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SYSTEM AND METHOD FOR EXTRAC TING 
PHYSIOLOGICAL DATA USING 

ULTRA-WIDEBAND RADAR AND IMPROVED 
SIGNAL PROCESSING TECHNIQUES 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/456,290, ?led Jun. 4, 2003, entitled 
“SYSTEM AND METHOD FOR EXTRACTING PHYSI 
OLOGICAL DATA USING ULTRA-WIDEBAND RADAR 
AND IMPROVED SIGNAL PROCESSING TECH 

NIQUES”. 

INCORPORATION BY REFERENCE 

[0002] All publications and patent applications mentioned 
in this speci?cation are herein incorporated by reference to 
the same extent as if each individual publication or patent 
application Was speci?cally and individually indicated to be 
incorporated by reference. 

FIELD OF THE INVENTION 

[0003] The ?eld of this invention is medical diagnostic 
procedures and, in particular, quantitative measurements of 
physiological functions such as, for example, heart and lung 
functions. 
[0004] Disclosed is a variant of ultra-Wide band (UWB) 
radar knoWn as micropoWer impulse radar (MIR) combined 
With modern signal processing techniques to provide a neW 
type of medical imaging technology. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] FIG. 1 is a general representation of the overall 
system architecture useable in an embodiment of the inven 
tion. 
[0006] FIG. 2 is a block diagram of a range delay circuit 
useable in an embodiment of the invention. 
[0007] FIG. 3 is a block diagram of a balanced receiver 
useable in an embodiment of our invention. 

[0008] FIG. 4 illustrates the general steps of the signal 
processing used in an embodiment of our invention. 
[0009] FIGS. 5(a) and 5(b) illustrate tWo versions of the 
time domain return signal matrix and their respective ?ll 
methods useful in an embodiment of the invention. 
[0010] FIG. 6 illustrates general signal processing steps 
used in an embodiment of our invention. 

[0011] FIG. 7 illustrates a frequency domain re?ection sig 
nal matrix useful in an embodiment of the invention. 
[0012] FIG. 8 illustrates a MaximumAmplitude Frequency 
Coef?cient Vector. 
[0013] FIG. 9 illustrates a block diagram of the Estimator of 
one embodiment of our invention. 

[0014] FIG. 10 illustrates a How chart shoWing the modeler 
and the operation of modeler signal processing useful in an 
embodiment of our invention. 

[0015] FIG. 11 illustrates a How chart of the correlator and 
correlator signal processing useful in an embodiment of our 
invention. 
[0016] FIG. 12 illustrates a How chart of the selector and 
selector signal processing useful in an embodiment of our 
invention. 
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[0017] FIG. 13 illustrates a How chart of the analyZer and 
analyZer signal processing useful in an embodiment of our 
invention. 
[0018] FIG. 14 illustrates a focuser feedback mechanism, 
and its operation, useful in an embodiment of our invention. 
[0019] FIG. 15 illustrates a time domain return signal 
matrix With the depth range of interest highlighted. 
[0020] FIG. 16 is a sample depth range of interest indicator 
useful in an embodiment of our invention. 
[0021] FIG. 17 is a screen shot of an application screen 
shoWing part of a graphical user interface useful in one 
embodiment of our invention. 

OVERVIEW 

[0022] FIG. 1 shoWs a system diagram of an embodiment of 
our invention. In that ?gure, the controller 1 generates the 
timing and control signals 1a, 1b, 1c, 1d, and 1e to synchro 
niZe and manage the rest of the system. It also accepts internal 
feedback signals from the other subsystems, accepts external 
control inputs from an operator, and has the capability of 
providing data outputs to the operator or medical record sys 
tem. The controller can be realiZed using an integrated pro 
cessor and associated circuitry. 
[0023] Based on timing and control signals 111 from the 
controller 1, the pulse repetition frequency (PRF) generator 2 
creates the baseband pulse train used by the transmitter 3 and, 
after range delay-AT 5, by the receiver 6. Since the pulse train 
is common to both the transmitter and receiver subsystems 
and alloWs them to operate synchronously, the system is a 
time-coherent radar system. In practice, a voltage-controlled 
oscillator (V CO) operating at a nominal but only exemplary 
output frequency of 2 MHZ in or associated With the PRF 
generator supplies the pulse train. RandomiZed pulse-to 
pulse dither can be added to the output of generator 2 by 
injecting a noise signal from a noise signal source (not shoWn) 
into the VCO control port. The random dither causes spectral 
spreading to reduce the probability of interfering With other 
electronic devices as Well as provide a unique transmit coding 
pattern per unit, alloWing multiple units to operate in close 
proximity Without substantial concern for mutual interfer 
ence. 

