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SECTIOM I
INTRODUCTION

-1-

Rapid evaluation and prioritizing of casualties when they are
dispersed over a broad battlefield area,

Evaluation of casualti~s wearing protecti~e clothing or equipment
that interferes with the operation of conventional medical
instrumentation (e.g., chemical warfare suits), and

Preliminary long-range evaluation of casualties isolated by
distance. chemical agents, weapons fire, dangerous terrain, mine
fields, or other threats,

•

•

•

Georgia Tech is currently conducting a successful program to develop a~

electromagnetically-based lifeform detector capable of detecting vital signs­
related infonlation in battlefield casual tf es from extremely long ranges no­
100 meters). The original program goal was to develop a capabili~ to detect
respiratory activity in battlefield casualties from ranges up to 30 meters.
However, because of the success of early program efforts. and the Navy' s
wishes to al so detect cardiac actfyi~, the program scope was expanded to
include detection of respiratory and cardiac activity and the desired
detection range was extended to 100 meters.

The lifefonl detector (LFD) being developed on this program measures and
analyzes scattered electromagnetic fields to detect respirator,y and cardiac
motions associated With the casual~ being evaluated. Because antenna-based
techniques are being used to perfom the reqUired scattered-field
measurements, true remote-sensing is achieved. That is, a casual1;Y being
evaluated does not have to be wearing or carrying a biomedical transducer or
other type of auxi11 ary device. This fact greatly enhances the attractiveness
and potential usefulness of the LFD. f '---'-~'-.-,..

A number of applications can be envi sioned for a device which can
function IS an extremely sensitive, non-contact indicator of personnel­
related motion. The instrument being developed on this program is primarily
intended to be used for long-range detection of casualty status. However. it
is potentially useful for purposes such as intruder detection and location of
hidden personnel, as well as a variety of triage and diagnostic applications
on the battlefield. as the follOWing exampl~s suggest•

l, .
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• Evaluation of casualties that have suffered burns or other trauma
requiring that patient contact or movement be minimized.

Development of a LFD with the required range capability presents a significant
challenge. The electromagnetic fields scattered by a casualty's body are
extremely weak (especially when the casualty is lying on the ground) and
measurements can easily be contaminated by the effects of numerous types of
noise. In addition. since it is anticipated the LFD will not be operated by
highly-trained personnel. the Navy has asked that the LFD i~clude signal
processing capabfliti es that will essentially make target detection an
automated process. To meet this challenge. an intensive effort has been made
by personnel at Georgi a Tech to thoroughly analyze factors potenti ally
capable of limiting the performance of the LFD, and to develop methods for
effectively overcoming identified range-limiting problems.

To meet the required perfonnance goal s, features planned for the LFD
i nel ude: (1) the use of a mi 11 imeter-wave operati n9 frequency (35 GHz) to
enhance motion sensitivity and to achieve high antenna directivi~ using
compactly-sized antennas, (2) a sophisticated frequency modul ation scheme
that prrnt ts implementation of quadrature detection channels and improved
reject:,m of both external noise (through range-gating) and internal system
noise (through frequency translation), (3) ~ homodyne demodulatfon scheme
that makes it possible to achieve excel1ent receiver perfonnance using a
compact system configuration, and (4) a microprocessor-based signal
processing system that employs a conveniently implemented FF1-processor.
Based on preliminary results, the combined performance improvements resulting
from use of these features will eventually make it possible to achieve the
long-range detection capabilities being sought on this research program.

The current version of the LFD includes a 35-GHz operating frequency and
a sophisticated frequency modulation capability. The perfonnance of this
prototype system has been tested under a number of conditions. Test results
have indicated that under light to moderate clutter conditions. the LFD is
capabl e of detecti ng respi ratory and cardi ac acti vi ty from ranges up to 50
meters. The test resul ts have also made it possible to determi ne system
improvements needed to insure reliable detection perfonnance and to exte"d
the detection range beyond current limits.

The main performance-limiting problem with the current LFD has been
found to be external noise (usually referred to as clutter) due to reflection
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f..- objects other than tIM! target of interest. The key to achfeving greater
dfst"ri,,1nation against clutter h develo~_nt of a refined range,·gating
capabilf~ that will enable narrower range~cell sizes to be achfeved and ~ake

it possible to reduce the effects of rang~-~idelobes. An important step in
1mprovin~ the currant range-gating capability was the recent purchase of a new
35 GHz Gun., oscillator. ihe new oscillator nas a significantly wider tuning
resJ..onse than the GU;ln oscillator fn the current sysm which will enable
nlrrow~r range-eell sizes. A.'1alysis hl-s also been performed to d~te...1ne
techniques for reducing the effects of range-sidelobes. It has been found
that appropriately weighting th! d~~dulated return signals fram the LFD can
signiffcclntly reduce range-sidelobe le'le1:5. Plans fer fmpl8llentfng and
testing an improYed rar.ge-gating sYitem are now underw~.

Related to these studies, investigations are planned of _thods for
using narrow range cells without requiring precise range knowledge.
Possibilities ;ncl~de an auto-ranging approach (4 system that would actually
Measure the target range once the LFD was ailled at the desired target), a
seconJ ~pproach that would search through adjacent range cells once the

approxillate target range was specified, Ind a third approach in whfch all
range r.:ells between speciffed lIinillLIII and maximUID f'anges are examined for the

presence of target information. Each of these approaches is fntriguing, but
further feasibili~ studi~s Ire required.

Another ke¥ to improYi ng the perfonaance of the LFD f 5 the use of
improved signal prucessing techniques. At ranges less than 50 .aters, it fs
often possible to observe distinct respiratory and car,iac waveforms in the
raw signals outputted by the LFD. However, at extended ranges where the
strength of target return sfgna1s wi 11 be reduced. end undet' high-cl utter
conditioni, f't i~ likely the raw data froaa the LFD will tlave to be carefully
process~d to extract useful casualty infonDItion.

\
Currently. spectral studies are being perfol"lJled on samples of signals

and noise outputted by the LFD, as well as on simultaneously recorded EKG's,
to establish an infonmation-base for designing a suftable signal processing
systell. The resul ts of these studies have made it possible to obtain useful
infomation about an iJlPOrtant class of clutter and have painted out the
fmportance of obtaining infOrMation on other ~~es of clutter. In addition.
comparison of the spectra of subject returns and baselfnt: returns (f .e••
subject removed) have shown that periodic components assocfated with
respirator~ and card,ac aotion can often be distinguished from the

-3-
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approximately white, baseline spectrUM. This suggests that the use of signal
processing techniques blSed on spectral analysis and this possibility is
being investigated.

The spectral studies t~at have been performed on this program indicate
detection perfomance can be improved through signal processing. However,
~1gnificantly improving detection performance through signal processing
usually requires the use of long observ~t1on tf.es. Ideally, the level of
required signal processing and the corresponding observation period could be
adjusted based on the difficulty of the detection probl.. Otherwise, there
11I11 be times when exc~ssfve si gnal processi ng is used and tilles when
inadequate signal procesing is used. A possible approach for a signal
pr~essing technique with this capability is a detector called the Sequential
Observer [11. This detector would be able to rapidly IIIke a yes/no decision
on casualty status when conditions were favorable (e.g., signal 15 present Ind
very strong; signal is not present and noise is very low). However, when
detection was difficult (e.g., the target fnformation is weak or clutter is
high), this detector would indicate that a yeslno decision was not possible
then switch itself to a optional detection mode in which a longer observation
period and a higher level of signal processing would be used. This detector
appears well-suited for the lFD and investigations are neede1 to detenline if
this approach can be implemented in the .icroprocessor-based signal
processing system planned for the lFD.

As indicated in the preceding description, efforts during the initial
phases of this program have been extremely prOMising. However, it has also
been noted that a n&lllber of system refinements are still needed to achieve the
program objective of being able to reliably detect respiratory and cardiac
activity from extremely long ranges. The next required step 1s continuation
of the current program efforts. Key points of future efforts shOUld include
(1) improving the range-gating capability of the current lFD (narrower range
cells, lower range sidelobes, and perhaps, ~ome type of automatic ranging),
(2) reducing system size, weight, and power drain to improve system
portability, (3) additional spectral analysis of signals and noise to
establish a lIleanfngful informatfon base for desi2'1fng a suitable signal
processing systea, (4) implementation of a microprocessor-based signal
proceuing system, and (5) extensive field testing. The basis for these
needed improvements as well as specific detail s on the status of currant
program efforts, are presented in the technical report in the next section of
this report.
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SECTI. II
REPCltT CF TECIIIICAl. PROGRESS

A. SUnrnary- .
The proto~pe lifeform detector (LFD) being developed on this program

uses radiated electromagnetic fields to detect bo~ lOtions associated with
casual1\Y respiratory and cardiac activi~. Under the best conditions,
develoPlent of such a system would be difficult because a major portion of the
refl ected energy detected by the LFD woul d be due to objects such as the
ground, grass, bushes, and trees, and not to the target of interest. In many
instances, the effects of these extraneous reflections is to stror,gly mask the
desired casual~-related infonlation. In addition to having to deal with the
problem of detecting extremely weak signals in the presence of strong noise,
the LFD must satisfy several other requirements that complicate its
development.

One of these requirements is that the sfze, weight, and power consumption
of the LFD must pemit the system to operate in a portable mode. This
requirement pases limitations on the type and amount of equiPMent that can be
incorporated into the LFD, and in some cases, m~ make it necessary to use
less than opt1m'-lll techniques. A second requirement is that the LFD IIIuSt
provide an output t.hat can be easily interpreted by personnel with minimum
technical training. This increases the needed signal processing capabilities
and effectively results in the requirement that the LFD perfonn automatic
detection.

The effort to develop the LFD is being divided into two parts, (1)

development of a motion sensithe, RF system and (2) development of a
computer-based signal processing system. The general design being used for

~

the LFD is shown in Figure 1. The RF $Ystem is comprised of an RF source, an
RF network, an antenna, and a receiver. The purpose of the RF system is to
maximize the target~re1ated information and minimize the noise in the signal
outputted to the signal processing systeM. The RF system performs this task
by simultaneously achieving high motion sensitivity and minimizfng the
effects of various ~pes of noise and fnterference.

