340
and 335’ to derive the level 2 coefficients DD1 . . . DD8. From
the output of processes 962, 966, 969, and 972 and the above
processes of Figures 25A and 25B, relationships expressing the
denoised signal (X0, . . . , X31) in terms of the level 3
coefficients can readily be determined. At step 710 of Figure
8, provided step 410 selected. level 3 as the best coefficient
map, the present invention computes the denoised signal based on
the selected level 3 coefficients (e.g., those coefficients
having magnitudes within the threshold determined at step 420c).
Figures 27A-27H illustrate re-transformation processes 982,
986, 987, 991, 993, 995, 997, and 999 that can be used by the
present invention to determine the 32 level 3 coefficients based
on the 32 level 4 coefficients. Based on the level 4
coefficients, the denoised signal (X0, . . . , X31) can be
computed relying on the level 3 coefficients (see above) or can
be directly computed based on the 1level 4 coefficients.
Procedure 982 of Figure 27A utilizes header 980a having SSsS1 .
. . 888S2 interpolated coefficients with footer 980b having
'DSSS1 . . . DSSS2 interpolated coefficients which are convolved
with wavelets 340 and 335’ to derive the 1low frequency
resolution level 3 coefficients SsSs1 . . . SSs4. Similarly,
procedures 986, 987, 991 of'Figures 27B, 27C, and 27D utilize
respective headers 984a, 988a, and 990a having SDSS1 . . .
sDSs2, SSDS1 . . . SSDS2, and SDDS1 . . . SDDS2 as respective
interpolated coefficients and utilize respective footers 984b,



I nput sanple wi ndow are discretely convol ved (using decimation) wth.
certain wavel et basis functions (frequency bands) to produce the x
coefficients for each level. For each frequency band within each | evel,
convolution is perforned across sel ect nunber of tinme segnents of the input
Sanpl e wi ndow. The magni tude of the coeffjcient dictates how well the
correspondi ng wavel et basis function corr%fates to the input signal within
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and DDD1 . . . DDD4, respectively. From the output of processes
982, 986, 987, 991, 993, 995, 997, and 999 and the above
processes of Figures 26A, 26B, 26C, and 26D, relationships
expressing the denoised signal (X0, . . . , X31) in terms of the
level 4 coefficients can readily be determined. At step 710,
provided step 410 selected level 4 as the best coefficient map,
the present invention computes the denoised signal based on the
selected level 4 coefficients (e.g., those coefficients having
magnitudes within the threshold determined at step 4204).
Figures 28A-28P illustrate re-transformation processes
1010, 1012,:1014, 1016, 1018, 1020, 1022, 1024, 1030, 1032,
1034, 1036, 1038, 1040, 1042, and 1044 that can be used by the
present invention to determine the 32 level 4 coefficients based
on the 32 level 5 coefficients. Therefore, based on the level
5 coefficients, the denoised signal (X0, . . . , X31) can be
computed relying on the level 4 coefficients or the denoised
signal can be directly computed based on  the 1level 5
coefficients. Procedure 1010 of Figure 28A utilizes header
1009a having SSSSS1 interpolated coefficient with footer 1009b
having DSSSS1 interpolated coefficient which are convolved with
wavelets 340 and 335’ to derive the low frequency resolution
level 4 coefficients SSSS1 . . . SSSS2. Similarly, convolution
procedures 1012, 1014, 1016, 1018, 1020, 1022, 1024, 1030, 1032,
1034, 1036, 1038, 1040, 1042, and 1044 of Figures 28B-28P,
respectively, are utilized to generate level 4 coefficients
DSSS1 . . . DSSSs2, SDSSl . ; . SDSs2, DDssS1 . . . DDSs2, SSDS1
. « « SSDS2, DSDS1 . . . DSDs2, SDDs1 . . . SDDS2, DDDS1 . . .
DDDS2, sssD1 . . . SSsSD2, DsSsD1 . . . DSSD2, SDSD1 . . .SDSD2,
pbDspr . . .DDSD2, SsDD1 . . .SsSDD2, DSDDl1 . . .DSDD2, SDDD1 . .
.SDDD2, and DDDD1 . . .DDDDZ2, respectively. From the output of
the above 16 convolution processes and the above processes of



and the wavel ets used for convol ution are bi nary. In these cases, the
present invention transformation at step 315 is particularly advantageous
because convolution is performed by addition and_su ucti ons,
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i nvention p %POrms scal ar 59% g %P "%ﬂr %’g@gc eﬂg:%e"?@bt ed
coefficientxeadnbyabéodqtémmangﬂéi(ﬁﬂ%ﬁnap 7Leb of EﬁgbreSB(epgovlqutstap

bert Qf'freﬁ”sga?hgt@wégg";mt?ﬂs392‘33“&2235. LOCSUELSELodt map PPLe brdsent
properly |nP§VﬁPﬁtgﬂ Gomp Eeﬁogﬁ§tpﬁﬁﬁﬂﬁﬁﬁc%§§ag§ edo i Shesselected)g

I S not requileedl S\cogfificientst eap @25 thtolse pceﬁﬁiblentsahawdngmaémitlmes
sorting of P§¥ﬁ£ﬁ gﬁgvtﬁgggépié; %]Q%oggg %ﬁf request ed. During
erent eve sse

pul se-on-pul'se processing roc step
At the completlon of step 710 of Figure 8, a digitally

reconstructed denoised signal is supplied to step 715.
Depending on the level selected for reconstruction by step 430,
different normalization factors are multiplied by the signal
data points (e.g., X0, X1, etc.) at step 715 so that
conservation of energy is maintained through the transformation
process. The normalization factors are computed such that the
squares of all the coefficients equal each other for each level
and also equal the squares of each of the signal data points.
Based on principles of conservation of energy and the above
description, these normalization factors can readily be
determined for any level n. For instance, <the blelow
relationships illustrate normalization factors for level 1 and
level 2 in an exemplary case where x=4:

X02 + X12 + X22 + X32
X02 + X12 + X22 + X32

Q1(S12 + S22 + D12 +D22)
Q2(SS12 + DS12 + SD12 +DD12)

where Q1 and Q2 are the normalization factors for level 1 and
level 2, respectively, for the example with x=4 and n=2. These
factors can be predetermined depending on the number of levels
n and then used at step 715 for the reconstructed denoised
signal. The output of step 715 is supplied over bus 30 (Figure
1). '

At step 720 of Figure 8, the present invention DAC circuit
55 converts the denoised and normalized digital signal supplied
over bus 30 into a denoised analog signal supplied over line 60.
At this stage, the present invention received a'noisy video
signal over line 15 and produced a clean (denoised) video signal
as output over line 60. At step 725, the present invention
supplies the denoised video signal 60 to a well known wide band
video pulse processor 65 which perform signwanﬂ//

i



315 can individually represent a second detected pulse within 16 the
imput sanple window. As is well known with pulse on pul se conditions, the
second detected pulse is typically congruent in time with the primary -
pul-se. At step 325, these pul se-on-pul se conditions can be determ ned and
i'solated since both the primary and the secondary pul se survive the

t hr eshol di ng processes of the -present in&%htion.'ln this case, optional

step 325 can,be_use Iect an_oth f
coeffici ent “B&H 3% %‘ 3rlﬁat%85 31§tté¥ %nggﬂglﬁﬂYeﬂﬁiPn
bei ng used ttdaenr eptpggﬁt thaecresules f puidse basmaﬁndneonpulsevmecessor 65

transformt ik@ng GhFE4€ ABMARAEPSHEm G SF],] AR inaRAbaL s Yay PlorPH! 86urberw! se
conditions due to the glﬁjl t pPZ resol uﬁg st rét egy of flsereSQOt?y their

nul tiple di Me8F4%ES: PBotiency resolution |evels. Depending on the enbodi frent
of the present i dtedsi appreciated that the above reconstruction processes

performed for each level can be performed in parallel fashion
analogous- to the forward transformation processes described
above. In such case, the coefficients of each level can be used
by parallel processes to simultaneously arrive at the denoised
input signal values.

Example Signal Denoising _

Figures 292 and 29B illustrate an example signal denoising
produced by the present invention. Figure 29A illustrates a
sample input digital signal 1055 (e.g., received over bus 25 of
Figure 1) having a large number of sample points. Signal 1050
contains mostly noise with a pulse 1055 located near the center
of the signal 1050. Figure 29B illustrates the resulting
digital denoised signal 1060 output over bus 60 with pulse 1055
isolated and the noise eliminated. Embodiments of the present
invention denoising system provide between 6 to 10 (not a
theoretical 1limit) dB increase in overall RWR system
sensitivity and dynamic detection range by reducing noise in the
wide band input signal.

The preferred embodiment of the present invention, an RWR
signal denoising system utilizing wavelet transformations with
ﬂetermined wavelet basis functions, is thus described. While
the present invention has been described in particular
embodiments, it should be appreciated that the present invention
should not be construed as limited by such embodiments, but
rather construed according to the below claims.



sel ect'ed (as discussed with respect to Figure 1), process 300 continues

usi ng dﬁlg%&@gsﬁgegﬁﬁlm first enbodinent is shown starting at Figure 7

with as t being shown starting at Figure 8). These
enbodi rremu ed in nore detail further bel ow. Wvelet Forward
Tr ansf or

nput Signal Figure 4 is a flow diagramillustrating

steps of process 315 of Figure 3 in nore 4tail. The steps of Figure 4 can
be realized by individual hardmaragyﬁﬁggcessor units, or
alternatively, can be realized by soft de executed by processor 101

Wi thin processor system 112 and stored in conputer readable nmenories 102,
103 and/or ifhe AS HHAWmelnikigure 4, the wavel et transformation process
315 of the present invention is distributed across different frequency
resolution levels (e.g., level 1 to level n) sinultaneously via steps 410a
t hrough 410n whi ah eadim at»pdqr maemihggraceli‘iéle.r aenmethedutor \deredaling an

level . St ep%]g?ﬁﬁ-,a GE‘,OBQRd‘QQ&e?rﬁgQFaV engQw?' guid a&ﬂﬁﬁie ) ecﬂ%rfﬁ@&?: | ghe
SHHans

pr ocessors fequency reso AR fers reqdency
and time re &F:convol ution with the

a) selecting a plurality of wavelet basis functions that
represent expected signal waveforms of said input wide band
‘video signal window, each of said plurality of wavelet basis
‘functions composed of values of either "1i" or "-1v;

b) performing high speed real-time convolution of " said
input wide band video signal window against said plurality of
wavelet basis functions to genérate a plurality of correlation
coefficients wherein groups of correlation coefficients share a
common frequency'resolution level, said step b) of performing
high speed convolution being performed without multiplication
functions to determine said plurality of correlation
coefficients; .

c) thresholding said plurallty of correlation coefficient
to select those correlation coefficients that most efficiently
package the energy of the input wide band video signal window;

d) discarding correlation coefficients not thresholded by
step c¢); and '

e) generating a denoised version of said input wide band
video signal window by performing a high speed real-time wavelet
reconstruction based on correlation coefficients thresholded by
step c).

2. A method as described in Claim 1 wherein said
plurality of wavelet basis functions are Haar wavelet basis
functions and wherein said high speed real-time convolution step
b) operates based on an input wide band video signal window
signal rate of 64 MHz.

3. In a radar warning receiver (RWR), a method for

- denoising an input analog 51gna1 said method comprising the
steps of: '

a) converting said input analog signal into an input

= ot an T
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i nput sanple window. The |arger the wavel et basis functiigeheet HassaeR ﬁ&edl ts
f'requency resolution is and the smaller the wavel et basi

better its time resolution is. Wthin each frequency reiﬂ! ’Im |ﬂall
wavel et basis functions of the same frequency resolutio

st eps Substitute sheet - 3 April 2001 17 of an exanple process 410a are

s?orp in nore detail in Figure 5A, howe , each step of 410a-410n
utilizes 0 t
ol nt s (e. g%%gi%%g‘;pfg&ﬁ B Tnout Wfr%i&lg Iggﬁnﬁioha%}\;ﬁv; Yaap8 1500k

usi ng di scr eachc sapplet Wéﬁd'aﬁdcm#ﬁétmbﬁ‘ Riserete. sABR RabRiRES hasi s
functions so thap)x saRfdlvaingtSa il esgaple avdddber witthh sélédied vavelst

Cach | eve! e Pop et A1l HNEL e oI e B8 YRAELELy
| evel . Assmnsegsxoﬂaxaporrelation coefficients, each frequency resolution
level generating x correlation coefficients;

c) generating a set of n coefficient maps, one coefficient
map for each frequency resolution level of said n frequency
resolution levels;

d) determining a best coefficient map of said n coefflclent
maps that most efficiently represents said x discrete sample
points of said sample window and determining selected
correlation coefficients of said best coefficient map;

e) performing a retransformation of solely said selected
correlation coefficients of said best coefficient map to
reconstruct an output denoised digital signal; and

f) converting said output denoised digital signal into an
output denoised analog signal.'

4. A method as described in Claim 3 further comprising
the step of applying said output denoised analog signal to an
RWR video pulse processor for threat characterization.

5. A method as described in Claim 3 where said step f£)
comprises the steps of: |

normalizing said output denoised digital signal to produce
_a normalized output denoised dlgltal signal; and

using a digital to analog converter circuit to convert said
normalized output denoised digital signal into said output
denoised analog signal.

6. A radar warning receiver (RWR) system comprising:

a wide band receiver for receiving an analog signai;

an analog to digital converter circuit for converting said
analog signal into an input digital signal; i

a processor system coupled to receive said input digital
signal in sample windows, each sample window comprising x
discrete sample points, said processor system for performing the

steps of: U

AN T i



s

sanpl e points per sanple wi ndow, each frequéncy band within a |evel r
(r-<n) contains x /(2r) coefficients; therefore, each f’ﬁhbﬁ

laced
contains x/(2r) time segnents for a level r. Therefore, fotj bgm&aﬁmﬂnsis
et

f_unction that is k tinmes smaller than the input sanple win m
I's convol ved across k equally spaced tine segnments of the I nput signal
wi ndow. As the coefficients are determni netf they are tine stanped with the

time segnent of the sanple wmindow to | r o] kS
appr eci at ed that i tﬁ?’rh@%fve’rf‘%l %ﬁ%og%*’ggeh{lgkggfrig%gnglg%eé%%aawaiv\%ﬁt
frequency bambige fynctEens-BIVBe bf frequensy |rasalwtiean.15‘éeg%t‘a geneyate
E;g‘d' E 2ngou%s)§$fst3%§flge‘f"?*ﬁmf°‘p Q:rma%?@htae ,t gzgh dhf]écﬁf@iﬁy reeglativn
.., - of, sane | eve . S . t.,he present invention
then ranks t¥RV<ogMmerahing HyCBFﬁﬁiagp%‘bﬁfﬁocel%trs'each of the-n levels
\|I:\:hl ch generates ®)cegeheratényg aogpet wf eachefEichenth naps oneicpeffigient
| gure 6B angl [ gyLe o8t | LALG LREBTueABHPIFWLICASE T4i@Nh FHREueH
640 and GQOmgaeds:pec | \?e%/l. fkslé%ﬁs'lhov\g t he goeffici ents are ranked from t%g
left to ri gmeﬁﬁﬂ-ﬁld@r 1eveldféi r respective magnitudes. The coefficient
magni tude i s show) detegmining a best coefficient map of said n coefficient

maps that most efficiently represents said x discrete sample
points of said sample window and determining selected
correlation coefficients of said best coefficient map;

d) performing a retransformation of solely said selected
correlation coefficients of said best coefficient map to-
reconstruct an output denoised digital signal; and

e. a digital to analog converter coupled to said processor
system for converting said output denoised digital signal into
an output denoised analog signal.

7. An RWR system as described in ‘Claim 6 further
comprising an RWR ptilse processor coupled'to_i'eceive said output -
denoised analog signal, said RWR pulse processor for performing
threat characterization. '

8. An RWR system as described in Claim 6 where said step
d) comprises the step of normalizing said output denoised
digital signal. '

9. A method for denoising an input digital signal, said -
method comprising the computer implemented steps a) through e) '
set forth below or a system for denoising an input digital
signal, said system comprising a processor coupled to a bus and
a computer readable memory unit coupled to said bus, said
computer readable memory unit containing a program for causing
said processor to perform the steps a) through e) set forth
below: '

a) sampling said input digital signal into sample windows,
each sample window comprising x discrete sample points;

b) convolving said sample window with selected wavelet
basis functions across n frequ,ency'resolution levels to generate

A




the vertical axis 612, 642 and 662, for Figure 6A, Filjij8l s@ne:h Feplggee 6C,

respectively, and the coefficient sort order is shown |cal
axis 614, 644 and 664, respectively. Shown as steps 4 n of
Figure 4, for-each of the n levels, the present invention also per rns a

thresholdlng process to select the coeff|C|ents of each | evel having
magni t udes | arger than a determ ned threéfol d value that is conputed for -

each | eve

aral | ol pr BoBtEn&f aharrativih gt FiTianas Bach THpLaNRay Fdsllneton

410n, respeéeveblgenqtnt¥¢9exﬂﬂﬂnie@aﬁé@nl§°& fickenE8i as shown by step 530

SI Fi 91;{) e tSE Fi gyl 2 Onera]&rfyta\,a Eb.fe]ybs ﬁﬂzﬁéﬁ%ﬁﬁsﬂ&#ﬁﬁtsl |bﬂ§téﬁé£ﬁléf6ﬁ% 2
ep a rou n.selLec coe | Cl S. W es
650 and 670™@Pe (H?Q&Hyf %ﬁ?ﬁPQ¥FEE§$i¥§% CQ%Y$$ §£n%aﬁ§Ca é$§%

t hreshol d poesbiluhiohtléveksppreci ated that the threshol ding

d) determining a best coefficient map of said n coefficient

| maps that most efficiently represents said x discrete sample

points of said sample window; and
e) recording selected correlation coefficients of said best
coefficient map.