[0024] Transmitter 3 generates a series of loW-voltage, 
short-duration pulses 3a (in one embodiment, less than 200 
ps) based on the pulse train from the PRF generator 2. In 
practice, differentiating the edges of a pulse train having 
extremely fast rising and falling edges creates the sub-nano 
second pulses. Through the combination of the transmitter 
and the antenna, the short duration pulses are converted into 
an ultra-Wide band spectrum signal centered in the RF/micro 
Wave frequency bands in accordance With FCC R&O 02-48. 
[0025] In this embodiment, the transmitter 3 and receiver 6 
share a common antenna though comparable designs could 
use separate antennas. For the transmitter, the antenna 4 
couples the short pulses from the transmitter 3 to the environ 
ment, as illustrated at 4a, to patient 5. Subsequently, re?ec 
tions 4b are received from the environment and fed to the 
receiver 6. We have tested a variety of antennas ranging from 
commercially available horns and ?at resonators to simple 
magnetic dipoles. Based on empirical tests, a useful antenna 
proven to be a magnetic dipole or “loop” antenna With a 
diameter selected to optimiZe the transmission and reception 
of UWB signals. This topology provides adequate gain, broad 
beam Width, and small physical siZe. For example, a loop 
antenna With a diameter of 4 cm fabricated from 24-gauge 



US 2010/0234720 A1 

solid copper Wire Was used in conjunction With a UWB sys 
tem operating With a 10 dB bandwidth of 1.5 GhZ to 3.4 GhZ. 

[0026] Based on timing and control signals 1b from the 
controller 1 and the pulses originating from the PRP genera 
tor 2, the range delay-AT 5 generates a delayed version of the 
PRP timing signal. The output of the range delay triggers a 
sample-and-hold circuit, described subsequently, in the 
receiver 6 Where the delay value is chosen to compensate for 
?xed electrical delays Within the system and focus data col 
lection to those re?ections originating from a speci?c depth 
Within the body. The range delay is extremely ?exible and, in 
conjunction With the controller, can generate a large range of 
delay pro?les to accommodate a variety of signal processing 
requirements. 
[0027] There are tWo delay modes used to collect medical 
data-range gate mode and range ?nder mode. In range gate 
mode, the depth Within the body that corresponds to the area 
for Which physiological data is to be extracted is ?xed and a 
large number of samples are collected at that depth over a 
period of multiple seconds in one example, providing infor 
mation on relative changes Within the body. The depth can 
then be changed and the process repeated. In contrast, When 
operating in range ?nder mode, the depth is sWept repeatedly 
over a ?nite range of interest, With samples collected at each 
depth. Range gate mode provides detailed information at the 
depth of interest While range ?nder mode is used to quickly 
collect data over a range of depths. The range delay circuit of 
FIG. 2 supports both range gate and range ?nder modes. In 
practice, the range delay circuit can be realized using a 12-bit 
digital-to-analog converter (DAC) 21, an operational ampli 
?er, used to realiZe functions 23, 25, and 27, and a one-shot 
multivibrator 28. The one-shot multivibrator (an LMC555 
can be used, as one example) generates a delayed version of 
the transmitted pulse train in response to signals received on 
its tWo control inputs-trigger and hold-off. The pulse train 
from the PRP generator 2 of FIG. 1 is the trigger signal and 
causes the one-shot multivibrator to initiate a single pulse 
cycle for each pulse in the pulse train. The hold-off voltage 
determines the period of the pulse. By varying the hold-off 
voltage, different pulse periods, and thus different delay val 
ues, can be generated. The amount of delay is set by both 
analog and digital controls. The analog controls set the mini 
mum delay value and the alloWable range of control While the 
digital controls are used to dynamically adjust the actual 
delay value, delay sWeep rate, and resolution of delay control. 
[0028] In practice, a 12-bit data value-Datax, corresponding 
to the desired delay is sent from the controller 1 to the DAC 
21. The DAC produces a voltage VX Where: 

VX:4.096 Voltsx (Data 11/409 6) 