The purpose uf the signal processing $ystea is to optimize the ability to
detect the presence or absence of target-related infomation in the signal
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Figure 1. Conceptual block diagrdm of EM-based lifeform detector (LFD).
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received frOll the RF systeM. A detecti on techn1 que based on power speetrlll
Inalysis 15 currently being tested. When properly utilized. power spectrum
analysis appears capable of providing a high level of detection perfonlance
[2-4]. This technique also has the added advantage that it can be implemented
with a relatively simple microprocessor system interfaced with a specfa~

purpose FFT-processor.
Significant advances have been made in development of both the RF and

signal processing lYstems. Efforts involving the RF system have been lOre
concrete in that a prototype unit that includes a number of range-enhancetDeltt
features has been implemented and tested. The perfonAance of the proto~pe

unit has been satisfactory for the ranges (SO meters or less) and conditions
(low clutter) that have been tested. However. Idditional improvements will be
needed to fully meet program goals. Improvements planned for the RF system
include increasing the RF system's range-gating capabilities and reducing its
size and weight.

Efforts involving the signal processing section have been more
investigative in nature but useful experimental resu1ts have been obtained
using in-house equipment. These resul ts indicate the use of appropriate
signal processing can improve the ability to observe target-related
infonnation in the output of the LFD's RF section. However. long observation
periods are required ff s1gniffcant improvement$ in detection performance are
to be achieved. Aportable versfon of the in-house equipmer.t being used to
perform the power spectrum ~nalysis must now be developed.

Further details on development of the LFD's RF and signal processing
systems are provided in the remainder of this section. With the exception of
the discussion on range-gating. much of the fnformatfon pertaining to the RF
system is sU11ll1arized s~nce it has been discussed fn the previous two technica'
reports [S.6j. The signal processing discussion is preseRted in detail since,
it has received only cursory treatment in the previous reports. Both
background information and experimental results obtained in recent months are
presented in the signal processing discussion.

B. RF System Development
The initial step in implementing a suitable RF system was development of

a model that satisfictorially described the problem of using EM-based
techniques to detect cardiac and respiratory related events. This model was
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The factor of two in this equation is due to the round-trip propagation to and
from the target.

If the target is a casualty lying on the ground. boQy motions associated

needed to identify mechanisms on which operation of the LFD could be based and
to identify factors capable of degrading perfonnance of the LFD. The
resul ti ng model showed the LFD shoul d be optimi zed to detect subtle body
motions associated with cardiac and respiratory activity. It was found that
the abn i ty to detect these mati ons coLil d be enhanced by using a hi gh
operating frequency. The primary problems predicted by this model were (1)
the detrimental impact of reflections from objects other than the target of
interest (generally referred to as clutter) and (2) sinusoidal variations in
motion sensitivity that result in an effect being described as ·range­
deadspots· •
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1. Motion Detection
The phenomenon, as well as associated problems. of EM-based motion

detection can be understood by analyzing the case in Which a simple continuous
wave (CW) system is used to detect a moving. reflective target where w
represents angular frequency. This situation is shown in Figure 2. The
transmitter produces a signal denoted x, of the fonn Acos(wt). which is
initially transmitted at the target. If noise free conditions are assumed. a
s1gnal denoted y. of the form 8cos w(t-T) • is SUbsequently returned from the
target. and detected in the LFD. The amplitude parameter, B, includes the
effects of components in the LFD (e.g•• couplers. antenna. c1rculator).
attenuation during propagation to and from the target. and reflections at the
target surface. The parameter T represents the time-delay due to propagation
to and from the target, which is at a range denoted as R.

Detection is achieved by multiplying the signals x and y together in a
nonlinear deVice such as a square-law detector or mixer. The exact output of
the nonlinear device will depend on the device's design. However. the output
will generally contain a cros~-prod~ct term denoted z, of the form, ABcos(wT).
The del~ tenn T, is related to the target range and propagtion veloci~ v, as
follows:
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( 4)

(3)

(2)R(t)· R+ r(t).

z· ABeos 41fT( t) h.+ 41fRI>.

z· ABcos(p(t) + Pl.

If it is asslJned that the product AS remai ns relatively constant (a
reasonable asstlllption since the targetls minute motiorl should have little
effect on its reflection cross section), several interesting conclusions can
be drawn from equation 3. One important resul t is that the motion
information, r(t), is contained in the argument of z. Therefore, phase
sensitive techniques are required to extract the information of interest. A
second result is that the amount of phase change produced by the target motion
is inversely proportional to the operating wavelength. ThUS, shorter
wavelengths (or equivalently, higher operating frequencies) result in greater
motion sensitivity.

Equation 3 can be rewritten in the following more compact fonn,

as:

The parameter p(t) represents the motion-related information of interest and
P is a phase offset term due to the nami nal target range. A1though phase
detection is reqUired for true extraction of p(t), under appropriate
conditions, p(t) can be approximated by simple amplitude detection of z. The
required conditions are that the offset term, p. equal an odd mUltiple of 90
degrees and that the excursions of p(t) be limited to less than! 60 degrees.
Under these conditions, z will be almost linearly proportional to p(t).

If tt~ phase offset, P, is arbitrary (which would be the case for the LFD
since the target range cannot be controlled). ~imple detection of z will

where. R is now a constant representing the nominal distance to the target and
r(t) represents small changes in range due to respiratory and c~rdiac related
motion. If the results of equations 1 and 2 are substituted into the
expression for z, the demodulation product becomes,

with the respiratory and cardiac activity result in minute range variations•
The target range is therefore a time-varying quanti~ which can be expressed

~T ~10- :::~
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• • • .....,....". -, ". -, "). .~ • , -. Il1o '. 'to )' .. , \. '-".'.' 1.... .. ........ II .. " ~ 11 ~ Il1o. . .....' ," ... "" .... ," .' ," .. III"'.~ • til,. •\ ~'t';.:,\~.:.:-:,:-::..:.:-C':':':':': .:.•,~.,.~ '/:" ~ ~~.,.,:..•:...':<-,\..":~': :,,~: ::-.,\;,~k~ 'Q'.~",-:;·=~·r.·, v·~.,.>:..-.j. ~"" : ~•••~•.•~ .,.,~ 'r ::.,).~."·r.~.!~..,).'Io.~~"t .

~
"

'," ...

' .•.
. ",

).",
\ ,/

J'"I,.

~t"1

..
, "..
~..:



·.",....,
to ...

t',
," .
..·.."~
~

..·... ., ,

, .
t

result fn regfons of poor sensitiYi~ (or range-deadspots) at ranges where P
fs a mUltfple of 180 degrees. Re-examination of equation 3 shows range­
deadspots will occur at range inr.rements equal to one-fourth the operating
wavelength. This phenomenom fs due,to the simple fact that the signals x and
yare not truly coherent because of the phase Offset, P. Although this effe~t

is easy to understand, its signfficance should not be overlooked. In fact,
any attempt to implement a lifefo~ detector without takfng this effect fnto
account should be viewed questionably.

The effects of range-deadspots was demonstrated by usfng an early
version of the LFD to detect the motion of a metal.fofl covered sphere that
was movi"g sinusoidally with respect to the LFD. The peak-to-peak distance of
the sphere's motion was set to produce a max~mum rhase change (1,e., pet) in
equation 4) of approximately 30 degrees. That is, the amount of target motion
was small enough to pennit pet) to be apprOXimated from detection of z,
provided a suitable phase offset was attained.

The motion-related output of the LFD was viewed on a dual-trace
oscilloscope along with the signal being used to control the sphere's motion.
Initially, the target range (approximately 3 meters) was carefully adjusted
so the phase offset, P, was an odd multiple of 90 degrees. Under this
condition, it was expected the detected motfon disp'~ed on the oscilloscope
would be similar in shape to the sinusoidal control voltage. Figure 3a shows
that the expected effect did occur and that simple detection of z permitted
extraction of the motion-related phase term, pet).

The target range was then increased by one-eighth wavelength
(approximately 2 millimeters at the test frequency of 356Hz). This should
have placed the sphere at one of the previously discussed range-deadspots Ind
the abili~ to observe pet) through detection of z should have been greatly
diminished. The results obtained for thf~ second set of condit1on~ is shown
in Figure 3b. As expected, the motion of the sphere appears to be
substantfally reduced even though the only difference in the two cases WIS a
two millimeter difference in range. This result clearly deme'nstrates the
range-deadspot effect predicted by the earlier analysis. As a further check,
the target range was increased an additional one-eighth wavelength, This
should have placed the sphere back at a range where it should have again been
possible to observe the target's motion. As predicted, the motion of the
sphere was again observable as shown in Figure 3c.

-11-



. .......'
t

~,

~.:,
~..'" .
, "

«:

--

r:,. -,
(0-_

~:. '
-,,-

• 0

-,'.

Figure 3ab.

DETECTED MOTl(\N
(50 lAV I div)

CONTROL VOLTAGE
(1 V I div)

a. Sphere with small motion positioned for maximum
phase sensitivity.

'DETECTED MOTION
(50 ltV I div)

CONTROL VOLTAGE
(1 v I div)

b. Sp~ere with small motion positioned for minimum
phase sensitivity (range-deadspot).

Detected motion of metal foil-covered sphere to demonstrate
effects of rang2-deadspots: (a) sphere positioned for maximum
phase sensitivity, (b) sphere positioned for minimum phase
sensitivity (range-deadspot).
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Figure 3e.

DETECTED r~OTION

(50 lJy'l div)

CONTROL VOLTAGE
(1 Y I div)

c. Sphere with small motion re-positioned for
maximum phase sensitivity.

Detected motion of metal fofl-covered sphere to demonstrate
effects of range-deadspots: (e) sphere repositfoned for
maximum phase sensitfvity.
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The advantage of having quadrature channels 15 that if the target range
results in poor sensitivity in one channel, the sensitivi~ of the remaining
channel will remain high. Alternately, since the signals I and Q are in phase
quadrature, they could be inputted to a processor which could actually compute
the value of the motion-related quantf~, pet).