10. The method or system as described in Claim 9 wherein
said processor further berforms the step of performing a
retransformation of said selected correlation coefficients of
said best coefficient map to reconstruct an output denoised
digital signal.

11. The method or system as described in Claim 10 wherein
said processor further performs the step of normalizing said
output denoised digital signal to produce a normalized output
denoised digital signal; and further comprising

a digital to analog converter circuit for converting said
normalized output denoised digital signal into an output
denoised analog signal.

12. The method or system as described in Claim 9 wherein
said processor further performs the step of generating a digital
report based on said selected correlation coefficients, said
digital report including a leading edge pulse time and a pulse
peak amplitude. |

13. The method or system as described in Claims 3, 6, or
9 wherein each frequency resolution level, r, comprises 2r
separate frequency bands, each frequency band associated with a
wavelet basis function and wherein said step b) in claims 3 or
9 or step'a) in claim 6 further comprises the step of performing
n separate frequency resolution 1level convolution processes,
each convolution process of a level, r, convolving 2r wavelet
basis functions with discrete sample points of said sample

* c L N S *



per.fornmed at steps 410a through 410n can be perforned 'mmabtﬁasﬁeeﬁk lacbd
magni t ude val ue or, preferably, is based on a relatrve

magni t ude based on the maxi mum nagni tude of the coeffrc hat
| evel . The Ilater threshol ding enbodi nent of the resen |nvent Ion

utilizes the below relationship for threqﬂplding: [err] where, for a _
particular coefficient map, Cl is the maxinum nagnitude coefficient and CT

is the coefjipladnt !l gbherabseshodt dOibicorrb10Ra oiTiedicFBientsk| sf said
appr oxi mat el_y bgtmeen 10 and 30 percent, but is a programuabl e val ue

dependi ng o &R reXpected characteristics of the input signal to be
transforned. At step 535 of Figure 5B, once a threshold coefficient CT is

sel ected, all CO&EfICTﬁQtﬁ%ﬁﬁfargy gy@@ghrgge&ésgggbgutfnrélhqﬁ &Qrgﬁgpéﬁnare

recorded into conputer rea nenory %
remai ni ng c&&ch; EreANengy cresiuiiar 1eVﬁ1t P§V9é2§4°?rﬂ¥Qﬁﬁ§§:H§|én%gvel
falling outs,dectivillvest baddhaird wazeget( bagis fidfictH6hs actiossOx/2Pstime

probably corespand t9e Sk3al S Wiflod O NGhnEPLEE! Falaehle | o6 g

wavel et basi's
correlatlon coefficients of said level, r.

15. The method or system as described in Claim 9 wherein
said step c) comprises or the system of claim 6 wherein the said
step b) comprises the steps of: | ' '

ranking said set of x correlation coefflclents for each
frequency resolution level in order of magnitude to produce said
set of n coefficient maps; and .

for each coefficient map of said n coefficient maps,
determining correlation coefficients that fall within a
determined threshold, wherein said selected coefficients are
selected by said above step of determining correlation
coefficients that fall within said determined threshold. -

16. The method or system as described in Claim 9 wherein
said step d) comprises or the system of claim 6 wherein said
step c) comprises the steps of:

determining a drop-off value of coefficient magnitude for
each of said n coefficient maps; and _

) selecting said best coefficient map as that coefficient map
of said n coefficient maps having a sharpest drop-off value.

17. The method or system as described in Claim 9 wherein
x is equal to or less than 32 and n is equal to or less than 5.
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functions of the present invention and therefore w [l not be well
Fepresented by coefficient magnitudes. At the conpletion of step 535 of
steps 420a through 420n, the present invention (for each individual |evel)
generates a set of coefficients that effectively packages the signal energy
represented by the sanple points of the45nput si gnal w ndow based on the

basis functions for each |level. At step

30 of Figure 4, the present

invention then selects the frequency ABSTBACE i on | evel having the best
correlated coefficient map to the input signal window, this is the best

coefficient map. The t hy qsbelsiRe wiebfdiehRD tmeisidambest coefficient map

nost effectively package the si oS FRRIBEUISING | nput si gnal

wi ndow of

al | frequency resol uti on=Tevers: T9—Step 430 can be performed by
anal yzing the coefficient maps generated by steps 410a through 410n for the

coefficient map

A method and apparatus for high speed denoising of an input
signal received by a radar warning receiver (RWR) system. The
novel system digitizes the input signal into sample windows each
having a number of sample data points. The novel system
jncludes a signal transformation processor system which
convolves Haar wavelet basis functions across individual time
segments of the input signal to produce sets of coefficients.
Signal noise is poorly represented by the selected Haar wavelet
basis functions while expected pulse signal characteristics are
well represented by the basis functions. Within the wavelet
transformation process, a plurality of frequency resolution
levels are simultaneously de@:ermined, each frequency resolution
level having a fixed number of correlation coefficients equal to
the number of sample points in the sample window. Each
coefficient also corresponds to a different basis function, or
a same basis function applied to a different time segment. Each
level contains a different number of represented frequency bands
and a different number of time segments per band. For each
level, the level’s coefficients are sorted into cocefficient maps
and the largest coefficients are selected from each map. The
coefficient map best packaging the input signal energy is then
selected. The coefficients of the best coefficient map can be
used to (1) reconstruct a denoised digital or analog signal
ﬁsing a re-transformation for application to a video pulse
processor for threat characterization or (2) to produce a
digital report indicating vital pulse information including
leading édge pulse position, pulse amplitude, pulse duration,
etc.
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havi ng the sharpest drop-off of ranked coefficients (e.g., having the

I-ar gest derivative of coefficient nagnitudes over the sort order).
Preferably, the drop-off point-to be analyzed by step 430 is close to the
threshold coefficient (CT) determ ned by steps 420a-420n. By having a sharp
drop-of f point near the threshold coeffigient, the best coefficient map
determ ned by step 430 illustrates that the wavelet basis functions

of the corresponding |evel efficiently correlate to the input signal

wi ndow by packagi ng the sanple points using only a relatively small nunber
of basis functions. Using the coesficients maps 610, 640 and 660 shown i.n
Figure 6A, Figure 6B and Figure 6C as exanpl es, coefficient map 610 offers

t he sharpest dr of f near the threshold coefficient (ET), therefore, step
430 selects cqg%ﬁ cient map 610 as the best coefficien{ nap. It is
appreciated tHHt2a nunber of well known techni ques andfprocesses can be
used at step or selecting the coefficientrmap travfmg thesshar pest
drop-of f val ugz r the threshol d coefficient1 At step| 430, tﬁblpresent
i nvention therdArg¢ords those coefficients l - |
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that are within the previousl y'determ' ned threshold range for. the best

coefficient map and zeros all remmining coefficients of that level. It is
appreciated that, alternatively, step 430 can be performed in advance of
steps 420a t hrough 420n. In this alternative enbodi nent of the present

i'nvention, threshol ding needs only to be %erformed once on the coefficient
map sel ected by step 430. However, under this alternative enbodi nent, step
430 does not have the advantage of searching for a sharp drop- off near the
t hreshol d coefficient (CT) because the threshold coefficients (determ ned
at steps 420a- §20m)—have Mot yet—been -detern-hed — At —st8p—35 of Figure 4,

t he present inyention anal yzes the coefficient _map selecteg by step 430 to
determne if alpul se has been detected at alll. In @}tain gases where the
shar pest drop-,off of the coefficient map i{ r%@r"‘m’ nimal (e.g., the
sel ected coefflcient map is flat), the presentn;m/ention dbt er m nes t hat no
pul se i s recoghized and the input sample wi jdog &ntpins all
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REPLACEMENT SHEET Substitute sheet - 3 April 2001 20 noise. .This case is
shown in Figure 68 where the coefficient Map 640 is flat. If no pulse is
detected at step 435, the present invention at step 440 reports that no
pul se is detected within the current sangle' wi ndow and process 315
returns. At step 435, if a pul se is detected (e-g., the drop-off val ue of
the, selected coefficient map is significantly sharp), then at step 445 the
present invention reports the coefficients (and their magnitudes) wthin
the thres range (e.g., range 620) of the best coefficient map sel ected
by step 4 and process 315 return Aha ol | ows are two transformation
enbodi nents (x=4, n=2 and x=32, natetransformatlon 315 in
nore detail. It is appreciated the he e of the present invention is
not limted to these exenplary enbodi nepts. For instance, 'the

RECEIVE RF SIGNALS USING QUADRATIC
RECEIVER AND GENERATE WIDE BAND
VIDEO SIGNAL 305

CONVERT VIDEO SIGNAL INTO DIGITAL SIGNAL
THROUGH DIGITATION USING ADC UNIT 310

I

PERFORM DISCRETE CONVOLUTION OF INPUT
DIGITAL SIGNAL WITH WAVELET BASIS FUNCTIONS
- AND DETERMINE BEST CORRELATED BASIS
FUNCTION(S) OF BEST COEFFICIENT MAP;

OUTPUT COEFFICIENTS 315
ENCODE COEFFICIENTS TO
DESIRED RESOLUTION 120

!

PERFORM SORTING OF LEVELS IF
PULSE ON PULSE DETECTION IS REQUIRED

3251

FIG.3



enbodi ment wth xi-32 and n-S inplicitly teaches transformation with 5, 4,
3, 2, and 1 frequency resolution levels with x=32, or X=16, or x=8, or x=4,
or x=2, as applicable. Further, by extension of the convol ution processes
taught within these two exanples, one of ordinary skill in the art can
readily derive convolution processes for4levels greater than 5 and for
sanpl e mﬁnd&mg of nore than 32 sanple points. Wavel et Transformation
Enbodi ment F*=Convol ution with x=4, n=2 The steps of process 315 are
described with reference to an exanple convol uti on and deci mati on '
transformation for an enbodi nprt—where—tRe i nput signal w ndow contains
four sanple points (e.g., x=4\_edt ﬁi@!ﬂ'are two frequency resolution

| evels (e.g., n=2). Each frequenqy resolution | evel contains 4

: ) ncy resol ution
| evel 1 contains t time segnentg.
summari zed in_t ‘bel ow Mt D
| ocat ed wi t hi RE¥BEH HAARju@ncly DEYEL D ev

‘ ¢
These coefficientp are

t he nunber af__ti newsegnent s
el . Tabl e | LEVEL N HAAR
WAVELET PULSE WAVELET PULSE ) WAVELET PULSE
TRANSFORMATION TRANSFORMATION [ N X J TRANSFORMATION
PROCESSOR
PROCESSORMOa PROCESSOIEuob l s 10n.
BEST COEFFICIENT BEST COEFFICIENT| . BEST COEFFICIENT
DETECTION DETECTION DETECTION
PROCESSOR USING PROCESSOR USING PP PROCESSOR USING
PROGRAM PROGRAM PROGRAM
THRESHOLDING THRESHOLDING THRESHOLDING
420a 420b ) 420n
L } A XX B l
SELECTION PROCESSOR
FOR SELECTING BEST
CORRELATED LEVEL OF
LEVELSITON 430

No [REPORTNO|

PULSE |
440

PULSE
DETECTED?

REPORT
COEFFICIENTS
' SELECTED

FIG. 4



Level Ti me Segnent Coefficients 1 = : 2
D1-D2,S1-S2 . Substitute sheet - 3 April 2001 21 2 ' 1

DD1: SD1, DS1, SS1 Wavel et Basis Functions. Figure 10Aillustrates a
sanpl e signal window 330 containing XO X1, X2, and X3 sanple points, as
viel| as a first wavel et basis function 335 |ocated at-a first tine segnent
for high frequency band of level 1 and a second wavel et basis function 340 -
| ocated at t first tinme segnent for |ow frequency hand of |evel 1.

Figure 10B i strates the wavel et basis function 335 |ocated at a second
time segnent along the sanple w nd he wavel et basis function 340
| ocated at the second tine segnent >_danpl e wi ndow 330. Wthin

| evel 1, wavel et basis functions 335 andg 340 are convolved with the sanple

points of wi ndow 33q ANF IE FIEN OF INCOMING DIGITAL SIGNAL WITH
WAVELET BASIS FUNCTIONS USING DECIMATION,

FOR EACH FREQUENCY LEVEL " 510

FOR EACH FREQUENCY RESOLUTION LEVEL,
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pesi tions shown in-Figure 10A and Figure 10B to generate a set of four
coefficients. At the tine segnent, functions 335 and 340 produce '
coefficients DL and Sl1, respectively, (Figure 10A) and at the second tine
segnent, functions 335 and 340 produce coefficients D2 and S2,
Tespectively, (Figure 10B). Therefore, the transformation of |evel 1
provi des both frequency and tine information.Basi functions 335 and 340
contain either a "1" value or a "-1" value. Figure 10C illustrates the
wavel et basis functions for,;level 2 for tke present enbodi nent. From

hi ghest frequency to | owest{frequency, thgwavel et basis functions are 345,
350, 355, and 360, which en _convol ved Aiéﬁ the input s e w ndow 330,
produce |l evel 2 coefficien of DD D 1,@and SS1, ectively. In
l evel 2, the high f@eqyengy band of |eve i sedi vided i t wo' bands using
wavel et basis functPons $45_and 350 while |the Zow frequen®” band of |evel 1
is divided i nto bands using p_wavel et bdsps Bunctions 355eand 360.
Level 2 therefore provigks bette equen §)re§plution oYeryl evel 1,
however, offers redugeghtine resol utig n,é%u t he four el et
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basis functions span the entire input sanple wi ndow 330. Basis functions
345, 350, 355, and 360 contain either a "1" value or a "-1" value. Level ‘1
Convol ution. Figure 11A and. Figure 11B illustrate the convol ution and
deci mati on processes perforned by step 410a of Figure 4 for level 1 with an
input sanple window having 4 sanple poimts (ignoring normalization
factors). Low frequency 22 band wavel et basis function 340 (represented
by "1 1") is convolved with XO and X1 of sanple wi ndow 330 using discrete
mul tiplication to produce coefficient S1 as: S1 = XO + X1. Basis function
340 is then shifted by two data points (decinmation) to the second tine
segnent and convolved with X2 and X3 of sanple wi ndow 330 using discrete
nultiplicatha&hgo:arrive at the second | ow frequency coefficient S2 as:

GENERATE DIGITAL 1
REPORT REGARDING -
CHARACTERISTICS OF PULSE
810 |m - ———n
| RECONSTRUCT |
DIGITAL SIGNAL |
! USING COEFFICIENTS |
| (OPTIONAL) |
ANALYZESIGNAL . | ——————=—==
REPORT WITH DIGITAL
PULSE DETECTOR
J’ 820
OUTPUT DETECTION RESULTS
AND/OR APPLY TO COUNTER-
MEASURES UNIT
825

L
( rerury )

FIG. 7



S2-= X2 + X3. S1 and S2 represent two different tine segnents of the | ow
frequency band of level 1. Hi gh frequency band wavel et basis function 335
(represented by "1 -1") is convolved with XO and X1 of sanple w ndow 330
using discrete multiplication to produce coefficient D1 as: D1 = XO - XI1.
Basis function 335 is then shifted &y two data points (decimation)
to the second tinme segnent and convolved with X2 and X3 of sanple w ndow
330 using discrete multiplication to arrive at the second hi gh frequency
coefficient D2 as: D2 = X2 - X3. D1 and D2 represent two different tine
segnents of thqﬂﬁh%mﬂfrequency band of level 1. S1 and D1 are tinme stanped
to correspond to the first tine segne a\J., the tinme position of X0 and
X1 of Figure 10A) while S2 and D2 arg/tine §tanped to correspond to the °
second tine segnent (e.g., the time posidior of X2 and X3 of Figure 10B).
The coefficients S1, S2, D1 and D2 ar® detefm ned within the present

i nvention based on the above
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l 710
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SIGNAL BY THE NORMALIZATION
FACTOR (DIGITAL) 715

.