[0029] The DAC output voltage 21 and a DC voltage 25 are 
added together in a summing junction 23 and the sum is 
ampli?ed and fed to the hold-off control input of the one shot 
28. The DC voltage level, in conjunction With the ampli?er 
gain, set the minimum delay value and the alloWable range of 
control. Both the DC voltage level and gain settings are con 
trolled by manual adjustment of potentiometers. A delay 
range of 5 ns has been proven to yield good quantitative data 
in cardiopulmonary applications and corresponds to a depth 
range of approximately 12 cm into the body. Other delay 
range values of up to 10 ns have also shoWn to produce usable 
data sets. 

[003 0] The receiver 6 processes the raW re?ections received 
from the antenna 4 over line 40 in the analog domain to 
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optimiZe the signals of interest. For cardiopulmonary data, 
this includes suppressing the high-strength static return sig 
nals and amplifying the motion artifacts. Receiver 6 is illus 
trated in detail in FIG. 3 and can be based on a dual-channel 
balanced receiver architecture Where the transmitter pulses 
are capacitively coupled from the output of the transmitter 3 
into both receive channels 30a and 30b via RF Splitter 30 and 
the antenna 4 is connected or otherWise coupled to one chan 
nel 30a. The balanced receiver architecture provides a high 
degree of common mode rejection as Well as differential gain. 
The common mode rejection provides a signi?cant amount of 
attenuation to signals common to both channels thus mini 
miZing interference from the transmit signal With the desired 
receive signal. The differential gain inherent in this architec 
ture ampli?es signals unique to either channel thus the 
received signal, being unique to channel 30a, is ampli?ed. 
[0031] Both channels 30a, 30b can use an ultra-fast sample 
and-hold (S/H) circuit 32a and 32b each triggered by the 
delayed impulse train created by the pulse generator 31 using 
the delayed pulse train over line 29 from the range delay 
circuit-AT 5 of FIG. 1. The active sampling WindoW is set at 
approximately 320 ps in one example and can be easily modi 
?ed by selectively changing the value of a single passive 
component. The outputs of the two 8/ H circuits are integrated 
over multiple samples in integrator elements 33a and 33b to 
improve the signal-to-noise ratio. The integrated samples 
feed the inverting and non-inverting inputs of an instrumen 
tation ampli?er 35, attenuating the transmitted signal and 
amplifying the received signal. 
[0032] Additional circuitry in the receiver incorporates sev 
eral key pre-processing functions including static re?ection 
suppression in ?lter 36, ampli?cation in ampli?er 37, and 
anti-alias ?ltering in ?lter 38. We have tested tWo basic tech 
niques for suppression of static re?ections: feed-forWard and 
feedback circuitry. In the feed-forWard case, the output of the 
instrumentation ampli?er 35 is applied to the input of a loW 
pass ?lter (Fcm0?§0.2 HZ) to attenuate frequency compo 
nents related to organ movement in the patient. The ?ltered 
signal is subtracted from the original output yielding a differ 
ence signal with reduced static rc?cction components. The 
difference signal is ampli?ed to further enhance the desired 
signals With respect to the static re?ections. A diagram of the 
receiver With the loWpass feedback static re?ection ?lter 36 is 
shoWn in FIG. 3. In the feedback case, a loW-pass ?lter 360 is 
used as the feedback element. Again, the corner frequency of 
the ?lter is chosen to attenuate the motion artifacts. The 
resulting signal out of the loW pass ?lter primarily contains 
the static re?ections, Which are subtracted from the incoming 
signal. This circuit signi?cantly increases the signal-to-noise 
ratio for motion artifacts by attenuating the unWanted static 
return signals that Would otherWise sWamp out the motion 
components. 
[0033] The ampli?cation stage 37 is composed of tWo parts 
in our example, range compensation and automatic gain con 
trol (AGC). The range compensated gain circuit compensates 
for received energy loss as the distance from the antenna to 
the depth of interest increases by increasing the gain over the 
delay sWeep time. This block also includes selective blanking 
(38 dB of attenuation) capability to eliminate undesired 
re?ections. It can be used, for example, to mask antenna 
re?ections due to impedance mismatch by attenuating all 
received signals over a speci?c range. Range compensated 
gain can also be disabled in favor of ?xed gain. The AGC 
ampli?es the small-signal radar return signals to achieve 
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maximum dynamic range prior to the digitization process, 
explained subsequently. The gain of the ampli?cation stage 
has an adjustment range of —38 dB to +38 dB. 