As mentioned previously, the problem of range-deadspots is due to the
phase offset between the signals x and y used in the discussion of simple CW
systems. A possible approach for dealing with this problem would be to
slightly adjust the frequency of the transmitter to set the phase offset to a
suitable value. This could be performed manual1y or through some type of
automated scheme. However, a better approach, referred to as synchronous or
quadrature deteetion, 15 be1 ng used 1n the LFD [7,8]. In this approach, the
return signal (1.e., y) is inithlly split in half. One of th~se halves is
multiplied with the transmitter reference signal, x. The remaining half 15
multiplied with a version of x that has been delayed in phase by 90 degrees.
When this is done, the LFD will provide output si9nals of the form,

(Sb)

(Sa)I • ABcos(p(t) + Pl.

Q • ASs1n(p(t) + Pl.

2. Noise Problems
Various types of noi se can compromise the performance of an EM.based

motion detection system. Noise sources that affect the perfonnance of the LFD
can be diVided into two categories, internal system noise and external noise
(or clutter). Internal system no15e 15 generated by active and passive
components within the LFD While external n01se results from return signals
detected from objects other than the target of interest. Noise, regardless of
its source, 1s capable of masking casualty-related information conta1n~d in
the detected return signal. This masking effect degrades system sensitiYi~

and produces a higher minimum detectable s1gnal. As shown by the following
expression for the radar-range equation, a higher minimum detectable signal
results 1n a poorer detection range [9].
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where R • estimated maximum range, meters
P • transmitted power. watts
A• effective antenna aperture. meters2

a • target cross section, motel-s2

5 • minimum detectable sign~l, watts, Ind
). • operatfng wavelength, meters.

The radar-range equation indicates that under ideal conditions,
detection range fs inversely proportional to the fourth root of the minimum
detectable signal. Based on this assumption. a 7 dB improyftlent 1n the
signal.to-noise ratio (SNR) will increase the detection range by 50 percent, a
12 dB improvetDent in SNR will double the detection range. and a 19 dB improve­
.ent in SNR will double the detection range. and a 19 dB improvement in SNR
will triple the detectfon range. These figures should be noted for reference
during subsequent discussions in this report.

It is convenient to first discuss internal system noise. There are three
mai n types of internal 5ysten noise. Thermal nOi se resul ts from random
electron motion and is constant with frequency. Its impact ~epends on
temperature and the sys'tem bandwi dth, and the thermal noise floor generally
represents the lowest level of practically achievable noise reduction. Shot
noise results from the discrete nature of DC current flow Ind is thought to be
constant to approximately 100 MHz. Its impact depends on the particular
system design, and in most applications, precautions can be taken to limit
shot noise to a negligible level. ~

The final, and most troublesome type of internal systen noise in the LFD
is flicker notse (sometimes referred to as semiconductor noise or l/f noise),
Flicker noise 15 due to various semiconductor effects and is typically
inversely proporttonal to frequency (hence. the description, l/f noise) [ 10­
12]. In the LFD, prfmary sources of flicker noise are the transmitter [ 13]
(noise sfdebands in the transmitter's output that are translated to baseband
duri ng demodul ati on) and detector-related nofse [14]. An exampl e of the
f1 icker noise measured for a mixer lind oscf 11 ator simil ar to those used fn the
LFD is shown fn Ffgure 4. This example demonstrates the manner in which
flicker nofse decays IS I function of frequency.
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Figure 4. Measured noise spectrum of a single-ended mixer and a
Gunn oscillator similar to units currently employed in LFD.

..•.
1','.\

o J \
If.,
l1.
II

W
, .•

100

IIIII I

eo
FREQUENCY SPAN (KHZ)

,II

o

-
-

-
-

IlQ -
CI

e... -

>
c; -
"

.0, .
0'_
e,

r/',",I.':

I 0

o •.. .
I •.. .
".-

, "r-.:
s..
'.. ,

i
-,

[to

;

I·1.0



-17-

Flicker noise is a probl. because of its large low-frequency content.
In the sillPle tv sysu. descrfbed in the prevfous part of thfs report, the
respiratory and cardiac infonaatlon fn the received return signal was
directly tral1slated to baseband following demodulation. Since the strongest
cOlDponent of flicker nose exists at low-frequencies, the sensithi1;Y and
detection range of a sfmple CW system would be greatly compromised by flicker
noise.

There are sevf:ral technf ques that can be used to reduce f1fcker noise
effects. It is illportar.t to note that II'Ilplificat1on of the casualty
fnfoNltion following baseband translation is not one of these techniques
since both the noise and the infonlatfon would be ..pl1ffed. An obvfous
approach to reducfng flicker noise fs to use low-noise components and a Gunn
oscillator and silicon-Shot~ dfode .fxer are befng used in the LFD because
of thefr inherent, low nof 5e chAracterf stfes. However, even these 1ow-noi se
devices exhibit higher levels of flfcker neise than can be toierated in the
LFD.

Anottler approach for reducing f1fcker noise is to atnp11fy the received
return sfgnal prfor to demodUlation. This permfts the inforICttfon of fnte"est
to be amp1'1 ffed fndepe:1dently of the troub1esome f11cker no1 se. Prob1ems wi th
this approach fnclude the power consumption of the .pHfier And the
possibilfty of Ulp1fffer saturation from strong return sfgnals due .to an'teMa
_iSlatch, ground reflections, or locil oscillator/transmitter leakage. The
saturation problem could be treated wf~~ feed-through nulling technfques but
the cost ~ould be increased system COlllP1exf fiY • Because of these potential
problems, this approach was not considered for use fn the LFD.

Flfcker nofse can also ~e reduced by using a balanced detection scheMe.
In balanced detection, the demodulatfcn process is spUt fn half with
cOllplfmentary local oscillator signals being used for each half. When the two

\
d8lodulated outputs are added, noise components due to the local oscillators
will cance" because of their complimentary nature. When carefully desi£!ned,
balanced schemes can be very ttffecthe in cancelling the effects of lOC41
oscillator-r~lated nofse. However, noise from ieakage due to antenna
mi ,match or ground refl ections will not btl cancel 1ed and null1n9 technf ques
.ay again be necessary. The single-ended lItixer being used fn the I.FD
currently Ippears adequate. However, balanced ~chemes are still under
consfderation and .~ be adopted in the final proto~pe.
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Athird technique for reducing flickar noise effects fs currently bef"g
used in the LFD. Thfs technfque fnvolves translating the received return
signal to an intemedfate frequency (IF) prior to detection. The IF must be

high enough fn frequency to perlllft the infonaatfon to be ampliffed
fndependently of the flfcker nofse produced durfng the demodulation process,
but lRust also be low enough thlt signal .plfffcition fs convenient Ind
economfcil. With adequate IF .pl1ffcatfon and filterfng, the infol"'lllition
~ll be significlntly stronger than any existfng flicker noise ~hen the f1nll
translation to baseband is wade Ind good receiver sensftfvi1;y will be
achieved. NUlling still lIay be required with this technique. However,
insteld of performing nulling It I high RF (e.g., 35 GHz in the current LFD) ,
it would be perfonned It the significantlY IDOre convenfent IF (125 kHz is the
maximum IF in the cyrrent LFD).

Frequency transl ati on can be achfeved wi th heterodYne or homod,yne
techniques. Heterodying requires a transmitter and local oscillator having
offset frequencies. Following demodulation. the infomation of interest is
translated to In IF equal to the difference between the transmftter and loca'
oscfllator frequencies. Although ~fdely used, heterodyne technfques cln be

cLlllbersome because of their greater power consUllption and the required
coherence between the transmitter and local oscillator (phaselock1ng or
single-sfdeband tec~niGues are no~a'ly used to achieve the required
coherence). Therefore. a homodyne approach that is better suited for portable
applications is befng used in the LFD.

Homodyne techniques have the advantlge of being able to employ a sing1e
oscillator to provide both a transmitter signll and a reference signll. The
reference signal is ~nalogous to the locil oscfllator signal used in
heterodyne technfques and enables demodulation of the received return sfgnal.
The reference signal also enables true mfxer operatfon to be used. Thfs
latter proper1;y enabies conversion efffciencies comparable to that of high
perfonnance heterodyne systems. The required frequency translation is
achfeved by appropriately modulating the oscillator and perfomfn9
demodulation fn a manner th~t results in the information of interest being
translated to an appropriate IF. An IF of 125 kHz is currently being used in
the LFD. Figure 4 shows that an IF greater than approximately 10 kHz provides
I hfgh degree of fl1r.ker noise reduction with the inherently low-noise
components being used in the LFO. \'
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The pr~eding discussion indicates that intemal system noise,
particularly f1fcker noise. must be lIli nimized to achieve good recefver
performance (i .e.. a low minimum detectable signal) and long detection
ranges. It was also shown that the LFD includes features such as homodYne
demodulation that insure good receiver perfonnance. In fact, based on ~

consideration of internal system noise. the current LFD should be capable of
detecting casualty motfons from distances greater than 100 meters. However,
experience has shown ft is external noise. and not fnternal system nohe. that
ultfmately 1fmits the range of the LFD. Therefore. the LFD must also include
provisions for reducfng the effects of external noise.

External noise (or clutter) fs that portion of the received return signal
that 15 not related to the target of i nterest. Cl utter can result from
reflections from stationary objects (the ground. buildings) as well as from
IlOving objects (vehicles. personnel. trees. bushes. grass, etc.). When
clutter is weak, ft distorts the amplitude and phase of the target
fnfonnatfon. thus, the ability to extract diagnostically useful infonmation
is imps,ired. However. good dtt\!Ction fs still possible. When clutter is
Strol1g, it is capable of masking the target infomation Ind detection becomes
difficult. This latter condition describes the problem with usfng techniques
such as the LFD to detect casualty motfon from long-ranges.