CONVERT THE SIGNAL TO ANALOG
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.
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WITH WIDE BAND VIDEO PULSE
DETECTOR 725

L

OUTPUT DETECTION RESULTS
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(Lreromy )

720

730
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retationships. Since the val ues involved are .each binary, addition and
subtraction instructions are executed and nultiplication instructions are
avoi ded. Level -2 Convol ution. Figure 11B illustrates the
convol ution processes perfornmed by step 410b of Figure 4 for level 2 with
an input sanple w ndow having 4 sanple p& nts (ignoring normalization
factors). Lowest frequency band wavel et basis function 360 (represented by
"1 11 1") is convolved with XO X1, X2, and X3 of sanple w ndow 330 using
discrete multiplication to produce coefficient SS1 of |evel 2 as: SS1 = XO
+ X1 + X2 + X3. Low frequency band wavel et Hasis function 355 (represented
by "1 23 1 - " ‘L,,_gg,nmj_ued with X0 . X1 X2 _and X3 of sapgpl e w ndow
330 using discre mul g{plication \(\\p\\(\qq\:‘@\ Cogf ficient] DS1 of | evel 2 as:
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DS1 = XO + X1 - X2 - X3. High frequency band wavel et ‘basis function 350
(represented by "1 -1 1 -1") is convolved with XO X1, X2, and X3 of sanple
wi ndow 33.0 using discrete nmultiplication to produce coefficient SD1 of
level 2 as: SD1 = XO - X1 + X2 - X3. Hi qhest frequency band wavel et basis
Tunction 345 (represented by "1 -1 -1 19P is convolved with XO X1, X2, and
X3 of sanple w ndow 330 using discrete nultiplication to produce
coefficient DD1 of level 2 as: DD1 = XO- X1 - X2 + X3. As with the level 1
coefficients, the coefficients of level 2 are _degerm ned by the present
invention without resort to nultiplication iMstructions but rather use

addi ti on an®IGUKERPULSE $IGMALUctions. Xg t X eX@npl Xyhere x=% amd n=2,
all of the level 2 coefficients have t me time segnent. It is .
appreci ated that given the input sanple w rjdow 330, each of the above fou

coeffi ci ent evel 1 an of the alQove four coefficients for |evel
2 are siml tﬁ'gﬁ&'u{sl y corrputgﬁjfﬁIgg TTTTTTTTeeT "';;;""f """"" B1 '
e
l &~ 390
BAND { -=-o-bcccoccncncclanncccccccnnne-. S1

Vil
. v’
DIGITIZED PULSE SIGNAL XO X1 _ Xz XS . e e | .
3 35
LEVEL 1 BAND 2 =~==cecceccmncancaccccccnccloncmcnacn 02 .
BAND 1 --=<esv-vccccccmncdloncccaeaaadaee

FIG. 10B



by-the present invention at steps 410a and 410b of Figure 4. After
conputing the above 4 coefficients for level 1 and the 4 coefficients for

| evel 2, the present invention at steps 420a and 420b (Figure 4) conputes a
coefficient map for level 1 and for level 2, respectively. At step 420a,
based on a predetermned threshol ding peltentage (M, the present invention
determ nes the coefficients of level 1 having the magnitudes within the
threshol d.” At step 420b, based on the predeternined thresholding (M, the
present invention determ nes the coefficients %13§@el 2 having the
magni t udes wid,hi . At step 430, e eseny inventign then ,
det er mi nes mqlghﬂ%ggﬁqlgﬁ@%ﬁ‘p of |evel ﬂ@ or ?ev§f22 h§§ a coefficient
order with a sharper drop-off of coefficient nagnitude. At step 430, the

determ ned coefficients having the larg gnitude o best

coefficient map are recorded into conputer r¢adable ne 15
LEVEL2 BAND 4 -========ealoacaaaaaaas e DO,

- ~ 350
BAND 3 =========eef-ccccfacacogocaccaccas 8D,

~355
BAND 2 =====cemcccccccactaccacanccccccaas DS,
|. ~ 340

BAND 1 ==-=-beconccnnancacococaaaaaadonns ss;



-24- Wavel et Transformati on Enbodi nent 11, Convolution with x=32, n=5 The
steps of process 315 are described with reference to an exanple convolution
and deci mation transformation for an enbodi nent where the input signal

wi ndow contains 32 5 sanple points (eg, x=32) and there are five frequency
resolution levels (eg, n=5). Each frequeh%y resolution | evel contains 32
transformation coefficients. These coefficients are sunmmarised in the Table
Il below along with the nunber of time segnments |ocated within each

frequency band of each level. 10 Table Il Level Ti me Segs
Coefficients 1 16 730 D -D6, SI1- S62 8
DD1- DD8, SD1- SD8—PS1..0S3 }{QLQQR 3 DDD1 - DI')I')4
SDD1- SDD4, DSDL1- DSD)?, $SD1 ;S 81 DDS4, SDSl SDS4, DSS1-DSS4, SSS1-SS$4
4 2 )B5PDI DDDI - SDDD2,  DSDD1- DSDD2 (HI GH)
SsDD1- sspo2, Dospyf ohspe! $%601- 3D Dﬁ (‘BANDS) ® DSSD1- DSSD2,
SSSD1- SSSD2 4 L)L)L)bl DDDSZ, ™ SDDST-SD057, DSDST- DSDS2,
(Low \ ISSD&}l [bssyp DDSS1s,DDSZy _SRSS_"LXSDSSZ
I
- T ’i“ - T T
- Ll / : > sz-)r& X
| ] 340
IS4 > Di= XX
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( BANDS) SDSSS1. DSSS2, SSSS1- SSSS2 5 R I |

DDDDD1, SDDDD1, DSDDD1, SSDDD1, DDSDD1, SDSDDi, (HIGH) - DSSDDL,
SSSDD1, DDDSD1, SDDSD1, DSDSD1, SSDSD1, (BANDS) DDSSDI |
SDSSD1, DSSSD1, SSSSDL 5 1 DDDDS1, SDDDS1, DSDDSL,
SSDDS1, DDSDS1, SDSDS1, (LOW 13 DSSDS1, SSSDS1, DDDSSI,
SDDSS1, DSDSS1, SSDSS1, (BANDS) DDSSS1, SDSSS1, DSSSSI,

SSSSS1 25 Figure 14 illustrates the high 335 and | ow 340 frequency band
wavel et basis functions of the first |eyvel_ according to the above
transformati on exanple. As shown by t é’éﬂocess 840 of Figure 19A, within
step 410a of the presd®t iMvedRi aSZ Fasis function 340 is shifted by two
data poi nts across - a pornt sanple wi ndow 830 (e.g., over 16 tine
segments). At each ting segtfrelﬂ‘/czpositi on, the wavel et basis function 340 is
multiplied by 2 sarrpf‘é‘ﬁg‘l‘_n‘_t s of sanpl e ndomﬁg&@g/ofabr/i ve at
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each coefficient of SI-S16 of the |ow frequency band of level 1. To
illustrate the syntax of Figure 19A, S11 = X20+X21; the other 15
coefficients are conputed analogously. Figure 19B illustrates
convol ution/ deci mati on procedure 845 perfornmed by step 410a for level 1
Where the 16 coefficients D1-D16 of thelffigh frequency band of level 1 are
conput ed based on shifting high frequency wavel et basis function 335 across
the 16 tinme segnents of input sanple wi ndow 830 in manner anal ogous to
Figure 19A. To illustrate the syntax of Fi ure 19B, D11 = X20- X21; the

other 15 coefficients app CogP Uk al-og Level 1 of this exanple
yields a tine resol ut+ nts each two sanple points in
durati on. The above pdnvolpkmﬁﬁﬂprocedur 84%- % 8pbggenerate 32
coefficients for level:"'W ne resol é’ segnents for
each of the two frequent band gure 15 |IIustrates the frequency band
wavel et basis functions 35@ ggﬂr ﬁ? 60 (from hi ghest to | owest
frequency) for level 2 0O ov ar’st or mat i on exanpl e. H gh band

functions are 345 .and 350 and Iom1basd functions are
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355 and 360. As shown by the process 850 of Figure 20A, within step 410b
of the present invention, basis function 360 is shifted by four data points
across the 32 data point sanple wi ndow 830 (e.g., over 8 tinme segnents). At
each time segnment position, the wavel et basis function 360 is nultiplied by
4 sanple points of sanple w ndow 830 tol&rive at each coefficient of
SS1-SS8 of the | ow frequency band of level 1 of Table Il. For instance, SS7
= X24+X25+X26+X27. Sim|arly, as shown by _the convol ution processes 855,
860, and 865 FRyures3V0BQ20Y, agd 20DLT egpecyi vely, g%t ggné slg\ep glOb

of the present i nf@ntiof basi s™funetionsB55>358, amd 3 S
. . . BYRNY . . 1, . . <, -+
I ndi vi dual |y St o vrduat—4 at— <<
each segnent jr+=s 2b ol veld wilth § poi nts of sanpl el wi ndow 830 fto
produce the Ay ffrequencly band doef ficli entis DS1- DS8, SD1- SD8, fand
DD1- DD8, reppective yI off Tabl e 1|l ugi dilscrefe ¢ I on and '
l l
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decination. The above convol uti on procedures 850, 855, 860, and 865

generate 32 coefficients for level 2. It is appreciated that while |evel 2
offers twice the frequency resolution over level 1, level 1 offers tw ce
the tine resolution over level 2 (e.g., level 1 has 16 tinme segnents while

l'evel 2 has only 8 time segnents for eacA6frequency band; and | evel 2 has
four frequency bands while level 1 has two frequency bands). Figure 16
illustrates the eight frequency band wavel et basis functions 464, 462, 460,
458, 456, 454, 452, and 450 (from highest to | owest frequency) for l[evel 3
of the above transformation exanple. H gh band functions are 464, 462, 460,
and 458 and | ow band functions are 456, 454, 452, and 450. Therefore, |evel
3 contains eight frequency bands, each band having four coefficients and
four time segnents. As shown by the convolution process 870 of Figure 21A,
W thin step 410c of e presgnt invention (although not shown in Figure 4,
step 410c is_égalogoég to stgg 410b §§t appﬁgcable @? IeveI§3 conv@ution),
basis function 450 is shifted along fhe 4 tipe seqments andtat eachitinme §

segnent is donvbl vefl wilt h dn_8J{dat 4 &
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poj nts of sanple w ndow 830 to produce the 4 |owest frequency band

coefficients SSSI-SSS4 of Table Il using discrete convol ution and
deci mati on. For i nst ance, SSS3 = X16+X17+X18+X19+X20+X21+X22+X23.
This provides four tinme segnents per frequency band. Simlarly, as

shown by the convol ution processes 875 of7Figures 21B, within step 410c of
the present invention, basis function 464 is shifted along 4 tine segnents
and at each tine segnment is convolved with 8 data points of sanple w ndow
830.to produce the highest frequency band coefficients DDDl- DDD4 of Tabl e
Il using discrete convol ution and deci mati on. The above convol ution
procedures 870 and 875 produce the first four and the | ast four
coefficients for level 3. It is appreciated that under anal ogous

convol ution procedures, the remaining 24 coefficients SDD1-SDD4, DSD1-DSD4,
SSD1- SSD4, .DDS1- DDS4, SDS1-SDS4, and DSS1-DSS4 are produced by convol ving
wavel et basis functions 462, 460, 458, 456, 454, and 452,

€ ¢ ¢ ¢ g 4 4 3 & & & £ & I ¢ 4
2T RE a8 STTTE TSRS EE
¢ ¢ ¢ ¢ ¢ < ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ g
T N | | ] | i
l ] I | 1
[ 11 |

__.

Dunsumnmed

A
]

|
1
’_]" l | o o

— i ] | 1

—= 1
Ill EENEEESSSSScs
l__“ ' - J’lﬁ e
———= I e
[]l = r:l j“ e IIIL_;[E_:
—— Ir]: - ”J:—J[ (-

—— | 9T <«

| o e

u I - r—i

I

L=5

UPPER HALF



27. respectively, across the sanple w ndow 830 while shlftlng across the
ffour time segnents as shown in Figure 21A or Figure 21B to produce each
coefficient. It is appreciated that while |l evel 3 offers twice the _
frequency resolution over level 2, level 2 offers twice the time resolution

over level 3 (e.g., level 2 has 8 tine snents while level 3 has only 4
time segnents for each frequency. band; and |evel 3 has eight frequency
‘bands while level 2 has four frequency bands). Figure 17 illustrates the

si xteen frequency band wavel et basis functions (from highest to | owest
frequency) starting with | ow band functions 499, 498, 496, 494, 492, 490,
488, and 486 and hi gh band functions 484, 482, 480, 478, 476, 474, 472, and
470 for -level 4 of the above transformation exanpl e. Therefore,
| evel .4 contains sixteen frequency bands, each band having two
coefficients. As shown by the convol ution process 880 of Figure 22A, within-
step 410d ofsth& p-&sem J-nvenhl o.m(a,l.shmjgh..aot-ﬂshom |mF|.§lur 4, _st ep
a~
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410b but applicable to | evel 4 convolution); basis function 470 is shifted
along 2 tine segnents and at each tine segment is convolved with 16 data
poi nts of sanple wi ndow 830 to produce the 2 | owest frequency band
coefficients SSSS1-SSSS2 of Table Il using discrete convolution and

deci mation. For instance, SSSS1 = XOtXl ##2+X3+X4+ X5+X6+X7+ X8+X9+X10+Xl
+X12+X13+X14+X15. This provides two tinme segnents per frequency band.
Simlarly, as shown by the convol ution processes 885 of Figures 22B, within
step 410d of the present invention, basis function 499 is shifted across
the two tineg segnents and at each tine segnent is convolved with 16 data
poi nts of sanple wi ndow 830 to produce the highest frequency band 9
coefficients —Tabte tT—usTmg—aisScretre convol uti on amng
deci mation. T above convol ution procedures 880 and 885 producg the first
two | ow frequeflcy and the |ast two high frequency coefficients »«for]level

4, It is adgpglecl ated that under anal ogous convol ution proced s, the
efficients SDDD1- SDDD2, DSDD1- DSDD2, SSDD1- S '
S

remai ni ng 28
- DDSD1- DDSD2, SD1- SDSD2., DSSD1- DSSD2, SSSD1- SSSD2.  DDDST - DD =
DS1- DSDS2, - '

SDDS1- SDDS2, i
2
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SSDSl SSDS2, DDSS1-DDSS2, SDSS1-SDSS2, DSSS1-DSSS2, are produced by .

convol vi ng mavelet basis functions 498, 496, 494, 492, 490, 488, 486, 484,
482, 480, 478, 476, 474, and 472, respectively, 28 across the sanple
mnndom1830 while shifting by sixteen sanple p0|nts as shown in Figure 22A
or Figure 22B to produce each coefficient0 is appreciated that while

| evel 4 offers twi ce the frequency resolutlon over level 3, level 3 offers
twice the tinme resolution over level 4 (e.g., level 3 has 4 time segnents
whil e level 4 has only 2 tinme segnents for each frequency band; and | evel 4
has si xteen frequency-bands while |evel 3 has eight frequency bands). e
Figure 18A and Figure 18B illustrate the thirty-two frequency band ma@blet

basi s functi (Trom nrgnest to towest frequency)—of—tevet—5- vmtlllnféﬁ
547a,

band functio ei ng 555a, 554a, 553a, 552a, 55l1a, 550a, 549a, 548a
546a, 545a, S42R, L S

x26|x27 xzalxzs )golkam
=Dy,
[ 1]

g30
[xo le X, Ixs X, Ixs Xg |x7 Xs | %o xwlx" xlzlxaa xulxas xwlx" xmlxna xzo|xéa x22|x23 xzq]xzs
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543a, 542a, 54la, and 540a, and | ow band functions belng 555b, 554b, 553b,
552b, 551b, 550b, 549b, 548b, 547b, 546b, 545b, 544b, 543b, 542b, 541b, and

540b of the above transformation exanpl e. Therefore, level 5 contains ----..