[0034] The ?nal preprocessing stage includes the anti 
aliasing circuitry 38. The preprocessor loW-pass ?lters the 
optimized data to minimize the potential of aliasing at the 
digitization stage. As indicated by accepted signal processing 
techniques, the pass-band characteristics, bandWidth, and 
order of the loW-pass ?lter are selected to attenuate those 
frequency components at or above half the sample frequency 
(i.e., Nyquist frequency) to beloW the resolution of the ana 
log-to-digital converter While minimizing distortion of the 
desired frequency components, as is Well knoWn in the art. 
For example, the variables in the anti-alias ?lter design prob 
lem are the 3 dB cut-off frequency of the ?lter (f L P F), the order 
of the ?lter (n), and the sample frequency (f5). Usually the 3 
dB cut-off frequency of the ?lter is selected to provide mini 
mal attenuation of the desired frequency components related 
to the physiological event. It may also be set as loW as possible 
or appropriate to reduce the corresponding sample rates in the 
digitization process thereby avoiding large amounts of redun 
dant data. With the 3 dB cut-off frequency of the ?lter deter 
mined, it is up to the designer to evaluate the interdependence 
betWeen the ?lter order and sample frequency and arrive at 
acceptable values for each. 
[0035] As an illustrative example of the anti-alias ?lter 
design process, the human cardiopulmonary frequency spec 
trum is band-limited to less than 5 Hz, corresponding to a 
maximum cardiac rate of 300 beats per minute. Basing the 
design around a 16 bit analog-to-digital converter having 
65,536, that is, (216), possible output states, the attenuation at 
the Nyquist frequency is calculated by: 

Attenuation atfNyqM-HZZO loglo(65,536):96.33 dB; 
Where: fNyqm-néfmmpl 

[0036] Settling the 3 dB cut-off frequency of the ?lter at 
tWice the highest frequency component in the signal of inter 
est to minimize distortion and based on the approximation of 
6 dB of attenuation per ?lter pole yields the folloWing table: 

TABLE 1 

Attenuation versus Number of Filter Poles 

Attenuation at 9600 Hz 
Number of (4 octaves above 600 Hz @ 

Poles 24 dB/pole) 

2 48 dB 
3 72 dB 
4 96 dB 
5 120 dB 

[0037] In this case, a fourth-order loW-pass ?lter With a 3 
dB cut-off frequency of 600 Hz Will provide approximately 
96 dB of attenuation for frequencies above 9600 Hz. The 
corresponding sample rate can be set to any convenient value 
greater than 19200 Hz (2x9600 Hz). Other ?lters can be 
employed to support a variety of sampling schemes. 
[0038] As illustrated in FIG. 1, the A/D converter 7 (ADC) 
is controlled by Controller 1 through control lines 10. The 
controller sets the sample rate, sample resolution, and start/ 
stop timing for the sampling process based on the mode of 
operation. The ADC digitizes the enhanced analog motion 
re?ections from the receiver 6, as described With respect to 
FIG. 3, translating the enhanced re?ected energy into a series 
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of discrete digital values. As one example in range gate mode, 
We have used 16,000 samples per second at 16-bits per 
sample. 
[0039] The digitized signal from theA/ D converter 7 is then 
processed to extract pertinent physiological information in 
signal processor 8 per FIG. 1. The signal processing block is 
extremely ?exible and, as mentioned previously, can accom 
modate a Wide variety of algorithms in support of different 
medical applications. In addition the algorithm can be imple 
mented using parallel, serial, or hybrid parallel/serial archi 
tecture. The choice of a speci?c architecture is left to those 
skilled in the art and Will depend on the application and other 
system constraints. The controller manages the signal pro 
cessing operations through control path 1d. 
[0040] The resultant physiological data is displayed on the 
User Interface 9 (UI) of FIG. 1. This can include tracings of 
amplitude versus time for one or more depths of interest, 
poWer spectral density for one or more depths of interest, time 
domain and frequency domain histograms for a range of 
depths, numerical values for heart and/or lung rates, as Well as 
the associated con?dence factors for the displayed data, as 
described subsequently. The Controller 1 of FIG. 1 converts 
the data from the signal processor to an operator-friendly 
format through control path 1e for display on the UI. 