Since the purpose of the LFO ts detectfon of low-frequency motion
assocf!ted ~th respiratory and cardiac activfty (0.05 to 20 Hz appears to be
the approxfmate infoMmation bandwidth), the effects of clutter from
stationary or fast moving objects can be ffl tered. provided they don't
~aturate the receiver. Therefore. it is clutter from slowly moving objects
such as foilage around the target casual~, and personnel motion fn proximi\Y
to the LFD, that is the biggest problem. From these observations, it 15 clear
that an effective method of minimizfng the effects of clutter is to reduce the,
volume of space interrogattd by the LFO. That is, use spatial discrimination
to separate target and clutter returns. This can be achieved by using
appropriately designed antennas and by range-gating.

To aid clutter reduction, the antenna used in the LFD should have a
narrow bea~Nidth (f.e., high directivity) to minimize the area scanned by the
antenna. In addition. narrowing the antenna beamwidth increases the strength
of the return signal received from the target as was seen from the radar-range
equation. The antenna beamwidth reqUired to achieve satisfactory clutter

-19-

;-....
J.:
','
:.....'..-:

J, .
'"

;~:. ~,~:,::':<':7:'~~. :~~.:~:. :-:../.':<:.:>:::. ::~. :::.. ~::::: ~,':::' :,.:':::.:::.:::.:::'.: .'::.,:::..>:::-:::.--:::-:::-: ::::::. ~ ...::,':::'.,:::','::~~ :~{::-. "'~::'~::'::: .. ::.:::'.::':::-::::<<' .. :.:~, .,:'. .... :::~::X



I
·.·,
I .. • ..

,,::

f' .....
,"•

~~:
( ....

t.'..:·.
·.... ., ... .
'....
:.~·.,-, ~

~ .·.
t~

·., .·.. '·...

rejection is a function of the target range since the lrel scanned will becOllle
lIrger IS the range is inceased (because of beaJII spreadfng). ano of the
specffic clutter conditfons (different requir.ents would exist tn barren
terrain than in high-foflage terrain). For illustrative purposes. ft fs
useful to assume good clutter rejection requires the dfameter of the scanned
area (as defined by the antenna's 3-dB beamw1dth) to be equal twice the height
of a 6-foot (l.8 meter) tall man. The resultant range that could be achieved
for this condition with antenna beamwfdths of 2. 4. and 10 deg~s, is shown
in Figure 5. These results indicate that extremely narrow antenna beamwfdths
are required at extended rang<!s. The beamwfdth of the antenna currently in
the LFD is approximately 4 degrees. For the example case in Figure 5, a 4
degree bea~dth would be ~dequate for ranges in the vicini~ of 100 meters.
Narrower beamwfdths would be required to achieve clutter reduction at lonsaer
ranges if the clutter is particularly strong.

There are two factors associated with achieving narrow antenna
beamwfdths that should be noted. One facto.' is that antenna beamwidth is
proportional to the ratio between antenna aperture size and operating
wavelength. That is. high operating frequencies should be used to achieve
narrow beamwfdths and minimum antenna sfze. Once the operating frequency is
fixed. the aperture size must b. increased if a narrower beamwidth is
required. Thus. one of the costs that must be paid to achieve improved
clutter rejection through narrower antenna beamwidths is larger antenna
sizes.

A second antenna-related factor is that as the width of the main antenna
beam is narrowed. there can be In increase in the sidelobe levels radiated by
the antenna. Although the sfd~lobe-rad1ation m~ be well below that of the
main beam, sfdelobe-radfat1on can be troublescxne because it can result in
reflect-rons from objects fn close proxim1~ to the LFD. Sinco reflectfons
from close-in objects will not experience significant range loss. they are
capable of masking the infonnation of interest. An exalnple of the effects of
sidelobe-radiation is operator-related motion that shows up in tne uutput of
the LFO. Reduction of sidelobe-radiation can be achieved by controlling the
aperture i11umination of the antenna. One of the reasons a lens antenna is
being used in the LFD is that its il'hrninatil)n pattern can be contt'ol1ed in a
manner that permits effective sidelobe reduction without significant
sacrifice in antenna beamw1dth ( 151.
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Figure 5. Relationship bett.'een antenna-be-ndth, target size (black
rectangles denote a 1.8 .ter-tall 1IaII). and target range.
for 3-dB be-.idths of 2, 4. and 10 degrees.
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3. Range-gating
In addition to using appropriately-designed antennas, the effects of

clutter can be reduced by using range-gating techniques. Range-gating (or
ranging) aids clutter rejection by making it possible to selectively examine
return signals from specific ranges. The limited ranging capability of the
earliest versions of the LFD was useful for elfminlting the effects of
operator moUon Ind other close-in cl utter but was not sophisticated enough to
adequately reduce clutter in proxil1lity to the target. Several iD!Provements in
the current version of the LFD penllit a useful level of ranging to be
achieved. However, problems still Irise because of an inability to adequately
negate the effects of large or extended clutter sources such IS trees and
grassy fields. Because of this inadequacy, and the fact that clutter is the

predominate range-limiting problem of the LFD, a great deal of program effort
has been expended on investigating and developing techniques for improving
the ranging capabilities of the LFD.

Ranging is achieved by placing a timing mark on the signal transmitted at
the target. The timing marks on received return signals can then be used as
reference points for selecting or rejecting information from specific rlnges.
Frequency modulation is being used in the LFD. The choice between pUlse Ind
frequency modul ated CW impl ementati on depends on I number of technical
tradeoffs including, peak to average power capability of the source, burnout
susceptibfl i ty of the receiver and various noise meehani SInS. Whether pul se or
frequency modulation is used, the bandwidth of the transmitted signal
detrerm1nes the range selectivity (range-cell size) that can be achieved. In
the case of the LFD, these tradeoffs favor frequency modulated CW over pulse
modulated techniques. When pulse modulation techniques are used, range-cell
size is proportional to the pulse width. Thus, narrow pu~se widths are
required to achieve narrow range cells. If frequency modulation is used, a
wide frequency bandwidth is required to achieve narrow range cells. Examples
of the pulse widths and equivalent frequency bandwidths required to achieve
different range-cell sizes are shown in Table 1.

An ideal range discrimination function is shown in Figure 6a. In this
example, only returns from within a selected range cell centered at the
desired range (lOO feet in this example) are acceptedi all others are
completely suppressed. As might be expected. the performance of a practical
system falls short of the ideal case. although good perfonnance can be
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(nanoseconds)

1

5

10

25

50

100

200

1000

TABLE 1

8ANDWIDTHREQUIREMENTS"FOl'AANGE-GATINQ

FREQUENCY BANDWIDTH RANGE CELL SIZE
(MHz) (Feet)

1000 0.49

200 2.5

100 4.9

40 12

20 25

10 49

5 98

1 490



Figure 6ab. Graphs of range-discrimination functions for severa' different
conditions: (a) ideal range-discrimination function, (b) non­
ideal range-discrimination function of current LFD .

(b) Current (non-ideal) .yat•••
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at:hieyed wi th careful desi971.
The computed range-discrimination function of the current LFD is shown

in Figure 6b. The target range Ind range-cell size in th~s example have been
set for 100 feet and 20 feet. respectively (the range-cell size is defined as
the distance between the 3-dB points of the range-discrimination function)~

The most serious departure from the ideal case is the incomplete suppression
of return signals from ranges outside the main range cell as evident from the
multiple secondary peaks in Figure 6b. These secondary peaks are referred to
as range-si delobes. Some suppression is clearly evident. For example,
returns from 150 feet are suppressed by approximately 18 dB. However. this
degree of suppression is not SUfficient to adequately attenuate returns from
large clutter sources such as a stand of trees.

With the frequency modulation-based ranging scheme being used in the
LFD. the demodulation output of the LFD will contain sinusoidal bursts due to
returns from the target being evaluated. The frequency of these bursts is a
function of the tQrget range which enables ranging to be performed. If the
sinusoidal burst contains an integral number of cycles. a range-discrimiatfon
function s1mnar to the ideal case shown in Figure 6a could be achieved.
However. the number of cycles in the sinusoidal burst will vary 15 I function
of target rlnge. Thus. while complete suppression is achieved at some ranges
as evident from the nulls in the range-discrillination function shown in Figure
6b. incomplete suppression is achieved for in-between rlnges.

Range-sidelobes can be reduced by applying a weighting function 16-18
(or window) that tapers the ends of the sinusoidal bursts to decrease the
contributions of any incomplete cycles within the outputted bursts. Several
possible weighting functions have been evaluated during the third year.
Results computed for one such weighting function is shown in Figure 6c. In
this case. return; from 150 feet are now~suppressed by 23 dB. which is an
improvement over the result obtained with no weighting. Thus. better clutter
discrimination coul d be achieved if weighting were used to reduce ran3e­
s1delobes.

An effect of using weighting functions is an increase in the width of the
main range cell. The original width can be restored by 1ncreasfng the amount
of frequency deviation that is employed as shown in Figure 6d. In this
example. returns from 150 feet are reduced to an inconsequential level. It
may be noted that in addition to decreasing the level of the range s1delobes.
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4. Descrfptfon of Current Prototype System
The preceding discussion fndfcated a number of perfo~ance features that

shoul d be incorporated into the 11fefom detector to achieve good perfor­
mance. These features fncluded the use of (1) a hfgh operating frequency to
enhance motion sensitivi~, (2) a directive, low-sidelobe antenna and range­
gating to aid in clutter rejection, (3) synchronous (quadrature) detection to
avoid range-deadspots that resul t in poor motion sensitivity, and (4)
reduction of fnternal system netse, particularly fl fcker nohe, to insure
high receiver sens1tivi~. At least prelfmfnary versions of each of these
features has been incorporated into the current versfon of the LFD.