thirty-two frequency bands, each band having one coefficient. As shown
by the convol ution process 890 of Figure®3A, within step 410n of the
present invention (step 410n is analogous to step 410b but applicable to
| evel 5 convolution), basis function 540b is convolved with the 32 data
poi nt sanple wi ndow 830 to produce the | owest frequency band coefficient-
SSSSS1 of Table Il using discrete convolution. For instance, SSSSS1,s XOt
.+X31. This provides one tine segnent per frequency band Slnllaﬁiy as
shown by the eqrv-oltiior—processes—895 H—Fgt-e5—23 8 449N of
t he present ilfYjention, basis function 555a is convol ved mnth the 32
poi nt sanpleg ndom1830 to produce the highest frequency band coeffi
DDDDDI of Ta Il using discrete convolution. The above convol utio
procedures 89&]and 895 produce the | owest and the highest freqpency
coefficients r level 5. It

ilent
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i s- appreci ated that under anal ogous convol uti on procedures, the remnaining
30 coefficients SDDDD1, DSDDD1, SSDDD1, DDSDD1, SDSDD1, DSSDD1, SSSDD1,
DDDSD1, SDDSD1, DSDSD1, SSDSD1, DDSSD1, SDSSD1, DSSSD1, SSSSD1, DDDDS1,
SDDDS1, DSDDS1, SSDDS1, DDSDS1, SDSDS1, DSSDS1, SSSDS1, DDDSS1, SDDSS1,
DSDSS1, SSDSS1, DDSSS1, SDSSS1, DSSSS1, 24e produced by convol vi ng wavel et
basis functions 554a, 553a, 552a, 551l1a, 550a, 549a, 548a, 547a, 546a, 545a,
544a, 543a, 542a, 54l1a, 540a, 555b, 554b, 553b, 552b, 29 551b, 550b,
549b, 548b, 547b, 546b, 545b, 544b, 543b, 542b, and 541b, respectivel @
across the sa wi-ndow 830 _as_shown in Figure 23A or Figqure 23B to =
produce each fficient. It is appreciated that while level 5 offerls
twice the fre ncy resolution over level 4, level 4 offers twi ce thg—tine
resol uti on ov |l evel 5 (e.g., level 4 has 2 tine segnents while | evd
has only 1 ti segnent for each frequency band; and
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| evel 5 has 32 frequency bands while | evel 4 has 16 frequency bands)..In
View of the foregoing, the present invention transformation process 315
(Figure 4) computes the above 32 coefficients for each of the 5 | evels
si-nmul taneously and stores this information into a conputer readable nenory
unit (102, 103 and/or 104) of system 1123 Subsequently, the coefficients
for each of the 5 levels are sorted into 5 different coefficient maps (by

| evel ) and stored at step 520 (Figure 5A). At step 430 (Figure 4), the best
coefficient nap of the 5 levels is selected and the best map's coefficients
having the largest magnitude (e.g., as determned by step 535 (Figure&%B))
are stored in conputer readable neppry to represent the transfarined
representatiofpff the input signal w ndow. Phase Di agram Representatijoh
Figure 9A, Figmle 9B and Figure 9C illustrate phase diagranms 910a, 9
and 910c for Ixyel 1, level 2 and |level 3 of an exenplary wavel et
transformati opn& step 315 of the present invention) having n=3 and x4
As shown in tIsldi agrams, &
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frequency resolution i‘ncreases and fromlével 1 to level 3 while tine

resol uti on decreases in this sane direction. Frequency resol ution

i ncreases as the | evel nunber ‘increases because nore frequency bands are
introduced, e.g., level 3 910c offers eight frequency bands while level 1
910a offers only two. In addition, theékize of the wavel et basis

functions increase as the | evel nunber increases (e.g., see Figures 14, 15
and 16). However, as the |evel nunber increases, the time resolution
decreases proportionately, e.g., the wavelet basis functions of |evel 3=
910c are four tines larger in time size conpared to the basis functi ons? of
|l evel 1 910a apnd therefare the wav i i

shifted fewer es over the input 30 sanpl e wi ndow. Namely, wthin{®
| evel, the | engep of each time segnent increases in direct proportion [®

t he | ength of phavel et basis function, neaning the resultant tine
resol ution
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decr eases. | f higher resolution in tine is desired, -.a non- .deci mated
deconposition procedure can be used within the present invention. Assum ng
x=8 and n=3 for diagram 910a, level 1 offers two frequency bands (Low Hi gh)
and offers four coefficients per band (see also Figure 14). The tine
sSegments within each band are therefore 2%i ce the data sanple rate (e.g.
2x15.6 ns @4 Mz ADC circuit 20). Level 2 910b of Figure 9B offers tyo
frequency bands within the | ow band and offers two frequency bands wgt hin

t he- hi gh band for a total four frequency bands each frequency band Ravi ng
two coeffi ciepts—per—bant—{see—atso—rgure—i5—ThetTmE SEgMENTS W Tlhi n
each band arle”ftherefore four times the data sanple rate (e.g., 4x15.[64ns
@4 MHz ADClcglrcuit 20). Lastly, level 3 910c of Figure 9C offers fqur
frequency bgfgds within the | ow band and offers four frequency bands [Wit hin
t he hi gh barefor a total eight frequency bands, each frequency band—javi ng
1 coefficientglper band (see also Figure 16). The tine segnent mﬁthir-eth
band is ther re eight times the data sanple rate (e.g., 8x15.6 ns [ MLz

ADC circuit
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Therefore, each level n offers a different frequency and tine resolution
conbi nation within diagrams 910a-910c. Wthin the phase diagrans 910a-910c,
those "tiles" with correspondi ng coefficients having | arge magnitudes are
shaded dependi ng on their nagnitude. For instance, tile 936 of frequency
resolution | evel 3 910c corresponds to #6articular frequency band (e.g.,
wavel et basi,s function) whose coefficient has a | arge magni tude. The sane
is true for tile 934 in level 2 910b and tile 932 in level 1 910a. A8
shown in the exenplary phase diagrams 910a- 910c, the input sanple w fdow

cont ai ns si gndrcanmt—emergy Tspecr e frequency bamds T dicated by 7Ll es
932, 934 and|®36. In other words, the basis functions representing tiﬁse
three freque bands efficiently correlate to the signal data of inpat
sanpl e wi ndo It is appreciated that the area of each of the shaded[tijl es
932, 934, 936 is the sane. This illustrates that the

ti me/ frequeng)®lresolution ratio for each level is the same.
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31, Since the coeffi-cients of the present invention are tine stanped
according to the tinme segnent of the input. signal wi ndow to which they are
convol ved, the transformation infornmation of the present invention offers
both effective time and frequency information. This is quite wunlike

a classical Fourier transformation whe#& time information is |ost because
the transformation sinusoidal signal contains infinite support, whereas the
support for a wavelet basis function is finite. Considering the expected

i nput signal for an RAR application is a pulse, its signal format is
non-stationary (e.g., the magjor or statistical characteristics of the
signal are changing as a function of tine). Cl assic Fourier
transformati ong 3T Te effTective 1or stationary signals are not effectl
for non- stati@igry signals where wavel et transformations, such as the
pr-esent i nve on, ‘offer nore information within the
transformation mai n. Post Transformati on Processing
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Descri bed heretofore are the wavel et transfornati on processes of the
present invention including two exenplary enbodi nents (x=4 and n=2; x=32
and n=5). What follows is a description of different post transfornmation
processes performed by two enbodi ments of the present invention RAR signal
denoi sing system At the conpletion of s2&p 420 of Figure 4, the selected
coefficients with the |argest magnitude of the best coefficient map are
stored and therefore nost of the denoising processes are conplete. The
enbodi ments that foll ow describe two systens that make use of the denoE%ed
transfornmed signal in a larger RAR systemfor feature extraction (e.g.8

pul se detection dreconstructed signal) First Post
Transf ormati on odi nent . In the first enbodinment, the coefficig
sel ected by steg &30 are used directly to conpute the digital pulse r¢g

40 of Figure 1 which is supplied to a digital pulse processor 45 whic
perfornms downstrlggm processing for si gnal characterization 3
recognition. lfipRit hi s enbodi ment, re-transformation is not required @
therefore is optpgnal I'y perf orned. Figure 7
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ilJustrates steps performed by this enbodi nent of the present invention and
is a continuation of process 300 (Figure 3). 32 At step 810 of Figure 7,
the digital report 40 is generated and stored in nmenory. At step 810, based
on-the coefficients (and magni tude) selected by step 430, based on their
time stanped val ue and based on their co#9espondi ng wavel et basis function,
the present invention determnes the tinme of -the pulse's | eading edge, the
pul se duration and peek anplitude. optionally, at step 815 the signal can
be re-constructed (e.g., re-transforned) digitally using the selected
coefficients of step 430; this process isdollescribed in detail w th respect
to the second enbodi nent of the present iévention (step 710/ Figure 8). At .
step 820, either the reconstructed digitak signal fromstep 815 or the

di gital reporp—81l0—s—suppted—to—the—digttal pul se processor 45 (Figure 1)
for pul se det o T

ion and t hreat
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characterization using well known techniques and conponents. At step 825,
the results of step 820 are output either for display (e.g., on an azinuth
di splay unit) and/or forwarded to an el ectronic counter-neasures unit.
Second Post Transfornmation Enbodi nent. In the second enbodi nent of the
present invention, the denoising system3& placed within an existing RAR
systemto provide a clean (e.g., denoised) video signal (over line

60/ Figure 1) representing the input signal. In this enbodi nment,
reconstruction of the selected coefficients (stored at step 430) back into
t he signal domain is reqU|red This process is dq§cr|bed with reference to
Figure 8. At step 710 of Figure 8, the present imention processor system
112 perfornms a re-transfornmation of coeff|C|ents=%eIected at step 430 to
produce a denoi sed onstructed drgrtat—srgma i ch is supplied over bus
30 (Figure 1). Re-tfdngsformation is performed bylthe present invention at
step 710 by perform a convolution of the coefff4 i ents agai nst Haar
wavel et basis funct 340 and the inverse of et basis function 335
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(referred to as 335') using interpolation in Iieu of decimation. Generally,
the during re-transformation at step 710 the present invention convol ves
the | ow band wavel et basis function with interpolated | ow band coefficients
and convol ves the inverse of the high band wavel et basis function with

I nt er pol ated hi gh band coefficients. 3t is appreciated that during
the re- transformation process, those coefficients that were not 33

sel ected by step 430 for a particular sanpl e wi ndow have a val ue of zero.
Further, depending on the level that was selected at step 430, different
re-transformati on processes are required because each level contains its
own set of coefficients and expressions relating the-signal points to those
coefficients. Efqbodi ment x=4 and n=2. Referring to the enbodi nent :
descri bed above |where x= and n=2, Figures 12A, 12B, 12C and 12D illustfate
the re-transforgati on process fromthe level 1
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coefficients back to the reconstructed denoi sed signal (XO X1, X2 and X3).
As shown in Figure 12A, header 362 and footer 364 represent the level 1
coefficients used to reconstruct X0 and zeros are placed between for

i nterpol ation. Wavel et 340 and inverse wavel et 335" are convolved wth
these coefficients such that X0 = S1+D132 Simlarly, Figure 12B
illustrates the arrangenent of Figure 12A with the wavel ets 340 and 335

shi fted down by one position and convol ved again with X1=S1-Dl1. Figure 12C
illustrates the arrangenment of Figure 12B with the wavel ets 340 and 335
shifted down by one position and convol ved with X2=S2+D2. Lastly, Figure
12D illustrates the arrangenent of Figure 12C with the wavel ets 340 and
335" shifted down by one position and convolved wth X3=S2-D2.

Each of the reconstruction processes shown in Figures 12A, 12B, 12C and -
12D can be perfprmed sinultaneously given the input coefficients for |e¢vel
1 in order to rapidly generate the reconstructed denoi sed signal X0, X1, X2
and X3. At step{710, It is appreciated that the above processes are
performed by the present invention for a particular input sanple w ndo
only if step 48P indicated that .
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| evel 1 contained the best coefficient map, -otherwi se the |evel 1

coefficients are zeroed. Figures 13A, 13B, 13C and 13D illustrate

convol ution and interpol ation processes that are used by the present

i nvention to translate level 2 coefficients into [evel 1 coefficients.

Based on the instant transformation, thggprocesses of Figures 12A, 12B, 12C

and 12D can then be used to arrive at the denoised signal XO X1, X2 and

X3. Alternatively, the denoised signal can be directly conputed based on

the coefficients of level 2. As shown in Figure 13A, header 372 and footer

374 represent the level 2 coefficients used to reconstruct S1 and zeros are

pl aced between for interpolation. Wavel et 340 and inverse wavel et 335

34 are convolved with these coefficjents such that S1 = SS1+DST imlarly,

Figure 13B illustrates the I8l afidedeil ISSHi%qSRe ¢ 128 o 340
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convol ved again with S2=SS1-DS1. Figure 13Cillustrates the arrangenent of
Fi‘gure 13A with different a header 382 and a different footer 384 with

whi ch the wavel ets 340 and 335" are convolved; with D1=SD1+DDl. Lastly,
Figure 13D illustrates the arrangenment of Figure 13C with the wavel ets 340
and 335' shifted down by one position angyconvol ved again w th D2=SD1- DD1.
Based on the above and the level 1 relationships, the foll ow ng

rel ati onshi ps can be forned: XO = SS1+DS1+SD1+DD1 X1 = SS1+DS1-SD1-DD1 X2 =
SS1- DS1+SD1- DD1 X3 = SS1-DS1-SD1+DD1 The above rel ationships for |evel 2

are performed sinultaneously afo0g§ tdodsofanisvffo (sl 0,¢ 0 I [DIhDT ~ 9ESq,

|l evel 2 to rapidly generate th§rraganst fudtdd Henmoils 51 gndl (X0 KI,] X2

and X3. It is appreciated that (Ef€; grdcefses [are pe fcr#ed by tlhe

present invention for a particgt Loput ganpl £ W ndow pnly |i f| step 430

i ndi cated that |evel 2 containgd e zihtcoeffi:ient map} IIf |so} ¢nlly the
e

selected level 2 coefficients
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nagnltudes within the threshol d val ue deternined at step 420a) are used to
performthe reconstruction at step 710. Enbodi ment x=32 and n=5.
Referring to the exanple described above where x=32 and n=5, Figures 24A
and 24B illustrate the re-transformation process 942 which translates from
the 32 level 1 coefficients back to the3Beconstructed denoi sed signal (XO

. ., X31). As .shown, wavel et basis functions 340 and 335" are
|nd|V|duaIIy shifted along t he header 940a and the footer 940b and at each
position convolved with the level 1 coefficients to produce the signal data

points (XO . , X31). The header 940a contains the | ow frequency resol ution
| evel 1 coefficients (S1, . . . , S16) while the footer 940b contains the
hi gh frequency resolution level 1 coefficients (D1, .. . , D16). Based on
t he syntax shown in Figures_2 nd 248, . e ngpt (xo . . .,
X31) can be conputed bask® I8 r0ds: | @3%% 55,10 b [
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32 coefficients of level 1. As an exanple of the syntax of re-
tTansformation process 942, X14 = S8+D8. It is appreciated that process 942
is perforned at step 710 only if step 410 selected the level 1 coefficient
mep Wi th respect to the particular input sanple w ndow. Figures 25A and 25B
illustrate re-transformati on processes 882 and 957 that can be used by the
present invention to determne the 32 level 1 coefficients based on the 32
| evel 2 coefficients. Therefore, fromthe |evel 2 coefficients, the _
denoi sed signal (XO . . . , X31) can be conputed by relying on the level 1
coefficients, or alternatively the denoised signal can be directly conputed
by the level 2 coefficients. Figure 25A utilizes header 950a having SS1

SS8 interpol ated coefficients with footer 950b having DS1 . . DS8
i nterpol ated coefficients which are convol ved mnth mavelets 340 and 335' to

derive the | ow frequency r Sfr-ey-edrd—pae £ . S16. Figure
25B utilizes header 955a hquis ps;| O |52k ?1”‘& Qi e@ Soefficients
with footer 955b havi Z§9BD 3 r, P8t nt grppl ated| coefficients which are
convol ved with wavel et s ,34C =DS
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and 335' to derive the high frequency resolution |level 1 coefficients D1 .
. ". D16. Fromthe output of processes 952 and 957 and the above processes
of Figures 24A and 24B, rel ationships expressing the denoised signal (XO
=, X31) in ternms of the level 2 coefficients can readily be determ ned.
Al step 710 of Figure 8, provided step 43D selected | evel 2 as the best
coefficient map, the present invention conputes the denoi sed signal based
on the selected level 2 coefficients (e.g., those coefficients having
magni tudes within the threshold determ ned at step 420b). Figures 26A, 26B,
26C and 26D illustrate re-transformati on processes 962, 966, 969, and 972 -
that are used by the present invention to determne the 32 | evel 2
coefficients based on the 32 level 3 coefficients. Based on the |evel 3

coefficients, the denoised signal (X0, . . . , X31) can be conputed by
conputing the |evel 2 coeff|0|ents first (see above), or can alternatively
t he denoi sed signal ¢ ) T the |l evel 3
coefficients. Pr oce 'fzglﬁ 4 FEd ?Zgﬂ%éader 960a havi ng
SSs1 . . . SSS4ﬁ9gx_er-a¢i oeflfi¢gieptsfw h
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' fopter 960b having - DSS1 . . . DSS4 interpol ated coefficients. 36 which
are convolved with wavel ets 340 and 335 to derive the |ow frequency’

resolution level 2 coefficients SS1 . . . SS8. Procedure 966 of Figure 26B
utilizes header 964a having SDS1 * . SDS4 interpol ated coefficients with
fioot er 964b having DDS1 * . . DDS4 intes$l ated coefficients which are

convol ved with wavel ets 340 and 335" to derive the level 2 coefficients DS1
. DS8. Procedure 969 of Figure 26C utilizes header 968a havi ng SSD1 .
SSD4 interpol ated coefficients with footer 968b having DSD1 . . . DSD4

i nterpol ated coefficients which are convolved with wavelets 340 and 335' to

derive the level 2 coefficients SD1 . . . SD8. Procedure 972 of Figure

26D utilizes header 970a having SDD1 . . . SDD4 interpolated coefficients

with footer 970b having DDDL- . . . DDD4 interpolated coefficients
whi ch are convolved with wavel ets 340
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ahﬁ 335" to derive the level 2 coéfficients DD1 .