Signal Processing 

[0041] The signal processing block 8 of FIG. 1 can com 
prise the three blocks shoWn in FIG. 4. The three blocks of 
FIG. 4 can be implemented entirely in softWare on the Signal 
Processing block 8 of FIG. 1 in our embodiment. Other imple 
mentations of these signal processing techniques and their 
location Within the system can be made Without departing 
from the spirit or scope of the invention. The Extractor block 
converts the digitized MIR re?ections into a variety of useful 
physiological data including cardiopulmonary data such as 
cardiac and pulmonary rate and rhythm (i.e., trending). The 
Analyzer block processes the time-ordered sequence of val 
ues and con?dences measures from the Extractor and 
searches for problematic trends in the values. The Focuser 
block is a control process that uses the results from one or 
more of the device’s stages to modify the amount and types of 
processing performed on each pass through the system. 
[0042] The input to the signal processing stage is the pre 
processed and digitized re?ections produced by the ADC. 
The signal processor stores the ADC output in a tWo-dimen 
sional matrix of time-sampled re?ection values to support 
subsequent operations. In both FIGS. 5a and 5b, the time 
domain re?ection matrix is organized With the columns con 
tain data collected at a speci?c sample interval With respect to 
the synchronization signal and the roWs contain data collected 
at a ?xed depth. The order of the digitized values depends on 
the mode of operationiie. range gate or range ?nder. For 
range gate mode as illustrated in FIG. 5a, the digitized values 
are organized as a series of contiguous values obtained at a 
?xed depth, providing information on relative changes Within 
the body for a speci?c depth. When the depth or range gate 
setting is changed, a neW series of contiguous values is pro 
duced. For range ?nder mode as illustrated in FIG. 5b, the 
digitized values are organized as a series of values obtained 
for a monotonically increasing depth or range. A neW series is 
generated for each sWeep through the depth or range of inter 
est. The matrix could be three-dimensional if more than one 
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MIR device is used simultaneously. For example, tWo syn 
chroniZed MIR devices positioned at tWo different points on 
a patient’s chest. 

Extractor 

[0043] The Extractor 44 of FIG. 4 operates on the time 
domain re?ection matrix to extract a variety of useful physi 
ological data including cardiopulmonary data such as cardiac 
and pulmonary rate and rhythm (i.e., trending). It is also 
extensible to measurements of many other physiological data 
collection applications including measurement of parameters 
associated With cardiac chamber volumeieg. stroke vol 
ume, ejection fraction, cardiac output, and the like. The 
Extractor 44 can operate on either data ?les collected at an 
earlier time or continuous data captured in real-time. It uti 
liZes one or more control loops that can restrict the incoming 
data to a particular area for improved computing e?iciency or 
enhanced detail extraction. In one embodiment, the Extractor 
44 is implemented entirely in softWare that runs on the Signal 
Processor block 8 of FIG. 1. 
[0044] FIG. 6 shoWs the processing steps of the extractor 
and the data structures produced by each step. In the preferred 
embodiment, We elected to implement a serial architecture 
because We Were interested in collection of a single type of 
physiological data. The extractor could have been realiZed by 
a parallel design. A parallel design might be appropriate for 
those applications using multiple MIR devices, collecting a 
variety of data types, or requiring a variety of ?lter models. 
The following subsections describe the purpose of each pro 
cessing step in the extractor. 

Reducer 

[0045] The Reducer 71 of FIG. 6 is the ?rst stage in the 
Extractor. It receives the preprocessed and digitiZed re?ec 
tions produced by the ADC stored in the time domain re?ec 
tion matrix 70. The operations (either one-dimensional or 
tWo-dimensional) performed in this stage further re?ne the 
data to optimiZe speci?c parameters. For example, in those 
applications Where detection of movement is desired such as 
cardiac rate, a helpful operation involves reducing the contri 
bution of static re?ections. The static re?ections are attenu 
ated by subtracting the time domain date from an average. 
The average used for the differencing can be as simple as the 
?rst stored roW in the time domain re?ection matrix to an 
actual average calculated from multiple roWs in the matrix. In 
practice, We have found that an average calculated from 8 
roWs provides su?icient attenuation of the static re?ections to 
enable accurate detection of cardiac movement. 
[0046] Other operations can include sub-sampling (With or 
Without interpolation) to reduce the volume of time-sampled 
data, coarser quantization to increase contrast and reduce 
computational complexity, and normalization to maximiZe 
dynamic range. In addition, some of the data roWs in the time 
domain re?ection matrix may be deleted if the Focuser feed 
back mechanism 48 of FIG. 4 determines that re?ections from 
those depths do not contain useful data or improve the quality 
of the measurements. The Focuser is described subsequently. 
The output of the reducer stage is a second tWo-dimensional 
matrix containing enhanced time-sampled re?ection data 71a 
shoWn in FIG. 6. 