Ablock df agram of the current LFD is shown in Figure 7. The ff rst pof nt
to note about thfs system is its hf gh operatf n9 frequency of 35 GHz. The
operatfng wavele~gth at thfs freq~ency is only 8.57 millimeters. Preliminary
results indfcates this is short enough to permit motions of less than 0.05
mfllimeters to be detected. In ~eneral, motfons Issocfated wfth respiratory
and cardfac lctivi~ appear to range from a few millimeters to less than I
millimeter, depending on the subject's condition and position. Greater
motion sensftfvi~ could have been obtained by usfng In even hfgher operating
frequency. However, 35 GHx was selected to avoid the hfgher co~t and poorer
rel1abili~ of components currently available at higher frequen~ies.,

The short wavelength at 35 GHz also makes ft possfble to achfeve high
antenna directfvi~ usfng reasonably-sf zed antennas. Two dffferent-sized
antennas are currently available for use in the LFD. A six-fnch diameter
antennl that prOVides a 3-dB beamwidth of approxfmately four degrees has been
used fn the majori~ of studies performed to date. A nfne-inch diameter
antenna that provides a 3-dB beamwfdth of approximately 2.5 degrees is also
available and may be employed when the LFD is operated at longer ranges.

A scalar feed~orn-dielectrfc lens arrangement is befng used for the

the wefghting functfon also reduces the peak amplftude of the range-discri.i­
nation function. However, since the noise is reduced by almost as much as the
signal, the.-e is a very small net loss. Implementation of this improved
range-gating system appears practical for the LFD sfnce ft requires only a
modest increase in system complexft;y. Currently, plans are befng made t~

obtaf n the addf tfonal hardware needed to fmpl ement an improved range-gati n9
capabi1f 1\Y.
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Figure 7. Block diagram of 35 GHz proto~pe EM-based LFD being
developed at Georgia Tech.
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antennas as shown in Figure 8. A single feedhorn can be used with either a
six-inch or a nine-inch diameter lens. The feedhorn Ind dielectric lenses
were all custom-fabricated for use on this progrill. The feedhorn hiS a
relatively wi de 3-dB beamwi dth of approximately 20 degrees because of its
small, one-inch aperture. However, the diverging beam from the feedhorn i~

collimated or "corrected" by refraction produced by the dielectric lens to
produce the desired narrow bea~dth.

A scalar feedhorn design was specified instead of a more conmonly
available horn antenna because the inherently-low sid.lobe radiation of the
scalar horn hel ps mi nimi ze the overall sidel obe-radfati on exhibi ted by the
feedhorn-dielectric lens combination. In addition, the size of the feedhorn
was selected so the lens illumination pattern produced when the feedhorn is
positioned at the lens focal point 15 approximately 20 dB lower It the outside
edge of the lens than at the lens center. By tapering the illumination in
this manner, effects of the discontinuity at the lens edge can be minimized
and overall sidelobe radiation can be reduced. However, 4 sHghtly wider
beamwidth must be accepted -for employing this ~pe of l11Lnfnat1on pattern.

The lens antenna is currently the largest single component in the LFD and
it does not appear that it will be practical to use a lens larger than nine
inches in diameter. If future testing indicates narrower antenna beamwidths
are needed because of clutter-related problems, it may b. desirable to
consider using a higher operating frequency_ For example, at I frequency of
94 GHz, a six-inch dielectrIc 'lens and suitable feed horn could be used to
Ichieve a 3-dB beamwi dth of approximately one degree. However, IS noted
earlier, problems could be encountered with component cost and reliability if
a higher operati n9 frequency were used. An al ternat fve to chlngi ng the
antenna beamwi dth waul d be to improve clutter rejection by usi ng a more
refined range-gating scheme.

I
The LFD shown in Figure 7 is based nn a homodyne design. As explained in

a preceding part of this report, homodyne techniques make it possible to
achieve efficient, low-noise detection of the received return signals without
requi ri ng the compl exi ty and hi gher power drain of more cCII'I1'Ionly used
heterod,vne approaches. A sin91e trllnsmi tter 15 requi red when a homodyne
receiver is employed. The transmitter being used in the LFD is a 35 GHz
voltage tuned oscillator (VTO). The VTO can be modulated by applying a
suitable modulating wavefonm to the VTO's vlractor tuning point. The output
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Figure 8. Scalar feedhorn and dielectric lens configuration cOIIPrfsing
one of the antennas developed for use in the LFD.
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level of the YTO is approximately 50 mHlfwatts. however, tnt attenuator shown
in Figure 7 reduces the actual radiated power level. The VTO dissipates
approximately 4.5 watts of power which is tha mafn power drain in the LFD. A
recently purchased replacement oscill ator uses only three watts of input
power.

Deeodul ati on in the hoaIoctyne LFD is achieyed by 111xing the received
return signal and a reference signal in a single-ended .ixer. A silicon.
Shottky-barrier diode mixer is being u~ed because of its inherent low noise.
The injection network shown in Figure 7 is used to supply the needed reference
signal. 81 controlling the reference signal level and 4pplying a suitable UC
bias current to the mixer. excellent conversior. efficiency and hi9h recefver
sensfti1i~ are aChfeved. Numerous mixer tests perfcnued during this progrll
fndfcate that sfnce receiver sensitivity is a function of both conversion
efficiency and noise. the reference signal level should be relatively low
(0.1-0.5 .illfwatts as compared to the 5-20 millfwa,ts used in nOnlal mixer
operation). The ability to use a low reference signal level is advantageous
frQl a viewpoint of power consumption and personnel safe~.

The key feature of the current 11fefom detector is its use of frequency
modulation. Frequency modulation is achieved by applying a periodic ramp
waveform to the varactor port of the VTO. As the ramp vol tage r1~es freD its
starting to its peak voltage, the frequency of the YTO h linearly swept.
Modulating frequencies as high as 125 kHz can be used in the r.urrent systel.
The amplitude of the modulating waveform controls the f.'equency dtviatfon of
the VTO. and hence. the range-cell size. To achieve ranging. the amplitude of
the modul at1ng waveform is adjusted so that information from the desired
taryet range occurs at a specified frequency (in this case. a selec.ted
ha~nic of the modulating frequency). Thus. a fixed frequency receiver can
be used at the output of the mixer.

..
With this modulation/t:!emodulation approach. the frequency deviation and

range-cell size vary as a function of target range. The largest frequencJ
deviation is used at the closest range which makes the rangG-cell size
proport)ona' to the target range. That 15, the range-cell size increases as
the target range is increased. This is undesirable since it is I~ long ranges
that the greatest clutter-rej~ction is needed. This problem can be overcome
by decre~sing the modulating frequency as the target range is increased, This
pe~its ~ large frequency deviation and narrow range-cel1 size to alwlYs be
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uS6d. During ~easurements with the current LFD, premeasured ch&rts of the
LFD's response are used to set the modulating frequency and deviatfon for the
desired target range.

Severlll experiments were conducted to detenn" ne 1f the range-gati"g
system of the current LFD behaved sfmilarly to that predicted in Figure 6b
(since no weighting was being used). These experiments also provided
information fol'" charts that would be needed to set the frequency deviatfon and
modUlating frequency when the LFD was field tested. In the. first set of
experiments, a target consisting of a sfnusoidally moving corner reflector
was positioned a known distance from the LFD. With the modulating frequency
fixed at 62.5 kHz, the level of the return signa1 from the corner reflector
was measured as the fr~quency deviation was adjusted from its lIinimL.' value (0

percent) to its maximum value (100 percent). The reSUlting data was used to

plot the strength of the target return IS I function of the frequency
deviation.

Data obtained for a target rlnge of 100 feet was used to produce the
graph shown in Figure 9. "The infonmat10n in thfs graph shows that for best
perfonhance given a target range of 100 feet and a modUlating frequency of
62.5 kHZ, the frequency deviation should be set to apprOXimately 40 percent.
The effects of range-sidelobes is apparent in Figure 9 sfnce the target could
be seen to some extent at evsry deviatfon setting. The fact that the best
frequency deviation $etting was only 40 percent is an indication the
modulating was too hfgh for this target range. Recall that for best
perfcrmance, the modulati ng frequency shoul d be selected to permi t full
frequency deviation (f.e., lOU percent) to be used so that the mfnimum range­
cell sfze ean be ac~feYed.

This initfal ~)'perfment was repeated for target ranges frcm 75 to 175
feet in 25 foot fncrements, and for modulatfng frequencies frOi 12.5 to 125
kHz in 12.5 ktlz increments CN will be used tG denote the specif1c modulating
frequency with N• 1 corresponding to the highest modulatfng frequency and N•
10 corresponding to the lowest modul&t1ng frequency). The reSUlting data was
USJd to prepare graphs that illustrate how the modulatfng frequency and
frequency devfatfo.1 (0 to 100 percent) should be set as function of the target
range. Agra~h showing result~ f~r Nfrom 1-4 fs presented in Figure 10. It
shoul d be apparent that a great deal of effort was requi red to obtain the
infonnatfon in this figu.'e. To irioid this sftuation with future range-gating
s,vstems, efforts an. underwAY to compare the results in Fi~ure 10 to

theoretically predicted results. If this comparison proves favorable, it
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Graph of return signal strength IS I function of range adjustment
(deviation setting) for a target at a range of 30 meters.
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5. Experimental Data (Time-Wavefonms)
Currently, a dual-channel strip-chart recorder and a digital storage

\scope are being used to monitor the output of the LFD. This makes it possible
to directly observe respiratory and cardiac motion when the signal wto-noise

ratio Is sufficiently high. Examples of respiratory motion detected with an
earl1er version of the LFD for ranyes of 30, 40, and 50 meters are now
reviewed.

The respiratory data in Figure 12a was taken with the subject lying
supine and perpendicularly to the antenna ~eamwidth with his left side toward
the LFD. Examination of this data reveals respiratory information is present

will be possible to generate the required ranging data once the tuning
response of the main oscillator is known.

In another informative experiment, the LFD detector was aimed at a stand
of trees at a range of apprOXimately 200 to 250 feet. With the modulating
frequency set at 125 kHz (N D 1), the frequency deviation was set for a range
of 175 feet. Because of the high modulating frequency (or low N), the
required deviation was small (14 percent) and the resulting range-cell width
was large (approximatelY 150 feet). Because the range-call size was so large,
the distant trees were partially wi thi n t. ,- Inal n range cell and clutter
effects were pronounced. The modulating frequency was then decreased in 12.5
kHz steps to 17.86 kH% (N • 7). At each new modulating frequency, the
frequency deviation was reset for a range of 175 feet and the clutter from the
trees remeasured. Since the range-cell sfze was decreasing as the modulating
frequenr.y was decreased, the effects of the clutter should have decreased at
each new modulating frequency.