DD8. From t he out put

of processes 962, 966, 969, and 972 and the above brbcesses of Figures 25A

and 25B,
ternms of the |eve

- the present
| evel

rel ati onshi ps expressing the denoi sed signal

(XG,

X31) in

3 coefficients can readily be determ ned. At step 710 of
Figure 8, provided step 410 selected |1e38 3 as the best coefficient map,

3 coefficients (e.qg.,
t hreshol d determ ned at step 420c).
re-transformation processes 982, 986, 987, 991, 993, 995, 9

I nvention conputes the denoi sed signal
t hose coefficients having magnitudes within the
Figures 27A-27H illustrate

based on t he sel ected

97, and 999 t hat

can be used by the present i n%ion to determ ne the =
coef fici ents_baseboolfsss|iee |52 fr 59’* 4 coefficienl@. 3388 h%?%\
| evel 4 coef 3#6’@@ hel depoilsed signal (X@gy [ 1) 1] chn |be conput ed
relying on tigyile q@gg cifents (see abcexig%. or .-.;: pctll y conput ed
based on the le Y € i ¢ efts. Procedur ~of -Hi tidrdy 27 dtilizes
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w t-h wavel ets 340 and 335" to derive the |ow frequency resolution |level 3°
coefficients SSS1 . . . SSS4. Sinilarly, procedures 986, 987, 991 of
Figures 27B, 27C, and 27D utilize respective headers 984a, 988a, and 990a
having SDSS1 . . SDSS2, SSDST1 . . . SSDS2, and SDDS1 . . . SDDS2 as
respective interpolated coefficients and4Qtilize respective footers 984b,
37 988b, and 990b having DDSS1 . . . DDSS2, DSDS1 . . . DSDS2, and DDDS1

. . DDDS2 as respective interpolated coefficients which are convolved with
wavel ets 340 and 335" to derive the level 3 coefficients DSS1 . . . DS$4, .
SDS1 . . . SDS4, and DDS1 . . , DDS4, respectively. Simlarly, convolution
procedures 993, 995, 997, and 999 of Figures 27E, 27F, 27G and 27H are

utilized to generate level 3 coefficients SSD1 . . . SSD4, DSDL . . . DSD4,
SDD1 . . .SDM4, and . DRl

, ectively. Feeprt-he of
processes |O Isel0 ko jO — '5532 Y O F=9| O Fﬁilo 7274
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982, 986, 987, 991, 993, 995, 997, and 999 and the above processes of

Fi gures 26A, 26B, 26C, and 26D, rel ationships expressing the denoi sed
signal (XO . . . , X31) in ternms of the level 4 coefficients can readily
be-determ ned. At step 710, provided step 410 selected |level 4 as the best
coefficient map, the present invention &dnputes the denoised signal based
on the selected level 4 coefficients (e.g., those coefficients having
magni tudes within the threshold determ ned at step 420d). Fi gures 28A-28P
illustrate re-transformati on processes 1010, 1012, 1014, 1016, 1018, 1020,
1022, 1024, 1030, 1032, 1034, 1036, 1038, 1040, 1042, and 1044 that can be
used by the present invention to determne the 32 level 4 coefficients
based on the 32 level 5 coefficients. Therefore, based on the level 5

coefficients, the denoised signal (X0, . . . , X31). can be conputed relying
on the level 4 coefficients or the denoised signal can be directly conputed
based on the |l evel 5 coefficients. Procedur e.1010 of Figure 28A utilizes

header 1009a havi@g SSSSS1 i nt er pol at ed coeffﬂgient with, footer 1009b
havi ng DSSSS1 i nter pol at egs co@®fi ci whi ch ate convolged with
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wavel ets 340 and 335" to derive the |low frequency resolution |evel 4
coefficients SSSS1 . . . SSSS2. Sinilarly, convolution procedures 1012,
1014, 1016, 1018, 1020, 1022, 1024, 1030, 1032, 1034, 1036, 1038, 1040,
1042, and 1044 of Figures 28B-28P, respectively, are utilized to generate

|l evel 4 coefficients DSSS1 . . . DSSS2,4@DSS1 . . . SDSS2, DDSSL . . .
DDSS2, SsSDS1 . . . SsSDS2, Dsbs1 . . . DsDbs2, sDbS1 . . . SDDS2, DDDS1 .
DDDS2, SSsD1 . . . SSsSD2, DssD1 . . . DssD2, sbsDl . . .SDsD2, DDSD1 .
.DDSD2, SsSDD1 . . .SSDD2, DsDDl1 . . .DSDD2, SDDDl1 . .SDDD2, and DDDD1 .
. DDDD2, respectively. Fromthe output of the above 16 convol uti on processes
and t he above processes of Substitute sheet - 3 April 2001 38 Figures
27A-27H, rel ationshi ps expressing the denoi sed signal (X0, . . , X31) in
terns of the I efel 5 coefficients can readilyybe determned. At step 710 of
Figure 8, provifed stepm | I § o D-'
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410 sel ected | evel -
conputes t he denoi sed si gnal

5 as the best coeff|C|ent map,
based on the ‘selected | evel

the pr

esent
5 coeffici

i nvention

ents

,_Ce g., those coefficients having magnitudes within the t hreshol d det er ni ned

ay* step 420n).

t he | evel

factors are nultﬁplied by the signa

signal is

sudd i ed

At the conpletion of step 710 of Figure 8, a digitally

reconstructed denoised
sel ected for

dat

step 715 so that| conservation of energy

transformation
t he squares of
al so equal

pri.nci pl es of cdnservation of |energy and

normalization f
For instance,
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X2[err] + X3[err
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XO[érr] +.X1[err] %ﬁ@@é{w S@e (SSl[err] + qﬁﬁ%h A%DEEEN ]

DD1[ err]) swhere ﬁ m
| evel 2, respectl dy, for the edanple with x=4 and ni2. f““‘

ormil i'Zatisen fact o

be predeterm ned depen® 8EPIRIT hd rlunber &Ub%ltutesshe%hdwmtamraW%?ep
715 for the reconptfucted denoi sdqd |signal._ The output of step 715 is
suppl i ed over bus] 3B—tFrgure AT stdp 720 65? Figure 8, the present invention

DAC circuit

55 copverts the denojisdd ardstradml i zed digital signal supplied

over bus 30 into a denoi sed anal og signal supplied over line 60. At this
stage, the present inventi Qnwirs BANS ¢THRY GSMaLY DERGISERIANG over line 15 and
produced a cl ean (denoi sed) vi deo MzrgslFoRSpidTENG over |ine 60. At step
725, the present invention SUupplies tnhe denoised video signal 60 to a well
known w de band vi deo pul se processor 65 which performsignal analysis and
39 threat characterization. At step 730, the present invention

A method and apparatus for high speed denoising of an input
signal received by a radar warning receiver (RWR) system. The
novel system digitizes the input signal into sample windows each

having a number of sample data points. The novel system

includes a signal transformation processor system which
convolves Haar wavelet basis functions across individual time
segments of the input signal to produce sets of coefficients.
Signal noise is poorly represented by the selected Haar wavelet
basis functions while expected pulse signal characteristics are
well represented by the basis functions. Within the wavelet
transformation process, a plurality of frequency resolution
levels are simultaneocusly determined, each frequency resolution
level having a fixed number of correlation coefficients equal to
the number of sample points in the sample window.  Each
coefficient also corresponds to a different basis function, or
a same basis function applied to a different time segment. Each
level contains a different number of represented frequency bands
and a different number of time segments per band. For each
level, the level’s coefficients are sorted into coefficient maps
and the largest coefficients are selected from each map. The
coefficient map best packaging the input signal energy is then
selected. The coefficients of the best coefficient map can be

_used to (1) reconstruct a denoised digital or analog signal

using a re-transformation for application to a video pulse
processor for threat characterization or (2) to produce a
digital 'report indicating vital pulse information including
leading edge pulse position, pulse amplitude, pulse duration,
etc.

(Figure No. 1)
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then outputs the results of wide band Vi deo puI se processor 65 to a threat

di spl system ., azi nut h di splrayy—er—a—connter reast-es—ahtt—+t—+5s
appE d tha&E.&R@ﬁH\R]E}R@(R]’I‘trﬁElilﬁ"?S‘ﬁnH?;%g%%S&6 performed for each: .
Iev - be perforned in parallel [fashion anal ogous to the forward

t arnation processes describedlabove. |n such case, the coefficients of
ea'EEX'lI‘@EITIEnABSBTRA&T by parall el _processes to si mul taneously arrive at :
t fre—derorsed llpu1 ST glloll vat uTs. I:)\d.llpT e—St gual Berrot—st g = gJul TS 29A—and
2PB il lustrate an exanpl e signal denoising produced by the present

I hventi on. Figure 29A illustrates a sanple input digital signal 1055
(B.g., received over bus 25 of Figure 1) having a | arge nunber of sanple
p

t

d

pi nts. Signal 1050 contains nostly noise with a pul se 1055 | ocated near

he center of the siAJNADEBABD VIDEQSIGNXIBDENQISERAAND t he resul ting -
j gital denoised signal 106 METHODIFOR DENOSING W th pul se 1055 isol at ed
and the noise elimnated. Enbodi nents of the present invention denoising
Syst 1R REdd End Shkaats Fof RighOsgeBd 1ﬂefi‘msmg of an input signal received by a radar
warning receiver (RWR) system (14). The novel system digitizes the input signal (5) into
sample windows each having a number of sample data points. The novel system includes a
signal transformation processor system (112) which convolves Haar wavelet basis functions
across individual time segments of the input signal (5) to produce sets of coefficients. Signal
noise is poorly represented by the selected Haar wavelet basis functions while expected pulse
signal characteristics are well represented by the basis functions. Within the wavelet
transformation process, a plurality of frequency resolution levels are simultaneously
determined, each frequency resolution level having a fixed number of correlation coefficients
equal to the number of sample points in the sample window. Each coefficient also corresponds
to a different basis function, or a same basis function applied to a different time segment.
Each level contains a different number of represented frequency bands and a different number

of time segments per band. For each level, the level’s coefficients are sorted into coefficient
maps and the largest coefficients are selected from each map. The coefficient map best
packaging the input signal energy is then selected. The coefficients of the best coefficient map

can be used to (1) reconstruct a denoised digital or analog signal using a re-transformation for
application to a video pulse processor for threat characterization or (2) to produce a digital
report indicating vital pulse information mcludmg leadmg edge pulse position, pulse
amplitude, pulse duratlon, etc.
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the@r“‘e'h.t i‘fFéaI i m t): dB increase in overall RWR systemsensitivA¥0n%53%.p
and dynam c det edtl b ici ng noise in the w de band i nput

signal. The pref &émﬁﬂ{ﬁgf the present invention, an RAR signal
denoi sing systemjutji | i zi ng wavel @t |t ransf or maSybsttute ishedet € Apridd 2084 el et
basis functions, |i 4 tOdABBSHI0 bddi Wil e the—present Tnveniron nas

been described Jin particular gnfjodi gents, it should be appreciated that
the present inventiofi should not bg construed as limted by such
enbodi ments, but frather . dccording to the bel ow cl ai ns.

Substitute sheet 1, 20 40 . |S. | | St Atk r adar

var ni ng r ecdfer “,V%E @8@%8‘%‘5 ]f% RB‘%WaM%%I ld\%\'}tgﬂ‘enﬂﬁ @n@vf@%‘%%ﬁ%’

Wi ndow, sai dyitRéut QdvaRem Berbisigy tebBniques and signal processing hardware, prior art RWR
systems must process incoming signals having substantial noise content which unfortunately
reduces their overall sensiiiility. Prior art RWR systems also lack advanced signal processing

5 capabilities to effectively deal with frequency ambiguities in the narrow band frequency
‘domain. As such, the detection range of prior art RWR systems is hampered and frequency
ambiguity problems persist. Thus, what is needed is an RWR system with increased
éapability to reduce the context of signal noise within the input signal relative to the content

" of the signal pulses desired for detection. To this end, what is needed is an RWR system
10 having greater sensitivity over the prior art designs to provide increased advanced warning
and thus protection for the host carrier. _ R
Accbrdingly, the présent invention RWR system offers a system for significantly
reducing thé noise content of an incoming RWR signal reiatjve to the content of signal pulses
desired for detection (e.g., operates with an increased signal to noise ratio). The present
15 invention offers a significant increase of overall RWR system sensitivity and Tange of
detection. Further, the present invention offers a denoising system that can be retrofitted into
éxisting RWR designs to allow effective denoising while not substantially altering other _
aspects of downstream processing performed by the RWR systems. These and other
advantageous of the present invention not specifically recited above will become clear within

20 discussions of the present invention herein.

Summary of the Invention ;
The present invention provides a radar wamning receiver, a method for denoising an
input wide band video signal window, said method comprising the steps of: .
25 a) selecting a plurality of wavelet basis functions that represent expected signal
waveforms of said input wide band video signal window, each of said pluralit}" of wavelet basis
~  functions composed of values of either "1" or "-1"; '
b) performing high speed real-time convolution of said input wide band video signal
window against said plurality of wavelet basis functions to generate a plurality of correlation
30 coefficients wherein groups of correlation coefficients share a common frequency resolution

level, said step b) of performing high speed convolution being performed without multiplication



5 : steps of: a) Sﬁéﬁ'%mg”ﬁ gpral ity of wavelet basis functions that
represent expectefl signal..wavel.otns| of said i nput wide band video signal

wi ndow, each of sig pl urali% of { wavel et. basi s functions conposed_of

val ues of either 111 &3ARR 200k b) pSubstitiiegsheath SR - (i e
convol ution of safdjinput wi de baphdi vi de@4st gnal W ndow agal nst sail-
plurality of wavefet basis functiong to generate a plurality, of correlation
coefficients wherein_groups aof corrklation coefficients share a common
frequency r efmthitns @ ddtetiine saiigilerality @ cdeldtioneo¢fficients;ng 15  hi gh speed
convol ution being_ performed w thout multiplicatiog functions  to determ ne

said plurality o cdhegholdingspidplusalityqf spsrelation coeflicieatiig sgleptfhasgicgrrelation
plurality of - ' 4 L &l r L o0, .
Coet 11 ci ot R taP Bop BtieBiskhét & ety of BRnpl itk Yah ideo signa
wi de band viwindowj gnal wi ndow;, d) .discarding correlation coefficients not

Lhr eshol deg by StEP ©) ool &SNS BLilod APBRLRSIed S/ S5, &l 5210 1 nout

€)  generating a denoised version of said input wide band video signal window by
performing a high speed real-ﬁme wavelet reéonstruction based on correlation coefﬁcients
thresholded by step c). - B
The present invention also pfovides a radar warning receiver (RWR), a method for
10 denoising an input analog signal, said method comprising the steps of:
a)  converting said input analog signal into an input digital signal, said input digital
signal having sample windows, each samﬁle \.wi'ndow comprising x discrete sample points;
b) convolving said sample window with selected wavelet basis functions across n
frequency resolution levels to generate n sets of x correlation coefﬁcietits, each frequency
15 resolution level generating x correlation coefficients; '
c) generatihg’ a set of n coefficient maps, one coefficient map for each frequency
resolution level of said n frequency resolution levels;
d) determining a best coefficient map of said n coefficient maps that most
efficiently represents said x discrete sample pdints of said sample window and determining
20 selected correlation coefficients of said best coefficient map; .
e) performing a retransfonnatxon of solely said selected correlation coefficients of
said best coefficient map to reconstruct an 6utput denoised digital signal; and
f) converting said output denoised digital signal into an output denoised analog
signél. '
25 The present invention also provides a radar warning receiver (RWR) system
comprising: o
a wide band receiver for receiving an analog signal;
* an analog to digital converter circuit for converting said analog signal into an input
digital signal; |
30 a processor system coupled to receive said input digital signal in sample windows, each
sample window c.:omprising x discrete sample points, said processor system for performing the

steps of:



\;i deop' st gnal w ndorbﬁpeu armng, a high speed real -tine wavel et 25
R

reconstruction bas ACEMERT ES‘H'EET‘ oefficients threshol ded by step c). 2.
A nmet hod as descri |n Crat-m whierein said plurality otjkxva ?I basi s
functions are Haar cti.ons arSubstiuts sheet d° H_ﬁ’l_;@ﬂ

real -ti me convol ut perates based on |nput w de band vi deo
si gnal w ndow si gn 4 3. ;5ln a radar warning, receiver
(R\R), a nethod fdr denoi si ng an i ngut é_ﬁgl'og signal, said nethod
conprising the steps of—35 la) converting said input anal og signal
into an i nput Substitute sheet - %ﬂ% 2001 -41- digital signal, said
input digital sighal komwolvingsaidsraple %Fé%tegm@ I JBIGtoBRAFTISs n g

x discrete Sf?e%r?cngs'o%tﬁ)h levels to generate n sets of x correlation coefficients, each frequency

resolution level generating x correlation coefficients;
b) generating a set of n coefficient maps, one coefficient map for each frequency
5 'resolutlon level of said n frequency resolutmn levels;

c) detemnmng a best coefficient map of said n coefficient maps that most
efficiently represents said x discrete sample points of said sample window and determining
selected correlation coéfficients of said best coefficient map; '

d) performing a retransformation of solely said selected correlation coefficients of

10 said best coefficient map to reconstruct an output denoised digital signal; and
: e) a digital to analog converter coupléd to said processor system for converting said
output denoised digital signal into an output denoised analog signal.

The present invention also provides a method for denoising an input digital signal, said
method comprising the computer implemented steps a) through ¢) set forth below or a system

15 for denoising an input digital s1gnal said system comprising a processor coupled toa bus and
a computer readable memory unit coupled to said bus, said computer readable memory unit
containing a program for causing said processor to perform the stcps a) through e) set forth -
below:

a) sampling said input digital signal into sample windows, each sample window

20 comprising x discrete sample points;

b) convolving said sample window with selected wavelet basis function across n
frequency resolution levels to generate n sets of x correlation coefficients, each frequency
resolution level generating x correlation coefficients;

c) generating a set of n coefficient maps, one coefficient map for each frequency

25 resolution level of said n frequency resolution levels; o

) determining a best coefficient map of said n coefficient maps that most
efficiently represents said x discrete sample points of said sample window; and |

e) recording selected correlation coefficients of said best coefficient map.