Transformer 

[0047] The transformer step 72 of FIG. 6 converts the 
enhanced time-sampled re?ection data produced by the 
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reducer to the frequency domain for spectral processing. The 
folloWing table lists several common techniques typically 
used to implement the transform. 
[0048] Discrete Fourier Transform (DFT)ia complex 
time-to-frequency domain transformation most commonly 
implemented using a Fast Fourier Transformation algorithm. 
[0049] Discrete Cosine Transform (DCT)isimilar to the 
DFT, the DCT is a real time-to-frequency domain transfor 
mation used extensively image and video compression. 
[0050] Discrete Filter Bank (DFB)ia set of bandpass ?l 
ters Where the individual pass bands are selected to separate 
the signal into speci?c frequency ranges of interest. 
[0051] The actual transform used Will depend on the appli 
cation and system processing capabilities. For example, an 
inexpensive device used to collect basic cardiac rate and 
rhythm data for physical conditioning might employ the DCT 
While a more life-critical device for monitoring the condition 
of individuals suffering from coronary heart disease might 
require the added precision of the FFT. A system using the 
DFB Would provide a method for determining When a speci?c 
physiological parameter deviates from an acceptable range. 
[0052] The transformed re?ections are still in a 2-dimen 
sional matrix 72a, but the time dimension has been translated 
into frequency and the value in each cell corresponds to the 
transform coef?cient at a given depth. In the case of a real 
transformieg. the DCT or DFB, each cell Will contain a 
single coef?cient that corresponds to the amplitude of the 
energy contained in the original time domain signal for the 
given frequency. If a complex transformiie. an FFT, is 
employed, the value in each cell Will be complex coe?icient, 
having a real and imaginary component that may be converted 
to magnitude and phase through standard trigonometric iden 
tities. FIG. 7 shoWs the frequency domain re?ection matrix 
format Where one axis corresponds to the depth of the sample 
While the other axis corresponds to the frequency. The fre 
quency domain re?ection matrix is used in subsequent phases 
of the Extractor. 

Estimator 

[0053] As detailed in FIG. 9, the Estimator 73 of FIG. 6 
operates on the frequency domain re?ection matrix 72a of 
FIG. 6 to derive an approximate value for the physiological 
process under investigation for each depth of study so that 
suitable models can be selected and optimiZed in the next step 
(the Modeler 74 of FIG. 6). In addition, the approximate 
values are forWarded to the “Selector” step 78, Which Will 
ultimately determine the optimal measurement. The Estima 
tor, Modeler and Selector can be implemented entirely in 
softWare running on the Signal Processor 8 of FIG. 1. 
[0054] To derive the above approximate values, the estima 
tor creates a tWo-dimensional vector 73a of FIG. 6, as shoWn 
in detail in FIG. 8 of length equal to the number of depths 
under investigation. 
[0055] The values stored in the vector for each depth is 
equal to the frequency having the highest amplitude coe?i 
cient at that depth and the amplitude of the coe?icient. The 
pseudo-code beloW illustrates a sample “maximum value” 
search algorithm used to ?nd the maximum amplitude coef 
?cient and its corresponding frequency for each depth under 
investigation. Last, this vector may be ?ltered to remove those 
frequency values that are outside the range of nominal or 
expected values for each process under investigation. For 
example, in the investigation of cardiac rate, only those fre 
quency values betWeen 0.5 HZ and 5 HZ are of interest (cor 
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responding to 30 beats per minute to 300 beats per minute). 
All values outside this range can be eliminated. The use of a 
post-estimator ?ltering step operates only on the estimation 
vector and preserves the original frequency domain re?ection 
matrix so that multiple physiological processes can be inves 
tigated simultaneously on the same data set. The ?ltered 
vector from the estimator is available for subsequent opera 
tions. 
[0056] Sample Pseudo-code for Identifying Maximum 
Amplitude Frequency Coe?icient. 
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[0059] The single cycle patterns used to generate the 
matched ?lters can be based on simple periodic Waveforms 
(e.g., a half-cycle sinusoid), more complex patterns devel 
oped through theoretical studies of expected re?ections, or 
actual captured patterns from individual patients. The data 
base can include ?lters representing normal cycles as Well as 
abnormal cycles resulting from a variety of ailments. The 
input patterns could be captured as part of a ?tting or calibra 
tion process. The actual selection of ?lters used to populate 
the database is expected to be application dependent. 