The results of this simple experiment are shown i" Figure 11. As
expected, the clutter was highest when the highest modulating frequency
(lowest Nand widest range-cell size) was used. As the value of Nwas changed
from 1 to 2, the effects of the clutter were found to decrease because the
trees were no longer in the main range cell. However, as the value of Nwas
increased above 2, there was 1i ttl e improvement in the detected clutter 1evel
even though the range-cell sizes should have been small enough to discriminate
against the trtes. The fact that clutter from the trees could still be seen
for high values of N, is evidence of the effects of range-sidelobes and
demonstrates the need for refinement of the LFD's range-gating capabili~.
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Figure 11. Exa.ple of effects of range-cel1 size and range-sidelo~es on
discriaination of clutter from distant stand of trees. lFO set for
;'ange of 175 feet. Trees at a range of approximately lOO-250
feet.
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1 SECOND I TIMING MARK

Figure 12a. Respiratory motion detected from 30 meters for subject lying
supine with left side to beam from LFD.
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in both Channel-1 and Channel-2 (these are the quadrature channels from the
LFD). The fact that neither channel appears distorted indicates the detected
motion was approximately one-eighth wavelength (one millimeter). The
subject·s chest was certainly moving more than a millimeter. The actual
respiratory motion was probably more than II centimeter. However, most of this
motfon was in a vertfcal directfon while the LFD was mainly sensitive to
horfzontally-direction motion. Thus. bod,y position may prove to be an
important factor.

To obtain some insight into the effect at boqy position, a second set of
data was taken at 30 meters using a subj\.ict whose positon was rotated 90
degrees so that his head was toward the LFO. In thfs case, respiratory motfon
was again observed in both channels as shown fn Figure 12b. However, the
information in Channel-2 was distorted. This distortfon was a result of the
range-deadspots described previously. In this ClSe, the target motfon was
large enough that the infoMnati on f n Channel-2 was not enti rely suppressed.
However, ft was severely distorted and the respfratory frequency actually
appears to be doubl ed for the first 4 to 5 breathf ng cycl es. This resul t
demonstrates one ~pe of problem that can occur wfth systems not possessfng
quadrature-channel capabilf~.

Examp Ies of respiratory motf on datected from a longer range of 40 meters
are shown in Ffgure 13. Respfratory data is present in both channels fn the
data shown in Ffgure 13a. However, the data does appear to contain more noise
than the data obtafned from 30 meters. This was a result of weaker target
returns from the greater target range and increased clutter from a 1arge stand
of trees that was behind the target at a range of 60 to 70 meters from the LFO.
Respiratory data was present in only one channel in the data shown in Figure
13b. This demonstrates the loss in motion sensitivity that can occur because
of the effects of range-deadspots.

Respiratory data measured from a range of 50 meters are shown in Figures
14. The results are similar to those obtained at closer ranges. In ene case
(Fi gure 14a). respi ratory data can be clearly observed in both channels, whil e
it is prer:ent in only one channel for the elSe shown in Figure 14b. Agreater
noise level can be noted in the data obtained from 50 meters. This was again a
result of weaker return signals and increased clutter fram the trees which
were only 20 to 30 meters behind the target.

In exarni ning the data in Figures 12-14, 1ittle evidence of cardiac

·-38-
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1 SECOND I TIMING HARK

CODE. ee4-:l.2 POWER. 0_31 mW

R~NaE. 30 M BUB-:rECT. MEl, SUPJ:NE,
HEAD

FREet. 35 GHZ FJ:LTERS. HP 0.07
(HZ:» LP 16

COM' •• RE!:ElP, PDLZ. HDAZ.

Figure 12b. Res~iratory motion detected from 30 meters for subject lying
supine with head to beam from LFD.
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Figure 13a. Respiratory motion detected from 40 meters for subject
lying supine with left side to ~eam from LFD .
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Figure 13b. Respfratory motion detected from 40 meters for subject
lying supine with left side to beam from LFD showing
effects of range-dudspots in Channel ll •
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Figure 141. Respiratory motion detected from 50 meters for subject
lying supine with left side to beam from LFD.
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activity can be observed. Experience indicates that cardiac fnformation fs
present. but fs so weak that ft cannot be $een on the recorder sensitivfties
required to observe respiration. To offset this problem. subjects were asked
to stop breathing for short periods (20 to 30 seconds) so that the recorder
sens1t1vftfes could be increased enough to permit cardiac activity to be
observed. This approach proved successful. In general. it was found that the
recorder sensitivity had to be increased by a factor of ten to enable cardiac
fnformation to be observed.

An example of cardiac motfon detected from a range of 30 meters is shown
fn Figure 15. Although relatively weak, comparison of the suspected cardiac
data in Ffgure 15a to the corresponding baseline data (recorded with no target
present) in Figure lSb clearly shows the presence of a distinct heartbeat
signal. Sfmilar results were obtained from a range of 40 meters as shown in
Figures 16a and 16b. In both cases. the cardiac fnformation is masked by a
strong naise component. Since this noise is not evident in the baseline data,
it is probably not due to clutter. Instead, ft appears to be due to the
combinod effects of clothing and slight body motions such as twitches, head
motions, chest wall motions as subjects strained to hold their breath. and
possibly gastrointestinal motfons. It was found that much of the noise in the
cardiac signal could be removed wfth a high-pass filter. When the filter
cutoff-frequency was changed from 0.07 Hz to 1.0 Hz, the resul ts in Figures
16c Ind 16d were obtained.

It was generally difficult to detect cardiac signals from a 50 meter
range because of the large amount of background noise. The prabl em was
clutter from the trees beyond the target locatfon sfnce a high level of nofse
was .lso observed for the baseline case. There were periods, however, when
cardiac information could be observed from 50 meters. Results of one set of
successful measurements al1e shown in Figures 17a and 17b (note that the
recorder I 5 hor1 zontal and verti cal sens1 t1 vUhs were increased for these
measurements to make it easier to observe the weak cardiac signals). The
cardiac 1nfonnat1 on 1n Figut'e 17a is parth11,y masked by the background noise
but a distinct cardiac signature can be observQd in ChAnnel -1. It may be
noted that this cardiac signal is very similar in shape to the signal seen in
Channel-2 of Figure 16c.

The preceding examples show that the ability to observe detected
respiratory and cardiac motion provides a convenient test of the performance
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Figure 15a. Cardiac motion detected from 30 meters for subject
lying ~upine and holding breath.
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Figure 15b. Baseline data for heartbeat data in Figure 15a.
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Figure 16a. Cardiac motion detected from 40 meters for subject
lying supine and holding breath.
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Figure 16b. Baseline data for heartbeat data in Figure 16a.
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Figure 16('. Cardiac motion detected from 40 met~~·s for subject
-'y1 ng 5upi ne and he' ding breath. One Hz hi ghpass fi 1ter
used to remove low frequency noise.
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Figure 17a. Cardiac motion detected from 50 meters for subject
lying supine and holding breath. Recorder's horizontal
and vertical sensitivities both increased.
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Figure 17b. Baseline data for heartbeat data in Figure 1)1 •
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of the LFD. However, it does not appear to represent a fair test of
perfonlance. This assumption is based on the fact that a very high signal-to­
notse ratio (SNR) ts required to clearly observe respiratory and cardiac
waveforms in the output of the lFD. With appropriate signal processing, it
should be possible to achieve reliable detection with a lower SNR. Therefore,
improving the current signal processing capabili~ is a major reqUirement.

The signal processing capabi11~ of the LFD currently consists of a set
of bandpass filters with cutoff frequencies based on the range of respiratory
and cardiac rates that are to be detected. Since allowances must be made for
the wi de varfati ons thl t can occur fn these rates, the ftl ter. have relathely
wide bandwidths. Typical bandwidths are 0.05-1 Hz for the respiratory filters
and 0.5-10 Hz for the cardiac filters (although an upper cutoff of 20 Hz m~
be a better choice). Since these fflter bandwidths are wfde relative to the
information bandwidth ~pfcally observed during a single measurement, ft is
not possible to achieve very good nofse reductfon.· This is not a serious
problem when the SNR ratio is high, but is a problem when the signal-to-noise
ratio fs low such AS at long ranges or under high clutter conditions.

Apossible improvement would be to replace the current wideband filters
wi th a narrow-band fi 1ter that eeutd be tuned over the frequency band of
interest. Anarrower filter bandwidth would provide greater noise reductfon.
but the added inconvenfence and time ~equ1red for tuning the filter over the
entire possible information band would have to be suffered.

Abank of narrow-band, bandpass filters that cover the required informa­
tion band could be substituted for the single tunable filter. An appropriate
detector coul d be used to check the output of each fi lter in the bank to
detennine the presence or abunce of target infonnation. It m~ be noted that
if the 1ndi vidual f11 ter bandw1 dths were selfeted properly, a sinusoidal
signal would be outputted by one or more of the filters in the bank whenever
any ~pe of periodic information was processed through the filters. By using
a suitable detection scheme, it appears this would make it possible to discri­
mfnate against strong, but irregular noise components. However, it would be
necessary to observe the output of each filter for a period SUfficiently long
to permit the effects of random noise fluctuations to average out.

To achieve best perfon1lance with the filter-bank approach, the filter
bandwidths should approximately match the bandwidth of compunents in the
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spectrum of respiratory and cardiac infonnation. Experience indicates that
individual filter bandwidths as narrow as 0.05 Hz might be necessary. Thus,
if the filter bank were to cover the entire 0.05-10 Hz band covered by the
currant respiratory and cardiac fflters. a suitable filter bank would have to
contain 199 ifldfvidual fflters. Such a network would of course be trOUblesome
to implement. Asmaller number of filters could be used, but there would be a
corresponding loss in detection performance.