The present invention also provides a method for denoising an input signal, said

30 method comprising the computer implemented steps of:

a) sampling said input digital signal in sample windows, each sample window



b) convol i ng sai d sanpl e wi ndow with sel ected wavel et basis functions

across n frequenc ﬁvner-a{— n sets of x correlation coefficients,
each 5 frenquenc] mg@lm SHEGE| Fgeneratl n coeffC| ents; g) enFrze&]jl ng a
set of n coefficipnf maps, one coefficient :
resolution level pf{s&SIARRS 2801ency] resol ution Ievel S: d) determning a
best coefficient of said n cqeffficient maps that nost officently

qoi nt s%(fof sai d sanpl e wi ndow and

represents said K
determ ning 10 ected correlatidn coefficients of said best coefficient

map; e) performng a retranstortation of solely said select ed
correl ation coeff,ci ent s of Sfl d. best coeffi-cient map t'o reconstruct an
_out put denoﬁQE’@“ﬁF‘%?‘ giscrets; ymple. poily 1) converting said output denoised

digital signal ingjo aem%rvmg sﬂ@%ﬁﬁdwﬁﬁowﬁﬂﬂh%l&teanﬁhvelé basis Apdfhfiod as
described in clairm 3, further conprising the step of applying said output

denoi sed anacrogs gifrpauency gesqhuitipmievelsde gepsnats @ sstsofeseurelation copfificignts, each
h t id
characteri Seﬁ qﬁ&l cy sol fon lwdf‘ggﬁetﬁor :?Eorgtﬂ&ﬁ)rn gﬁ' chc{?xtsclﬂﬂ%fgfﬁo' se?egb %c;? 2:

step f) conpri'sest ng sal put
signal tod prresmhmnéeweb rmmpsms quepmate frequensyeblands, gatlnfreqiencycbiand assdcxatedl ng a
digital to anal 0%y B hundtied Yhll Wirsi® Wi der®f) CurthOf TohbiS R bBY'S

performing n separate frequency resolution level convolution processes each convolution

process of a level, r, convolving 2" wavelet basis functions with discrete sample points of
said sample window to generate a set of x correlation coefficients for said level, r:
10 c) generating a set of n coefficient maps, one coefficient map per frequency
resolution level of said n frequency resolution levei’s;
| d) - determining a best coefficient map of said n coefficient maps that most
efﬁcieﬁtly represents said x discrete sample points of said Sample window; and
e) recording selected correlation coefficients of said best coefficient map and
15 discarding all remaining correlation coefficients. |
In general, embodiments of the invention relate to a method aﬁd apparatus fér high
speed denoising of an input wide band signal received by a radar warning receiver (RWR)
~ system. The system digitizes the input signal into sample windows each having a number
of sample data points (x). An embodiment of the present inveﬁtion includes a signal
20  transformation processor system which convolves Haar wavelet basis functions across

individual time segments of the input signal to produce sets of correlation
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the n levels. Each level conta1n521: different wavelet basis
functions} each wavelet basis function corresponds to an
individual freduency band within its level. Assuming x data
sample points per sample window, each frequency band within a
level r (r=<n) contains x /Q&f) coefficients; therefore, each
frequency band contains x /Q{El'vtime segments for a level r.
Therefore, for a wavelet basis function that is k times smaller
than the input sample window, the wavelet is convolved across k
equally spaced time segments of the input signal window. As the
coefficients are determined, they are time stamped with the time
segment of the sample window to which they correspond. It is
appreciated that within step 510, coefficients corresponding to
a given frequeney band (e.g., SSS1-8SSS4) of a'given'level n can
be determined simﬁltaneously with coefficients corresponding to
a different fregquency band (e.g., SDS1-SDS4) of same level n.
At step 520, the present -invention <then ranks the
coefficients by order of magnitude for each of the n levels
vhich generates a coefficient map for each of the n levels.
Figure 6a, Figﬁre.GB'and-Figure 6C illustrate three exemplary
coefficient maps 610, 640 and 660 respectively. As shown, the

coefficients are ranked from the left to right by order of their

respective magnitudes. The coefficient.maghitﬁde is shewn along
the vertical axis 612, 642 and 662, for Figure 6A, Figure 6B and

Figure 6C, respectively, and the coefficient sort order is shown

along the vertical axis 614, 644 and 664, respectively.

Shown as steps 420a through 420n of Figure 4, for each of
the n levels, the present inverntion also performs a thresholding
process to select the coefficients of each 1level having
magnitudes larger than a determined threshold value that is
computed for each level. Steps 420a through 420n are processed
simultaneously by parallel processors and receive the outputs
generated by steps 410a to 410n, respectively. The threshold
value is determined as shown by step 530 of Figure 5B. Figure
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What follows are two transformation embodiments (x=4, n=2

Fhe bﬁélr.é é&g}ftt:t

corr

' and x=32, n=5) tp illustrgtg transformation 315 in more detail.

It is appreeiataa that the scope of the present invention is not
linited to thase exemplaz_jy enbodiments. For instance, the
embodiment with x=32 and n=5 implicitly teaches transformation
with 5, 4, 3, 2, and 1 frequency resolution levels with x=32, oxr
x=16, or x=8, or x=4, Or XxX=2, as applicable. Further, by
extension of the convolution processes taught within these two
examples, one of ordinary skill in the art can readily derive
convolution processes for levels greater than 5 and for sample
windows of more than 32 sample points.

Wavelet Transformation Embodiment I, Convolution with x=4, n=2
The steps of process 315 are described with reference to an
example convolution and decimation transformation for an
embodiment where the input signal window contains four sample
points (e.dg., ¥=4) and there are two freguency resolution levels
(e.g., mn=2). Each freguéncy resolution level contains 4
transformation woefficients and each frequency band of frequency
resolution level 1 contains two time segments.’ These
coefficients are summarized in the Table I below aleng with the
number of time segments located within each frequency band per’ " .
level. .

Table
Level Time Segments Coefficients
| 1 2 D1-D2, S1-82



frequency resol uti arREPMEEME!%é}*EE x correlation coefflicients: 30

b)’" generating ajsEt of n coeffllc nt maps, one coefficient map for each
frequency resol utipnf! qy8IARR 2884 d; n frequency resol ution |evels; %Q
determining a bestjcefficient mapjof said n cdulistidutenshestys3 t/hpiil 2091
Substitute sheet 8 +H—2001T"0 3 APR 2001 -43 - efficiently represents
said x discrete sanple points of sai8l saapl e wi.ndow and determning

sel ected correl ati coefficients of said best coefficient map; d)
performng & retransformatiob of solely fDEYSDIePELISE] correl ation
coefficients of—sard best coeffircrent nmap to reconstruct an output denoi sod

digital signal; fag3Riled |4 Funke aﬁel OQ@Q&eiaﬁrni&msﬁ)weﬁ

system for converti ngﬁsal i’,-ioutﬁaw%qoygqe'eﬂaagk%es%? %% ﬁaﬁ é%a%g-ﬁ-g t%ut

denoi sed andtigadi aw 1
further conms weihg a5 aRfkrgtwaveletpbasis fynctbom 336 ﬁ-ecabe@mﬂeasﬁuzlsbut put

~denoi sed ‘analjgl Feghtht 23-0nERYR PHéREYOBARA0LE level 1 and a second
wavelet basis function 340 located at the first time segment for
low frequency band of ‘level 1. Figure 10B illustrates the
wavelet basis function 335 ‘located at a second ‘time segment
along the sample window 330 and the wavelet basis function 340
located at the second time segment along the sample window 330.
Within level 1, wavelet basis functions 335 and 340 are
convolved with the sample points of window 330 at the two time
positions shown in Figure 10A and Figure 10B to generate a set
of four coefficients. At the time segment, functions 335 and
340 produce coefficients D1 and S1, respectively, (Figure 10A)
and at the second time segment, functions 335 and 340 produce
coefficients D2, nnd s2, respactively, (Figure 10B). Therefore,
the transformatian of lev_g';l. 1 provides both frequency and time
information. Basis funct:l:‘bns 335 and 340 contain either a "1"
value or a "=1¥ value. :

Figure 10C illustrates the wvavelet basis tunct:.ons tor
level 2 for the present embodiment. From highest frequency to
lowest frequency, the wavelet basis functions are 345, 350, 355,
and 360, which when convolved with the input sample window 330,
produce level 2 coefficients of DD1l, SDl, DS1, and ss],
respectively. In level 2, the high freé:uency band of level 1 is
‘divided into two bands using wavelet basis functions 345 and 350
while the low freguency band of level 1 is divided into bands
using two wavelet basis functions 355 and 360. ILevel 2
therefore provides better frequency resolution over level 1,
however, offers reduced time resolution because the four wavelet -
basis functions span the ent:i.re input sample window 330, Basis -
functions 345, 150, 35S, and 360 contain either a "1" value or
a "-1" value. '

Level 1 Convolution. "_Figure 11a and_rig.ure 11B illustrate
the convolution and decimation processes performed by step 410a
of Figure 4 for level 1 with an input sample window having 4
sample points (ignoring normalization factors). Low frequency




for perform ng threat char acter| satron 12.7° An R\/\R system as descrr bed in
- e ER he st ep of nor malisi'ng said ouput
| RUR” system as described in claim10 AR
level , r; conpubstrte shesparhApri r%lﬂi'ency .
edwth a wavel et basis function and -
p- fstep of performing n separate frequeny
resol ution |evel. Jzses , :h convol ution process of a _
‘level, r, 20 ‘confvol ving 2' wavel efigth tu fion wi'th discrte sanpl.e points
of said sanpl e wr ndow to generate a set: :of. x correlation coefficients of
sai d | evel, 'r. :@Qﬁi - 3 V\,herer n each
frequency resol ut | on @Q convoﬁ% otnﬁo%r%g@el&s}goqgfﬁ%ﬁg% r, convoives
said 2' wavel et basis functions: across xf2' - time 25 segrrents of said

TeRc ”dow-”%%?s"?%ﬁ?g%g‘éescﬁ%‘e ikl ol Bt chvdilon u 07, )
conpri ses the decitpail on for an twmtbsenpngmlmdommsz _
coef fi Ci ent & { Qupfdind (@AY ¥od £ a1 ﬁ?@ﬁ% il el 305 tiidp ! J

produce sai d set of n coerficients ma each coe “map of
said coeffici eﬁ?q“ﬁ%F[Xs‘eSOH@%W@h‘gm% W&F‘h@iwn coefficients. These coefficients are

: summansed in the Table II below along W.Tth the number of time segments located w1th.|n
eaehfrequeneyband Y o

10 Teblel
© [Tevel | Time Segs C_)g_e;ﬁi_geggs;_
i 16 DI-D6, S1:56 |
2 8 DD1-DD3, sm-sns DS1-DS8, SS1568 |
3 T4 DDD1-DDD4, SDD1-SDD4, DSDI-DSD4, ss1>1-ssn4, —
| DDS1-DDS4, SDS1-SDS4, DSS1-DSS4, SSS1-§§84
& 12 [ DDDDI-DDDD2, SDDD1-SDDDZ, DSDDI-DSDDY,
laew | | SSDD1-SSDD2, DDSDI1-DDSD2, SDSDI-SDSD2,
| BANDS) | DSSD1-DSSD2, SSSD1-SSSD2 -
4 2 @ | | DDDSI-DDDSZ, SDDSI-SDDSZ, DSDSI-DSDS2,
| wow) | | SSDS1-§ '_ 52, DDSS1-DDSS2, SDSS1-SDSS2,
(BANDS) | - b | Dsss1-D58s3, ssss1-ssss2 o
BN N 7~ | DDDDDI, SDDDDI, DSDDDI, SSDDDY, DDSDDl SDSDDI,
@IGH) | DSSDDI, ‘§SSDD1, DDDSD1, SDDSD1, DSDSD], SSDSDI,
| BANDS) ‘| Dpssp1, suksm DSSSD1,SSSSD1 | -
BN T1 DDDDST, SDDDSI, DSDDST, SSDDSI DDSDSI, SDSDSI,
 laowy) DSSDS1, $SSDS1, DDDSS1, SDDSSI, DSDSSI SSDSSI,
- '(BIANDS) DDSSS], snsss1 DSSSS1, SSSSS1 -




Substitute sheet 3 ' Tl gients that fall with a determ ned

t hf eshol d, wherein sQﬁgbggﬁiﬂigﬂgggé%$ﬁcréhrSaare sel ected by said above
step of determ ningjcgrrelation coefiffifci edts that- fall w thin, sai '

det gr mi ned t hreshol d. |S 0 B6APR 2801 R{\R}syst.em ag é‘EB#tF%qtﬁ 3\@9’&12\991'
wherein said step c)l donprises the{steps of: determ ning a drop-off value
of coefficients nmagnit f{said n coefficient maps; and

sel ecting said best |coefficient nap a$ tlhedg coefficient nmap of said n
coefficient 10 maps having a sharpest drop-off value. 17. ~ An RAR system
as descri bed Figudesi 272027Her velatianshipsgexpressing|the gienpised signal
convol ution pgagess of .a,l asah, ih teeR¥Ob¥etheaildvil BA\etEibBénts can

Lm0 B ool B SRR *p01 o8 DD B, VR g

denci si ng an 4¥prelsckedaleveln®|as ddie hestheaeEbipient AgPyhEheoRpesent

processor i npimvention tompates:the denoised signal based on the selected
level 5 coefficients (e.é., those coefficients having magnitudes
within the threshold determined at step 420n).

At the completion of-s;ép;710 of Figure 8, a digitally

reconstructed denoised signal is supplied to step 715.
Depending on the level selected for reconstruction by step 430,
different normalization factors are multiplied by the signal
data points (e.g., X0, X1, etc.) at step 715 so that
conservation of energy is maintained through the transformation
process. The normalization factors are computed such that the
squares of all the coefficients egqual each other for each level
and also equal the sguares of each of the signal data points.
Based on principles of conservation of energy and the above
description, these normalization <factors can readily be
determined for any 1level - -n... For instance, the below
relationships illustrate normalization factors for level 1 and
level 2 in an exemplary case where x=4:

Q1 (S1® + S2* + D1* +D2%)
Q2 (SS1* + DS1* + SD1® + DD1%)

X0% + Xi® +'X2% + X3?
X0® + X1% + X2 + X3?

where Q1 and Q2 are the normalization factors for level 1 and
level 2, respectively, for the example with x=4 and n=2. These
factors can be predetermined-dépending on the number of levels
n and then used at steép 715 for the reconstructed denoised
signal. The output of step 715 is supplied over bus 30 (Figure
at step 720 of Figure 8, the present invention DAC circuit
55 converts the denoised and hormalized digital signal supplied
over bus 30 into a denoised analog signal supplied over line 60.
At this stage, the present invention received a noisy video
signal over line 15 and produced a clean (denoised) video signal
as output over 1line 60. At step 725, the present invention
supplies the dencised -video signal 60 to a well known wide band
video pulse processor '65 which perform signal analysis and



' : ital signal into sanple windows, each sanple
ﬁ /WQMJC HlSHEEét > sanpl e points; b) convol ving said sanple -

seffect ed wavetetybpsi s functions ros f LEeRY A i on
| evel s to gepe atoasmpﬂeygmof x{ correl ation COM&&W hedt o 3'A AP 2bBh

resolution | vl generating k fcorrel ati on beffici ents; generating a

SHMMMNMH$’ZﬁQ$-oﬁ@ﬂmwmmmma

resolution |evel of said n
Ecoef fircient naps that nos Ichent|

best coefficient map of—sa
represents sai GpatdisCéRiimediBEs € Poi nts of said sanple w ndow, and e)

recordi ng sel ected coefficié '_ of said best coefficient map. Substitute
sheet- 3 April 2001 - 45 - 1%fiThe netfRod as described in claim 18 wherein
sai d processor further i RoFARAr: VRrRing, regednary b Method St denatsingannon
of said sel ect ediputoridd dandnvikteef éi@mhbdndbwsaaddbnmmdoebﬁpdsﬁnmnet o]
reconstruck an qubpubedenoi sed digital signal 20. The nmethod as descri bed

in claim 13 wherein jsalglepct essotr)nwarfill e%‘% hgis functions that

represent expected signal waveforms of’ ‘said input wi_c_le band
video signal window, each of said plurality of wavelet basis
functions composed of valuas of either "1% or %“-1v;

10 b) performing high ':'__eed real-time convolution of said
input wide band video sig nl window against said plurality of"
wvavelet basis functions to: benerate a plurality of correlation
coefficients wherein qroups of correlation coefficients share a -

) : . : p level, said step b) of perfomi_ng

15  high speed conygih Ko performed without multiplication
functions to sa,id plurality of correlation
coefficients; o - N '

c) thresholdl ng said plirality of correlation coefficient
to select those correlatioq goafficients that most efficiently

20 package the energy of the .1.aput. wide band video signal window;

~ 4) aiscarding correlation coefficients not thresholded by
step ¢); and :

e) generating. a denoi.spd version of saiad 1nput wide band

. video signal window by performing a high speed real-time wavelet

25 reconstruction based on correlation coef!icients thresholded hy
step ). -

"a), T sanpli
20 wi ndow co
wi ndow with

2. A method as dasca.-ibed in Claim 1 wherein sa:m?

30

- 3. In a rxadar warning receiver (RWR), a method for
denoising an input analog qignal, said method cowprising the
steps of: ? '

35 a) converting said inpm; analog signal into an input




; ml ng_sai d output denoised digital signal to produce a

enoijs ; and converting said normalised
Oﬂm,” @!ﬂ”g ﬂgl tg ﬁgfg%@ﬁMﬁthH@ﬂa ut put denoi sed anal og signal. 21.
The rfet i bed iln claim 18 whér éi n sai Substiasesshedtur3 ril20d pr s
the 10 step of generdtiing0& APRI2081 rfeport bam—m-mm'@?m—" _
correlation coefficient,), said digital Jeport including a |eading edge tine
and a pul se peak anplijtude. 2Z. The thgp asdescribed in claim18

wher ei n each frequencyresolution levell conprises 2r separate frequency
bands each frequncy band associated with a wavel et basis function and

?‘Piaﬁ'eﬂcia'rgsifﬁ#’?%f% R0 HRE il B MIHA08 P AR .o

of a level r, equhasw functlons W th di screte sarrple

poiats of said sarrpl o vﬁ?‘%od as sglescr |v§£§&' ﬁ’g'&%ﬁﬂ%

-coefficients of said
herate maspts of xvemélation cogffisients, each

wherein said pracssofrequencyRy leye
retransformatio gghg d £ Al b0 89? ents of said best 20
coef fici ent mapq.{eg constr U h ; en0| Se |grtal signal . 24 The
met hod as descri bed én clgsnenatig m@ﬂ@tmmmﬁm@mpﬁrfmm
the steps of norﬂéﬁn@ ﬂ@@uz 16 thvals: S|gnal to produce a
nor mal i sed out put “denol Sé‘gﬁgl git F&g‘l an ?%oqﬁ .