Forj = l to M ;Loop over all depths 
Let Max(j) = C(l,j) ;For depth “j”, initialize max amplitude to 

?rst amplitude 
Let Freq(j) = 1 ;For depth “j”, initialize frequency of max 

amplitude to l‘’ freq. 
For 1 = 2 to N ;Loop over all frequencies at depth “j” 

IfC(i,j) > Max(j) ;Search for and store max amplitude and corresponding 
freq. 

Then { Set Max(_i) = C(i,j) And Set Freq(_i) = I } 
Else 

Next i ;Repeat across all frequencies 
Next j ;Repeat across all depths 

[0057] This process is extensible to generating frequency [0060] 
signatures through more sophisticated sorting of the fre 
quency data and calculating statistics on the distribution of 

the coef?cients. For example, once the maximum frequency 
coe?icient is knoWn, one could gain further information 
about the process under investigation through calculation of 
the standard deviation of the variation in amplitudes of the 
other frequency coe?icient from the maximum. In addition, 
more than one physiological process canbe estimated on each 

pass. In that instance, multiple ?ltered vectors Would be pro 
duced, one for each physiological process. For example, esti 
mates for cardiac and pulmonary rates could be generated 
from the same underlying frequency data. 

Modeler 

[0058] For each estimate vector produced by the Estimator 
73 of FIG. 6, the Modeler 74 adapts one or more matched 

?lters from its Filter Model database 75 into one or more 

vectors of matched ?lters 74a for subsequent cross-correla 
tion With the original time-based re?ection data. The database 
contains one or more matched ?lters that Were developed 

from a single cycle of the physiological process under inves 
tigation. An individual matched ?lter 75a is developed by 
self-convolving a single cycle pattern to produce a matched 
?lter for that pattern. The formula used to create a matched 

?lter-designated by MF(n), from a discrete pattern of length 
Nidesignated by P(n), using the discrete form of convolu 
tion is: 

As an example, for a system that measures cardiac 

rate and rhythm, the database Would contain ?lters based on 

various single cardiac cycles. The ?lters in the database may 
include entries based on a half-cycle sinusoid, ideal normal 

patterns, patterns captured from a patient, and abnormal pat 
terns corresponding to bradycardia, tachycardia, and ?brilla 
tion. The application of multiple ?lters alloWs the system to 
select the ?lter that better “matches” the incoming re?ections, 
improving tracking of the process under observation and sup 
porting identi?cation of normal and abnormal patterns. The 
process of evaluating the degree of “match” and ?lter selec 
tion is handled by subsequent operations. 

[0061] 
?lters, the Modeler 74 uses the frequency coe?icient vector 

With a database containing one or more matched 

from the Estimator 73 to generate a ?rst-order estimate of the 

cardiac rate for each depth in the vector and adapts the ?lters 
in its database to the estimated rate through expansion or 

contraction of the period of the single cycle models. This can 
be looked upon as customiZation. For example, suppose the 

matched ?lter is based on a half cycle sinusoid With a nominal 

period of 1 second (equivalent to 60 beats per minute) and the 
estimate for depth N is 0.75 seconds (equivalent to 80 beats 

per minute). The original matched ?lter stored in the database 
Would have a period of 2 seconds since it is tWice the length 

of the pattern used in the self convolution and the adapted 
?lter Would have a period of 1.5 seconds. As the Estimator is 

enhanced to produce more sophisticated estimates, the Mod 
eler can be modi?ed to support adjustment of additional 
matched ?lter parameters. For example, as the resolution of 

the underlying system is increased, it may be possible to 
differentiate betWeen atrial and ventricular activity. The tim 
ing betWeen these tWo types of events may prove to vary for 