If the output power of the proposed filter bank was detected and plotted
as functf on of each fi 1ter I s center frequency. the resul tf ng graph woul d
represent an estimate of the power spectrum of the information passed through
the fflter bank [19-22]. Therefore, an alternative to using a filter bank
would be to process the output of the LFD through a system capable of using
efficient algorfthms to compute the power spectrum of the inputted signal.
Individual components in the computed power spectrum would be analogous to the
outputs of individual filters in the filter bank. ,With thfs approach. the
reqUired detection could be performed by comparing the target power spectrum
to a noise-only spectrum. In this case. knowledge of the characteristics of
the noise becomes an fmportant part of the overall detection process.

The following part of this report discusses the general subject of signal
processing. Background information on target detection as well as
information on obtaining good power spectrum estimates is included. Some of
the advantages as well as some of the costs of performing signal processing
are also identified through results of several signal proc.ssing experiments
performed durfng the third year.

c. Signal Processing
1. Basic Information
The term signal processin; can be used to describe anything done to

enhance the abi1i~ of the LFD to detect the presence or absence of target
information. Therefore, in the strictest sense, sfgllal processing includes
capabilfties such as range-gating, directive antennas, and low-noise
receive,"s. that are befng used to enhance the perfonnance of LFD. However,
since these topf cs hllve a1 read,y been reviewed, the current dfscuui on will
focus 011 the remalninu aspect of signal procesing which consists of operlltions
perfonn,ed to relf ably and efficiently detect the presence of target
infonnation in the lloise-contaminated output of the LFD.

This discussion will eventually lead to the idea of achfevlng target
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detection based on power spectrum analysis of samples of the LFD's output.
Under appropriate conditions. the 1fteratu~ [2.31. as well is results of
preliminary experiments. indicate power spectrum estimates can be used to
achieve very-good. possibly near-optimal, detection perfonmance. In general.
the price that must be paid for imprOVing detection performance through signal
processing is observation time (obser'/ation time is the period over which
target infonmation is collected and should not be confused with computation
time which can be relatively short With a suitable procli'S$or). When power­
spectrum analysis is used, it will be shown that increased observation periods
are needed to achi eve narrower reso1ution bandwi dths and ~o penmi t an
effective level of averaging to be performed.

The tenm t~rget-detection has been used frequently during this report to
descr'l be the process of detenmi ni ng the presence or absence of target 1nfonma­
tion (where target infornat10n fs conJidered to be respiratory and cardfac
actfvi~). For the LFD, target-detection can be defined as the process of
deciding between two ~potheses [23-28]. ~pothesfs-l fs that the target is
not presont whfle ~pothesis-2 fs that the target is present. A decisfon
between the two potsible hYpotheses could be made by passing the in'onmatio"
from the LFD through a Ifgnal processing system that would provide an output
that could be compared to a suitable threshold level. If the output of the
processor exceeds the threshold, a decision of target presence is made.
Conversely, if the processor output does not exceed the threshold, the
alternate decision of target absence is ~ade.

Selecting a detection threshold level requires making a compromise
between the two possible ~pes of detection error. One ~pe of error occurs
when system noise exceeds the establ hhed threshol d level and a target
presence is falsely indicated. This ~pe of false-alarm error is
statistically described as Type-l error Ind can be characterized by a
corresponding probabili~ of false-all~. Ase~ond type of error occurs when
a target signal does not exceed the threshold and a target's presence fs not
detected. Thfs type of mfssed-detection error is statistically described as a
Type-2 error and can be characterized by a corresponding probability of missed
detect~on (or more commonly by thft related probabfli~ of detection).

For good detection performance, the threshold level is set to achieve a
high probability of de~ection and a low proba:)il1ty of false-alanlls. AcOIIInOn
procedure in radar applications is to fix the false-alarm probability at an
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acceptable value. then adjust system parameters to optimize the detection
probability [1]. System parameters that can be varied to adjust the detection
and false-alarm probabfl ities are the signal-to-nofse ratio (SNR) and the
observation period.

As might be expected. high SNR's and long observation periods generally
result in the best detection perfonnance. If,. short observatf"n time 15

reqUired. the SNR must be maximized to achieve good detection performance.
Conversely. if the SNR is low. a long observation time is necessary to achieve
good detection perfonnance. Since short observation times are desired for the
LFD. the SNR must be made as high as is practical. This is why improving the
clutter-rejection capabilities of the LFD 15 considered to be so important.
When the target range Ind clutter level become so great that respiratory and
cardiac information are heaVily corrupted by noise (i.e •• low SNR). sfgnal
processing can be used to offset the loss in receiver performance. but at a
price of longer observ&t10n times.

2. Types of Detectors
When signal processing is used to improve detection performance.

precautions must be taken to insure that the selected detector is suitable for
the particular detection problem. Detection problems vary as a function of
the specific signal and noise characteristics. Th~ range from the signal.
known-exactly (or SKE) case in which the amplitude. phase. and frequency of
the signal being detected are known exactly. to the case where so little is
known about the signal being detected that it must be treated as a random
process. The more that is known about a particular detection problem. the
better the datector that can be derived for that probl em. An optimLll1 detector
can be derived in most cases. In each case. the definition of optimum depends
on the measure of goodness sel ected to eval uate the detector 1 5 performance. A
cammon detector choice for detection problems such as the LFD is the matched
filter. which is a special case of an optimLll11fnear filter that has been
designed to maximize the output SNR [1].

The SKE else is one detection problem that has been heavily analyzed. An
example of this type of problem is detection of a sinusoidal signal of known
amplitude. phase. and frequency that is corrupted by additive white nofse.
The optimum detector for this case is the matched f11 ter detector. This
detector can be implemented using a torrelator to mUltiply the input signll-
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plus-noise with a replica of the signal, then integrating the product from the
correlator. At the end of the specified observation period, the integrator
output can be compared to a suitable threshold level to make the required
detection decision.

The SKE case is one of the few detection problems for which relatively
simple mathematical resul ts are avanabl.. Analysis of the SKE case is
informative because the optimum detector for this case defines the limits of
the improvements that can be achieved with signal processing. Analysis of
this case also provides a convenient way to evaluate the relationship between
detection probability, false-alana probabfl ity, signal-to-noi se ratio, and
observation period.

Agraph of detection performance for the SKE-case is shown in Figure 18
[29]. This graph shows detectfon probabilfty (PO) and false-alarm
probability (PF) as functions of a parameter called the detectabili1:y index
Cd) which is simply the square-root of the product of· SNR (l Hz bandwidth) and
the observation period (T). There are several way~ to interpret and utilize
the graph in F1 gure 18. One i nfonl1at1Ye use of this graph 15 to wei gh the cost
of receiVer performanco (f .e., SNR) versus the cost of signal processing
(i.e., the observatfon period).

For example, suppose the SNR Ind T Ire set to produce a specific
detectability index, d. Given this detectability index, I desired false alarm
probability can be specified. The resultant detection probabili~ can then bo
re4d from the graph. If a higher detection probability is to be achieved
without changing the detectabil1ty index,a higher fahe alarm probability
must be accepted. Thlt is, improving the detection probability results in a
wurse false-alaMm probabili~. If the detection prob&b11i~ is to be
increased while maintlining the same false-alann probabil ity, the
detectab11f~ index must be improved. Recall that improving the
detectabil1~ index requires increasing the SNR and/or the length of the
observation period.

As a second example. suppose the LFD could be treated as a SKE case.
Because of the LFO's intended use, an extremely high detection probabili~ is
required, perhaps 99.9 percent. Although not IS detrimental as missed
detections, false-ala""s are also undesired. An acceptable false-alarm
probabf11~ for the LFD might be ene percent. F'or these probabi1i~ values.
Figure 18 shows that a detectabl1 ity index of approximately 5.5 would be
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required, If the SNR in a one Hz blndwidth equaled 0.5 (or 3 dB), the
observation period required to achieve the desired false-all~ and detection
probabilities can be computed as 60.5 seconds.

Deteeti on perfomance is cri tfcally dependent on the detectabi 11 ty
index, part1cularly in the region of good detection perfoi'lnance (i .e., high PO
and low PF). If the SNR were to drop (e.g., because of an increase in range or
clutter), the obs.ervat10n t1me would have to be increased if the detection and
false-alanl probabilities Aere to be maintained. If the SNR drops, but the
observation period is not increased, a worse detection probabl1 i~ and/or
false alami probability must be accepted. ror illustrative purposes consider
t"'at if the target range wu doubled, the SNR would decrease by at least 12 dB
due to a loss in return signal strength. To maintain the detection and false­
alan; probabilities in the preceding example at 99.9 percent and one percent,
respectively, the observatIon time would have to be increased from 60.5
seconds to 968 seconds. It should bp. clear that achieving good detection
performance is a combi nation of usin9 a good receiver and adequate signal
processing. Signal processing can definitely be beneficial, but can not be
used to compensate for poor receiver perfonaaftce unless one is w11lfng to pay
the reqUired price of extended observation period;.

On the other extreme from the SKE-case is a case where so little is known
about the signal being detected that it must be treated as a random process.
In thfs case, detection could be achieved using a technique usually referred
w as an energy detector which reqUires little knowledge except for the
app!"oximate frequency limits of the signal being detected [30-32]. Detection
consists of detennin1ng if ~ny energy in the suspected freque"cy band exceeds
an established threshold. Thi$ ~pe of approach could be used with the LFO if
the output~ ~f the existing respiratory und cardiac filters were integrated
and then compare' to suitable threshold levels.

1he p~rfonnance of th~ simple energy detector' is poorer than that of the
matched filter used in the SKE-case. However, the simple energy detector has
ttte advan'~age that its pe"fomance w111 not be seriously degraded by
variations in signal characteristics. For example, if frequency variations
occurred in it sinusoidal signal being detected with a matched filter detector.
the perfo~ence uf the SKE det.ector could ~e seriously degraded. Conversely,
frequency variations would have little impact on the performance of the simple
energy detector.
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The lFD is not perfectly described by either of the two extreu cases
discussed in the preceding exlltples. Casualty respiratory and cardiac
infonntfon IS well as clutter-related noise will vary widely. Therefore, it
wovld be difficult to treat the LFD as a SKE problem (e.g., see Figures 12­
17). However, it is known that the detected waveforms from the LFD are often
periodic in nature and reasonably accurate frequency limits can be defined for
the detected cardiac and respfratory i nformati on. Therefore, it shoul d be
possible to derive a detector that provides better detection perfonnance than
the simple energy detector.