, tenmmngabesteoc'ﬁmentmpofsaidueoefﬁmentmapsthatmost

efﬁmmﬂympresmtswdxdwuetes;mphpomisofsudsamplewhdowmddeﬁmmg
10 selectedco:relahoneoeﬁmmﬁof:ﬂ{lh&ooeﬂimentmap.

> ;,'ihon of solely said selected correlation

€)  performing a fétring
coefficients of said best coefficient nup to reconstruct an output denoised digital signal;
and : '
')  converting said output denoised digital signal into an output devoised
15 analogsignal. ‘ -
4 A method ag further comprising the step of applying said-
output denoised ana RV} vxdeopulseprocessorforﬂ:reat characterisation.

20 S. Amethodasdescribedmclanq3wheremsmdstepi)compnmsthempsof
_ normahzmg said output demnsed digital signal to pmduce e normalised output
denoised dlgltal sxgnal and e
" . using a d:gltal to analog converter circuit to convert said normalised output
denoised digital signal into said outpul: denmsed analog signal, o

6. A method as described in claim 3, wherein each frequency resolution level, r',"'

comprises 2" separate frequency banfls each frequency band associated with a wavelet :

basmﬁmcuonaudwheremsmdmpb%ﬁxrﬂmeompmesthe step ofperformmgnseparete
§

3 X

~ frequency resolution; Cye convol ion pracesses, each convolution process of a level, r,
th discrete sample points of said sample window

ents of said level, r.

30 convolving 2 wavelefihasis
to gencratc a sct of X Gorte

Anon ¢o
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G it DaBkrdin eadhofreiuiby e 16vel, 4,

”al set of x, correlatjon
m&&wqx%wow%rtw@%

the Bfﬁdrﬁﬂﬁ Bep@éates i d
megﬁf) at fa vmthlna
SpRypfution process of a lev

convolvmg 2" wavelet basls farictions wlth discrete sample points of said sample wmdo'w
to generanc asctofx oorrcla.t:on coefﬁcxmts of said level, r.

8. Amethodasdﬁaﬁbed‘inclgimSwhereineachﬁcquunoy-rwoluﬁonlevcl 1,
comprises 2° separate frequency cach frequency band associated with a wavelet
basis function and wherein said step ‘ﬁh‘theromnpnsesthestep ofperformmgnseparate
frequency resolution level convolutial Iproces:’m, each convolution process of a level, ,
' - i "w_mthdlscretesamplepomtsofsmdsamplcmnﬁow

fenits of said level, . '

9. . laimt 6 whercin cach frequency resolution level
convolution process of a level, z, conv_b'iv'es said 2" wavelet basis functions across x/2" time
segments of said sample window to geumm said set of x correlation coefficients of said
level,r. | |
vEng .

10. Anradar warmng rcccwet (RWF) system comprising:

a wide band reccwcr forrecewing an analog signal; _

~ ananalogto dxgltal converter mrcmt for converting said analog signal into an fnput

digital signal; . »

a processor systetlxz coupled .to‘m:mve said mput dxgltal slgnal in sample wmdows, .

frequency resolution level generating x don'elanon cocfficients;

b)  generating a sct of n cocfficient maps, one cosfficient map for cach
frequency resolution level of said n frequency resolution levels;
c) determining a best coafficient map of said n coefficient maps that most



5 se1 ect ed by said above step of determ ni ng correlation coefficients
-_,_’at fall wthin saig ol d. 28. The nethod as descri bed
sBERi.AﬁEMﬁNT:)SfESTm

in claim?22, wherein i ses the st )s _ Of n set
frequean’ b t?ltshﬁﬁ%‘ gggrif?oﬁ%er

of x correlation coefffcrenmrs—for—earh

of magnitude to prodlcg ?ﬁ'\eﬁﬂ f r coefficient maps; and I5 .

each coefficient mapgjol sard n coeffjcfent maps, deter

coefficients that fajl K | ned hreshol d, ”"lllm im"immllgt ed
~coefficients are sel pcted by sai d abovg st

“of em m ng corr el
coefficients that fa rm ned treshold 20 29. The

met hod as- described in claim18 erein-s t

of : detrnining actisienlysenrescuts 3kl xfiscreic.samp |P8 cﬁg’é‘ﬂ% %rmP%or"?eaéle idn
coeHICIent mpsm%@ﬁdc&ﬂﬁGﬁb??cmdfmmﬁﬁh entimmpt nap as that
coefficient map of .s cfficien s _havi ng e

val ue. 25 30. The %th E”‘H%s%r?%’é'?qp %ﬂel?v\gaéé) ?eﬁec@g g"‘?"@aﬁ%“d)
conprises the stgefficithts of di® bést Cochiizicat dnpnmadnsm axeoutput dendided cligitalt signal;

magni tude for each of said n ggefficient maps; and sel ecting said best
coef ficient m§p ad { hat coeff pf said n coefficient

At _ l__e_dto-saidprocessorsystemforoonverﬁngsaid
output denoised digitg ellibuit denoised anslog signal.

1. An RWR as described in claim 10 firther comprising an RWR pulse
10 processor coupled to receive said output denoised analog signal, said RWR pulse prooessor

12 AnRWRsystzmasdescn‘bedmclarm lOwheremsaxdstapd) comprises the step

. of normalising said output denoised dlgnal signal. -

15 |
13. AnRWR system as described in claim 10 wherein cach frequency resolution fevel,
1, comprises 2° separate ﬁ-equency bands, each frequency band associated with a wavelet
basis function end whiteih said ) further comprises the step of performing n separate
frequency resolution J8L8I con rocesses, each convolution process of a level, r,

20 convolving 2 wavelefity ction i:retssamplep:oinu ofs'aidsamplewlndowto
generate a set of X ComTgla {eq1s of said lovel, .

14.  AnRWR system as described i plaim 13 wherein each frequency resolution level
said 2° wavelét basis functions across x/2° time
;: te said set of x correlation coefficients of said -

convolution process of a level, 1, con ¢
25 segments of said sample window to g, )
level 1. .. i E.
15. AnRWR system as desonbedin clalm 10 wherein said step b) comprises the steps . .

30 rank.mg said set of x corrclauon cocfﬁcmnts for cach frequency resolution level in
said set f n coefficients maps; and




0 maps ‘having a Sharpest drop-off val ue. Substitute sheet - 3 Apri |

"'%‘2001 -47- 31. . The bed in claim 18 wherein x is equal to
‘l ess than 32 and MEPEAGEMENT SHEET

' | ess than 5., 32. A thog or, .
denoi-si ng an i nput |difgtTar-st gnal sqi d net hod éﬁﬂﬁﬁfﬂﬁﬁﬁ eth‘,e,_é_pEbﬁﬂBﬂer

i npl emented steps df: ag? dai d i nput di gi tal si anal in sanple
w ndows, each sanplfe fwi ndow corrprl 9 x discrete sanp ﬁOI nts;

convol vig sai d sangl d—w-pdow-wi del ect wavel et tmllnw &nl“ml i“l:ross a

frequency resolutidn Ievels to gener te” sets of X
coefficients, each to—freguency Te50l ution | evel generatlng % corr'el ation

coefficients f.equ resol | ev | ses 2
separate frequgﬁ%{&r@zm - MM ‘ﬂﬂ%% | et
basi s functi onscleted bytseidaboyg 8tepchf otz g fcomrdldtion coefﬁqnentsdnt faﬂemﬂihesaid)f

performng n s at a g fﬁg 'utlon | evel convol ution processes
each convol uti y . convol ving basis funct ons with
di screte sanple points of ] '

5 16. AnRWR systenfbs described 'aaimlowhe:einsaidmpc)compﬁmmesteps
of: ' '

determining a drop-off value of cocfficients magnitude for each of said n
coefficient maps; and ;
selechngsaldbestcoefﬁcientmapasthatcoeﬁimntmapofsmdncoefﬁcm
10 mapshawngashnrpestdrop—oﬂ‘value'

17. AnRWR systcm as described i in élaim 10 wherein each frequency resolution level

convolution process of a level, r, convolves said 2 wavelet basis functions across x/2" time

segments of sald sampl =.'window to gemme said set of x correlation coefficients of said
15 level,r. - ‘

18. A method foioising snfgiut digital signal, ssid method comprising the

)] samplmg said lnput digital signal into sample windows, each sample
20 window comprising x discrete sample polnts
- b) convolving said sample window with selected wavelet basis functions
_ auossnﬁequmymsoluhmlmlstogenm‘atensetsofxcomhﬂmooeﬁments,each
frequency resolution level generating x correlation coefficients;
c) gencmungasetofnooefﬂelentmaps,onecoefﬁcientmapforeachiil'
25 frequency resolution Jevel of said n ﬁ:equency resolution levels; _
d) determiuning a best coefﬁciant map of said n coefficient maps that most
cfficiently represents said x discrete sample points of said sample window; and |
¢) iiation coefficients of said best coefficient map.




ald sanpl e mnndOM/to generate a set of x correlation coeffllents for
::_d level, r. C) _ of n coefficient maps, one
coeff|C|ent map per f§ | evel of said n frequency
"é8ol ution level s; d) ; Fmimg—p best coefSubstitute shgetof 3sAprl 2001
coefficient maps tha | 6 present§'EET?F==ﬁTf??§T§=§ﬁﬂUTE'

points of said sanple recordlnﬁ sel ect ed

correl ation coefficiept } ELLSI:“;:\/ERIEI' gﬁﬂmmuﬂ m&um "lﬂlla thod

remai ni ng correl ation
'{lng t he step of per or'hidg & re-

as described in clain _
transformation of said selecl ion coefficients of said best

coefficient map ¥Wo r&eeonehed s D _ inggoesEpr Srthen performs the,
A nehod as descr | by & kb b1 N ;
d_as des ﬁﬁgg}f&nﬁﬁgg_ f _,ssﬁmmea&eﬁmmw&mm

normal i zi ng sai

out put denoi sed eeriFiemeg fagreemistrugk A outprtY

denoi sed digital signal into an analogqun0|sed
' 20,  The method as described in claim 19 wherein said processor further performs the

5 steps of: normalizing said output denoised digital signal to produce a normalised output
denoised digital signal; and | |
ammwﬁmgsmdnmnmhwdoﬂmﬂdummai&gmﬂsmmdlmbanommudmmhal'
uumgﬁgmﬂ

rmal i sed out put

21. - The mothod as described in claini 18 wherein said processor further performs the
10'smpofgmummgaJﬁﬁhlnmmtﬁumdbnsﬁdsdmmﬂtmudmhncmmmhmm,&mi_

ﬁgwhqwnhmmﬁ;ﬁagMMgampgﬂmﬂmemﬂamﬂmpmkmmﬁmﬂa

15 ﬂummmyumdmﬁmzkwﬂcmumhﬁmnpuwams ﬂwhomumhmnnpuwamofahwd,n
cmwdhhg2fwwwmntmﬂsﬁnmmxmyﬂﬁﬂkauzsmmmcpdnmofﬂﬁdsumﬂe“mﬂow

'mguwmmamxoﬁuwmduhnanﬂﬁf of said level, 1.

23.  The method as described in f ZLvmmumsmdpmuwﬂnﬁmMupuﬁnmsﬁw_
smpofpuﬁmmmganﬂnmdbnmmmnofﬁmiﬂmwmdcmnmnmmommmmmmtfsmdbqn
20 coefficient map o reconstruct an output ‘denoised digital signal.

v -

24. Tﬂmnmﬂmdasasmﬂwdhxdﬁmﬂﬂ,whaunmndpmawmn1hﬂmupmﬂmmsﬂm
aqsofnmmdmmguﬁ‘mﬂwﬁ&mﬁﬁﬂd@ﬂﬂs@mﬂﬂopm&meanmmﬂﬁmimmmn 

denoxseddigiulsi algRnd -
converting saidiprmalised oyt denoised digital signal into an output dencised °

25.  The method as described in claim 22, wherein said processor further performs the
step of generating a digital report based on said selected correlation coefficients, said
digital report including a leading edge piﬂse time and a pulsc peak amplitude.



gnalz +10 35." A nethod as descr]j in claim32 further conprising the

‘Suep of generating a - maogHEEtpa ed on said selected correl ation
coefficients, said dilg I M lkding a | eading edge pulse tinme and a
pul se peak anplitude {off an exi st Hﬁhrul se Wt hlﬁUQﬁlwt%éQ -\ Asil2009 36.
A nethod as descri be n ORaAPR I n each freqguéency—+esotut+on—tevel
convol ution process p | evel , saidj2"l wavel et baS| S X/2r
time segnents of saidjset—of~x correl atf on,coeffici llmgmumﬂ“@ jﬁ

20 37. A met hod as {escribed in-c 32 erein s i ses
the stops of: ranking sald set of x correlation coefficients for each,
frequecy resolu vel order f. nmpani et of n
coef ficient map§6 Jﬁf %d%%ré ilﬁ-% 2??&%“ sal ﬂ&%oi%&gﬁ%’h{ ﬂaps
det ermi ni ng cor rcebwluﬁpﬁ&emfmﬂévcl; ,convolvedmid 2 whveletbdsisifimotiomkatoss /2] éiche

t hreshol d, wherein sai | ected. coefficien I sal d abqve
step of determ ﬁf%ﬁ“@@??@?m%%%‘%ﬁ ﬁéﬁﬁf?g’ﬁ%%gﬁ?#‘gg}% Sa

det ermi ned t hr edeielr.

5 27, .mméﬂxodasmibedmmlsmmmdmpc)mmpﬁmmmof

10 selected by said ahove stap of detamilning correlation coefﬁc:ents that fall within said
* determined threshold.

28. Themethod as dcscn‘bodinclailﬁﬂ wherein said step ¢) comprises the steps of:
' ranking said set of x eorrelauon coefﬁciems for each frequency resolution level in
order of magnitude to produce said setofn coefficient maps; and
15 for each cocfficient map of said n cocfficient maps, detemumng correlation
cocfficients that fall within a determined threshold, wherein said selected cocfficients are
selected by said abovcstcpofdctemtmngcomelanonooeﬂiclemsthaxﬁllthhmsmd

20

selecting saxdbestooeﬁctentmap as that cocfficient map of said n cocfficient
maps having a sharpest drop-off value,

30,  Thomethod as described in claim 22, wherein said step d) comprises the steps of: .
determining a drop-off value of coefficient ﬁgﬁMe for each of said n coefficient
maps; and
selecting said best cocfficient map as that cocfiicient map of said n coefficient
30 maps having a sharpest drop-off vatue. :

A |



scribed in claim32 wherein said step d) conprises the

%t ro-rg—a—a-op-0ff val ue of coefficient magni tude for
ﬁmm m HHMﬂm GWLA&MENTaEHEET Substitute sheet - 3April 2000. -49
- skl ettitng #sak cderTTerent—maphagd t hat cSebstitvite sheetp ApPsih 2001
coefficient maps having la glzasp sztmfirp of f valte. 30. A netnod as___
described in claim32'vvrere|n x S jaly to or l'ess than 32 and nis 5
equal to or |ess than|5. ~— il fas-4¥escribed in claim®6, wherein
said stop c) conprised the stj k| ng said set of x correlation
coefficients for each T pn | evel in order of nagnitude to
produce said set 3pf ;

of said ncoefﬂmeg{o A i ni Yorrelation coefficients that fall
within a determ ' wher ei n*sai d sel ected coefficients are
sel ected by said above step of determining corretion coefficients that fall

wthin said deter?negtl}ﬁ&s?mlﬂ anmputdlgmalslgnal,sudmethodcompnungthc
5 .comput_ertmplemunodmpsoﬁ_ :

a)  sampling said input digital signal in sample windows, cach sample window
comprising x discrete sample points; ::

b)  convolving sald sample window with selected wavelet basis fumctions

. across n frequency resolution levels to generate n sets of X correlation cocfficients, cach

10 frequency rosolution level genarating X corvelation coefficients, wherein each frequency

msoluﬁonlevel,r,oomprlses,2'sepamteﬁ'equmcybmds eachﬁ'equmybandassocmted

15

<) gmma;mg asctofn ooifﬁcient maps, one ooefﬁclent map per ﬁuquency
* resolution level of said n frequency resqltmOn levels;
d)  determining a best coefficient map of said n coefficient maps fhat most
efficiently represents sald x discrete sample points of said sample window; and
20 €}  recording selected correlation coefficlents of said best coefficient map and
discarding all remaining correlation coefficients.




N e o ST Emi'..':

wherein said step d) conprises.

_ ] e
; e ste ; s pf coefficient magnitude for each
fulhl I!,i%jﬁE Fs; and selecting paid best coefficient map_as_that
co aid i qoedBi ARPR200Imabs | haySubstituteashast- 3 AMIRP0Y 4 ue
20 42 A radar warni ng|rgqcei ver (RAR) $yptem as described in claim1l3,

wherein said step b)conpri ses—the—steps—0f} ranking said set of x
-correlation coefficientsi{for each frequency4gesolution |evel in order of
magni.tude to produce said set of n caoefficient naps; and 25 for
each coefficient map of said n coefficient maps, determ' ning correlation
coefficients thatssfal hmdalgadegmuﬁmﬁnmﬂm Mmpa:ﬂpedm:ﬂhgare-
sel ect ed coeff|C|ents are s y sai d abo ste termnin

correl ation coef fiagss Sf"!‘faﬁ%‘%ﬁ %F%‘g%ﬁ’e@{"@tfr??ﬁé‘& bteﬁr %f"ﬂ‘ x%516'”43

A radar warning r,aﬁwmﬁ, solt dip! -‘.,_:-. cribed in claim 13, wherein sad

denoised digital sxgml and i
- converting said normalised output denolsed digital signal into an analog denoxscd
signal,
10 L |
35. A method as described in claiin 32 further comprising the step of generating 2
digital report based on said selccted correlation cocfficients, said digital report inclnding a
leading edgepulsctlme and apulsepeak amplitude of an e:nsungpulsewnhmsaxdsamplc
15

level, 1.

20 ) .
37.  Amethod as described in claim 32 wherein said step ¢) camprises the steps of:
ranhngsmdsctofxcorrelaﬂoncoefﬁuentsfor eachﬁ'equmcyresoluuonlevel in
arder of magnitude to produce said seiof n coefficient maps; and
for cach coefficient map of lsald n cocfficient maps, determining correlatxon_
25 coefficients that fall within a detennmed threshold, wherein said selected coefficients arc
_selected by said above step of detemumng correlation coefficients that fall within said
determined threshold. o

jeribed in claim 32 wherein said step d) comprises the steps of:
p-off veluc Of coefficient magnitude for cach of said n coefficient

- 38. Amethod as«
30 determining ¢
maps; and

Y



ietmﬁm—oﬂ— val ue of coefficient magnitude for each of said n

toef sel ecting said best coefficient map as that

coefwmmmﬂmlmi@@w d n coefficient maps having a sharpest drop-off

val ue* 5¢44, war ning receiver (RVR) sys ubstitutelebeet b&dApril 200i1m
sol uti og | evel , convolves sald 2° wavel et

13. wherein each frequencyj
basis functions across x2 § .S of sald sanpl e wi ndow generate said
set of x. correlation co€j y <¥-d level,r. 10 45. A radar -

“l bed in claim 13, further conprising

war ni ng receiver (RAR) sysiE -
an RWR pul se processor coups e®ei ve sai d output dengi sed anal og

si gnal, aid RWR pul popsthpigrocfiicieat mapaf suid arqosilciesth. 15
~46. A radar &Qﬁ)ﬁﬁst m as described in claim 13, wherein
. aid step d) cwﬁ{aﬁdl ses the stedﬁ&o normal i sing said output denoised digital
~signal. 47. A corrputer system for denoi sing an i nput di gital signal, said

system conpri sigg & m&%&%%@m m 2 ket x oAl 16 Fgﬁée%nsiﬁﬁﬂ@@ e

mermory unit colple to sai d conputer menory uni t
cont ai ni ng & peeyhaer fesythanglisi ng sa| d pr ocessor to performthe steps
a)through set forth below _

40. AmedmdasdesmbedmdmmG whuemsmdstepc)compnsesthesﬁcpsof
ranking said set of xooaelauonooeﬁictcnls for each frequency resolution level in
ordcrofmagnmxdatoproducesaldsetofncoeﬁczmtmaps and
10 . for each coeff)
coofficients that f: ::-‘
* selected by said aboiERet
determined thresholdBR

15 41. A method as described in claini56 wherein said step d) comprises the steps of:
determining a drop-off valus of coefficient magnitude for cach of sald n cow&icmnt
maps; and
selacﬂngsmdbestcocfﬁaentmapastbatcoeﬁmmtmapofsmdncoefﬁcwnt
maps having a sharpest drop-off value.
20 '
42. A radar waming recciver (RWR) system as described in claim 13, wherein said
step b) comprises the stepsoft © |
ranking said got of x comlanon coefﬁments for each frequency resolution level in
: oior id sgio *h coefficient maps; and o
25 for each ;uh map : aid n coefficient maps, determining correlation '
coefficients that fall Wit ina fged fhreshold, wherein said selected coefficients are
sclected by said above step of determining’ correlation coefficients that fall within said,
determined threshold.

30 43. A radar warning receiver (RWR) system as described in claim 13, wherein said
step ¢) comprises the steps of:
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PN n
T

')‘ Sanpl rmyg—sard—nput—di gital signal into sarrpl e wi ndows each sanple

p

“4i ndo crete sanpl e points; convol vi ng sai d sanpl e
Wi ndo:”"g [Ewgﬂjﬂ vel et basis functions Zéu f-: | _ -

" resol ut« nerate n sets of x corr st Ll g =Smbr2 :

frequency resolution level generating x correlation coeff|C|ents c)
generating a set of n coefficient maps, one coefficient map for each
frequency resolution |l evel of said n frequency resolution |levels; d)

determ ning a best coefficient map of saggk n coefficient maps that nost 30
efficiently represents said x discrete sanple points of said sanple w ndow |
and a) recordi ng sel ected correlation coefficients of said best - H
coefficient map. detdvnlifidg d didpeoffVitiRiof coedficiya inkgnitidtifor cuth ofs3id n codfficiesgy St em a
described in claim47 wherein each frequency resolution |evel, r, conprises
2r separate fro¥%My bands each frequency band associ at ed with a wavel et
basis function andsedetigeéall beai abetﬁclem map'as daecockiivient inap of baid ardosliitietg n

‘'separ ate frequenc eso& ut i Pﬂ e&c convol ut i on process . each convol ution
process of a | TERpa ¥”E

5 4
44. A radar ainfEbeceiver (R systom as described in olaim 13, wherein each
frequency resohution [¥8l convoluticliibrocess of 2 level, 1, convolves said 2" wavelet basis
functions across xF "fmdsmplevnndowgcnemesudsetofx
correlation coeffi

10

. 45. A radar waming receiver (RWR) system as described in claim 13, further
comprising an RWR pulse processor conpled to reocive said output denoised analog signal,
said RWR pulse processor for performilig threat characterisation.

v 15 46, . Amdawamingtweiver(RWR)systemas'desmibedindaixﬁB,whctdnsaidswp
d) compﬂsestbestepofnormaliﬂ'ngsaid otuput' den_oised digital signal.

47. Awmp@usymfmdmommgmmpmdmmd@aLdewmmcompnmga
puter readable memory unit coupled to said bus, said

20 apmgramforca\mngwdprogessorto

window comprising x discrete sa.mple pomts
b)  convolving said sple window with selected wavelet basis functions
25 across n frequency resolution levels t0 gencrate n sets of X correlation coefficients, each
frequency resolution lovel generating x correlation cocfficients; o
c)  generaing a sct of n coefficient maps, one coefficient map for each
" frequency resolution level of said n frequency resolution levels; '
d)  determining a best coefficient map of said n cocfficient maps that most
30 efficiently represents said x disorete sample points of said sample window; and
°) recordmg sclected correlation coefficients of said best coefficient map.
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e,

nvoI Vi n vva eI ength function with discrete sanple points of sai d

arrpl Hmm\mﬂ ate a set of x-correlation coefficients of said
fevel

stentas described in claim48, wherein said processor
flurt her perfor ms the step of perforning a retra&hﬁtﬂfq shee - 3ABrik2003t ed
corraltion coefficients of said best .coefficient map to reconstruct an |
out put denoi sed digital signal. 10 50. The system as described in claim
49. wherein said processor further perforns the step of normalizing said
out put denoised digital signal to produdﬂ-a nor mal i sed out put denoi sed
di-gital signal; and further conprising: a digital to anal og converter
circuit for converting said normalised outgut denoi sed dlgltal signal into

an out put dend8sedThenssten as ﬂgﬂﬁﬂWI&‘?a@l frecency resolgion fevel, 1,
cl ai m 48 whercg%' @.‘é S0 DI-GC BRSO Ty fx&&f@aﬂdh&s&w with #%Redidt i ng a
di gi tal report 2 ' _' , g%*lr[%qat I'on coefficient said digital

report incl udibpgs separatde. 52.
The system as ﬂgﬁ;g R?‘di“ﬁ ] Provess 86# \evill £n | evel
convol ution pro ess o al '

vel et hasis

functions adr §eavoling 2" maysled IROHE _ SRl Somnle WA at e

said set of X & gunkraledlshtdfx Gorrtlaliibk boRfficni i,fﬁmldnj_evel. r. 53. The system

as descri bed |n claim47 wherein said step c) conprises the steps of:

ranki ng sai d correl cqef f CI nt.s _f.

ool Ui on Ie jﬁhe de% R i Ak dsChBALR RMW%m
sﬁepofpcxfomung a retransformation of said selected correlation coefficients of said best

coefficiont map to reconstruct an output denoised digital signal.

10 - 0.  The system as described in ciaim 49, wherein said processor further performs the
step of normalizing said output denoised digiml signal to produce a normealised output
denoised digital signal; andfurtlmoompnmg

a dlgm.l to analog converter cxrgmt for converting said normalised output denoised -

15

dxgmlreportmcludmga_endmgedgcumeandaptﬂnepmkamphmde.

52, Hesystemasdescnbedinclmm48whereineachfrequencyresoluﬁonlevel
convolution process of a level, 1, eonvol\!es suid 2" wavelet basis functions across x/2° time

20 scgments of said sample wmdow to genbrm said set of x correlation coefficients of said
level, 1.

53.  The system as described in claim 47 wherein said step ¢) comprises the steps of:
ranking said set of x correlation coefficients for each frequency resolution level in
order of magnitude to produce said set of n coefficient maps; and _
25 for cach cocffiient map of said n coefficient maps, dotermining correlation
' fibin igad threshold, wherein said sclooted coefficicuts arc
sclected by said aboyastep of ning correlation coefficients that fall within said
determined threshold %! |
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2 'der of magnitude to produce said sat of n coefficient maps; and 25
HEor e of said n coefficient maps, determ ning

correlatio that fall within a defermined, threshpla _réin
‘said se m ‘mﬂ ts are selected by sai PUDSHINE R eE R Ng
correla that fall within said determ ned t hr eshol d. ' '

-52- 54, The system as described in claim48, werelin said stop ¢)
.conprises the steps of. ranking said setf x correlation coefficients for
each frequency resolution level in order”6f magnitude to produce said set:
of n coeffici ent maps and for each coeffiient map of said n coefficient

‘maps, determin rrel ati | ﬁ@{ & Pm(?[,‘ term ned
t hreshol d, wh el n 18%9 W@F%ﬁg‘)&d Ziu&l‘*g’i ents argﬁgté.féo{n E" “above of
det ermining correl m@mmwazmmmmam|ﬁmﬁnwm lmhuu
t hreshol d. 55. The system wherei n said step d)
conprises the ‘§f‘°§ mﬁ“\&"%soW‘{iﬁ"“g%agiEa‘{term Si ng a rf)%doff val ue of _
coefficiet nmagnitufe éack ceefﬁblemfmqanﬁ mdanedeﬁmmmm correlation
' S coofficients that fall ,wéw & dotermiged threshold, wherein seid seleoted cocffoieats are

v g comclation cocfficients that fall within said

55.  The system as described in claim 47 wheein said step ) comprises the steps of:
10 determining a drop-off value of cocfficient magnitude for each of said n coefficient
maps; and
' selocting said best coefficient map as s that cocfficicnt map of said n coefficlent
mapshavmg a sharpest drop-off value.

15 56. The system as described in clmm 48, whcrmnsaldstep d) compﬂses the steps of;
determmmg a drop-off value of coefficlent magnitude for each of said n coefficient

20
57.
cqual to or lessthan §.

58. Thcsystcmasdescnbcdmclmm47wheremsaidprocessorﬁntherperformsth=
25 step of performing a retransformation of said selected correlation coefficients of said best
cocfficient map to reconstruct an output denoised digital signal,

§9.  The system as described in claim 58 wherein said processor further performs the
step of normalizing said output denoised digital signal to produce a normalised output

30 - denoised digital signal; and further comprising
a digital to analog converter circuit for converting said nonmalised output denoised
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- mef'fi cient map as that coefficient map of said n
wedef £ jaad m\mmrg a sharpest drop-off value. 15 56. The system as
: déscr‘mm\m“““ wherein said step d) conprises the steps of

n

det ertd niengta Wrob-of f val ue of coefficient mgﬁbﬁﬁ%ef%}ee«ia April 2001 ,
coefficient maps; and selecting said
coefficient map of said n coefficient
20 57. The systemas descigigl in claim 47 wherein x is equal to or |ess
.than 32 and n is equal to orj g 5 ©83 The system as described in
.claim47 when sai d processorjs Weerforns the 25 step of performng a
retransformation  of said sci coefficients of said best
coefficient map I ARRHH AT SR sed digital signal. 59. The
system as described in clai m¥3 wherei'h said processor furter perforns the
-step of normal i §0.ng TRisysten apdtscribedini clabsl 47iwhietei said proeeissor furhenprufoumscthe

“normal i sed out put 3 denoi sed.di gital  si y Q[QQ { Y| a
‘digital to anal S & ﬁma%ﬁolﬁh?%%\%?tl ng sal g néx# mai |éslée1§'é“a‘% put
denoi sed digimlreportmoludingalesdingedgepﬂseﬁmeandaplﬂsepeakamplitude.

st coefficient map as that
ps having a sharpest drop-off val ue
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S‘ub,st"i tzute sheet - 3 April 2001 digitalrts into an | danoj i Si gna dt
digital signal into an output dengjsed#anakog,signal 60. The system afs
described in claim47 wherein said processor rther perfor St o]
.generating a digital report based on said selé-glsttﬂu@o 'R%ﬁ‘%ﬂf% A&ql_‘oe‘ﬁ
coefficients, said digital report including a | eading edge pulse tine and a

pul se peak anplitude 5 Substitute sheet - 10 September 1997

ity
ABSTRACT

A WIDE BAND VIDEO SIGNAL DENOISER AND
METHOD FOR DENOISING

A method and apparatus for high speed denoising of an input
signal received by a radar warning receiver (RWR) system. The
novel system digitizes the input signal into sample windows each
having a number of sample data points. The novel system
includes a signal transformation processor system which
convolves Haar wavelet basis functions across individual time
segments of the input signal to produce sets of coefficients.
Signal noise is poorly represented by the selected Haar wavelet
basis functions while expected pulse signal characteristics are
well represented by the basis functions. Within the wavelet
transformation process, a plurality of frequency resolution
levels are simultaneocusly determined, each frequency resolution
level having a fixed number of correlation coefficients equal to
the number of sample po:Lnts in the sample window. Each
coefficient also corresponds to a different basis funct:.on, or
a same basis function applied to a different time segment. Each
level contains a different number of represented frequency bands
and a different number of time segments per band. For each
level, the level’s coefficients are sorted into coefficient maps
and the largest coefficients are selected from each map. The
coefficient map best packaging the input signal energy is then
selected. The coefficients of the best coefficient map can be
used to (1) reconstruct a denoised digital or analog signa]i
using a re-transformation for application to a video pulse"
processor for threat characterization or (2) to produce a

- digital report indicating vital pulse information including
leading edge pulse position, pulse amplitude, pulse duration,
etc. '

(Figure No. 1)
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