The performance of any detector developed for the LFD will depend on the

level of infonl!tion known about the signals and noise outputted by the LFD.
The 'e$s knowledge that can be assumed about the problem, the greater the SNR
and observation period must be to achieve a desired level of detection perfor­
mance. Therefore. I 1&1"ge part of the third-year efforts on this progru hElve
focused en spectru1 analysis of the signals and nofse. Spectral stlJdies were
performed primarily to characterize the signals and noise associated with the
Lf'O in crder to provide data for deriving a suitable signal processing system.
Howe~er. in addition to this basic dtta, the spectral studies prOVided ideas
for performing signal detection based on power spectrum estimates and and also
provi ded i nfClrmati on re'j evant to selectt n9 spectral parameters to obtain
useful power spectrum estimates.

3. Power Spectr~ Anal,ysfs
Power spectrum anal,ys1$ provides a lIeans of evaluati n9 the spectral

behavior of random processes b,y providing an indication of the average power
IS a function of frequ~nc,y [19-22]. Power spectrlllll anal,ysis is useful for a
number of detection applications including detection of periodic signals in
noise [2-41. Examples of the tfme-wlvefoms and corresponding power spectrum
estimates for a noise-free sinusoi~al signal and the slme sinusoidal signal
corrupted b,y noise are shown in Figure 19. For the noise-free case, the
sinusofd can be clearly observed in both the time and frequency domains. For
the noise corrupte<i case, the sinusoid is too heavily masked to be observed in
the time demai n. However, exami natton of the power spectrum of the no1 s,y

signal reveals the presence of a spectral component at the proper frequen~y.

By comparing this spectrum to a suitable threshold, detection of the noise­
corrupted sinusoid would be possible.
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Figure 19. Examples of time·,wavefon/l~ and power spectrum estimates
for sinusoidal signal with (a) low noise and (b) high noise.
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To achieve good power spectrum estimates when dealing with narrowband
signals, it is necessary to use a narrow resolution ban~dth (BW) to ~inimize

the effects of nofse. Recalling the earlier analogy between the power
spectrum and a filter bank. a narrow resolution bandwidth is equivalent to a
filter bank comprised of a large number of narrowband filters. It should be
noted that the BW is inversely proportional to the length of the observation
period. Thus. narrowing the BW to achieve lower noise requires increasing the
observation perfod.

The significanco of the BW can be observed by performing power spectrum
analysis on a sfnusoidal signal plUS noise using three different eWls. It is
convenient to describe the three cases as the low. medium. and high resolution
cases, where the te~ Whigh- refers to the narrowest resolution. The power
spectr&IA esU.ates for these threll cases are shown in Figure 20. A narrow
peak corresponding to the sinusoidal signal can be observed in all three
cases. To penuit the relationship between the BW and noise to be observ'd. a
line corresponding to a imaginary threshold has been drawn at an identical
level on All three estimates •

For the medium-resolution case shown in the top graph. the selected
threshold is slightly above the noise but well below the signal peak. This
should produce a high detectfon probabili~ and a low false-ala~ problbilf~

(where the tenns hfgh and low are used in a relative sense). The middle gr.ph
in Figure 20 shows results obtained when a low BW was used. In this case. the
signal peak is still well above the threshold level and a high detection
probability would be mai~tained. However, the higher noise level causes the
threshold to be exceeded at many frequencies where it. is known no infonnatfon
is present. Thus, the false-alann probability would be signiffcantly worse •
If the false-alarm probability had to be kept low, the threshold level would
have to be raised. This would of course al so decrease the detection
probability.

Results obtained when the high BW was used are shown in the bottom graph
in Figure 20. The signa1 peak is well above the threshold so a ~igh detection
probability is maintained. In addition. the decreased noise resulting from
the higher resolution is now well below the established threshold level. This
results in a lower false-alarm probabili~ since there is less chlnc~ of t.he
lower noise-l evel exceeding the threshold. If the false-alann prcbabil1 t.Y
was to remain unchanged from that for the original medium-resolution case. the
threshold for the high-resolution case could be lowered. This would have the
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SPAN: 100 Hz

SPAN:

SPAN: 1 000 Hz

Power spectrum estimates of noisy sinu$oid computer
for (a) medfum-resolution bandwidth (b) low-reso­
lution bandwidth, and (c) high-resolution bandwidth.
Horizontal line in each gra~h represents identical
threshold levels.

Medium-resolution case;
BW=375 millihertz.

(b) Low-resolution case;
BW-S. ns Hertz.

(c) High-resolution ca•••
BW-S7.5 millihertz.

Figure 20.
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added benefit of increasing the detection probabfl1ty. This demonstrates the
benefits of using hfgh resolutfon when using power spectrum analysis for
making detectfon decisfon~.

, Re-examination of the power spectrum estimates fn Figure 20 shows that
more reliable detectfoil could be achieved if the var~ations in the no15e
portion of the spectrum could be reduced (or smoothed). This would permit the
use of lower threshold levels that would result fn improved detectfon
probabflftits without sacrificfng the false-alanm probabilfty. Smoothing can
be achieved by averaging the results of power spectr~ estimates of multiple
samples of data. Sfnce the noise in the indfvidual spectra is uncorrelated.
varfatfons in the averaged spectrum will be reduced whfle the signal
information will be minimally affected.

The benefits of averaging can be demonstrated by comparing the
unav'!raged power spectrum of a weak sinusoi din no1 se to two other cases where
10 averages and 100 averages have been used. These resul ts are shown in
Figure 21. It can be seen that the predfcted smoothfng significantly fmproves
the 4bflf~ to detect the weak signal peak. However. it should be noted that
17 averaging is to be employed without changing the BW. the required
observaticn time must be mUltiplied by the number of averages used. If the
observation time cannot be increased. averaginy can be perfoMmed by dividing
the original sample sequence into a number of shorter sample sequences.
Results of power spectrum analysis perfonmed on the $horter sample sequences
could be computed and then averaged to obtafn the desired smoothed spectrum.
Of course. resolution must be sacrificed if smoothing is to be achieved in
this manner.

The possible 'tradeoffs between BW IMd averaging present an interest"lng
dilemma. Given a maximum. acceptable observation perfod. how should the BN
and number of averages be determined? The answer depends on the signal being
detected. If the si gnal has an extremely narrow bandwi dth. the highest
resolution should be selected (1.e.. no averaging). If the infoMmation
bandwfdth is finite. the resolution should be selected to match the
informatfon bandwidth. If the required resolution can be achieved using less
than the maximum permissable ohservation perfod. additional power spectrum
estimates should be computed and averagfng should be performed.

To demonstrate this point. the p~wer spectrum of a weak. noise·modulated
sinusoid with a 3-dB bandwidth of approximately 400 millihertz was computed
using a BW of 375 millihertz. Although this was an appropriate eN for this
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Examples of effects of averaging on noise variations
in power spectrum estimates of a weak sinusoidal
signal in noise, (a) no averaging, (b) 10 averages,
and (e) 100 averages.
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case, the sfgnal was difficult to detect because of noise. The spectrum was
then recomputed in two different wlYS, each requfrfng the observation period
to be increased by a factor of ten. In one case, the BW was increased by a
factor of ten to 37.5 mfllihertz. In the second case, the BW was kept at 375
millihertz and the additional observation period was used to compute
additional power spectrum estimates which were then averaged to obtain a
smoothed power spectrum.

Results of these tests are shown in Figure 22. As predicted, the middle
graph in Figure 22 shows that using a resolution substantially narrower than
the information bandwidth did not significantly fmprove the abfli~ to detect
the sfgnal peak. However, usfng the original 375 mfllihertz resolution plUS
averaging did signfficantly improve detection performance, as shown in the
bottom graph. Thfs example demonstrates that accurate informatfon about the
sfgnal being detected is needed to determine the BW needed to achieve the best
detection performance using a minimum observatfon perfod.

4. Results of Power Spectrum Analysis of LFD Signals and Noise
During the third-year of this program, a Hewlett-Pickard Model 3561A

Dynamic Signal Analyzer WIS used to perform power spectrum analysis on signals
and nofse outputted by the LFD. The data analyzed had previously been
recorded on a mUltichannel FM-tape recorder. This data WIS recorded on the
roof of the building housing our llborltories in the mlnner described for the
data shown in Figures 12-17. The recorded data used in the Inalysis was
collected for three different conditions. For the first set of conditions
(referred to as the test case), the LFD WIS afmed at I SUbject lying 30 meters
from the LFD. For the second set of conditions (referred to as the baseline
case), the subject was removed and the LFD was aimed at the preyf ously
occupied target location to provide a measure of the clutter level. The LFD
was then aimed at the empty sky to obtlin samples of clutter-free data for the
third set of conditons (referred to IS the sky-noise case). In all cases,
data was passed through 0.05-10 Hz bandpass filters prior to recording (the 10
Hz upper cutoff frequency will be increased in future tests to It least 20
Hz).

In the initial experiment, the power spectrum of recorded baseline data
was compared the power spectrum of recorded sky-noise data. The purpose of
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Graphs demonstrating tradeoffs between using an
excessively-high resolution oandwidth and using the
proper resolution bandwidth and avera~1ng.
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F1gure 22.
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this experiment was to verify t.he existence of clutter-related noise in the
baseline data. It was !Suspected '~hat because of range-sidelobes associated
with the current LFD, clutter from a large stand of trees approximately 30-40
meters beyond the target location woul d be evident. Comparison of the
baseline power spectrum to the clutter-free, sky-noise spectrum verified that
clutter was contaminating the baseline data as shewn in Figure 23.

The results in Figure 23 show that even with range-gating, clutter from
the distant trees is degrading the SNR by 10-20 db in the frequency band of
interest. This loss in SNR severely decreases the possible detection range
and again points out the need for enhancing the current range-gating
capabilfty of the LFD. Th. c1 utter 15 seen to have a 1arge low-frequency
component. This component was possibly due to the relatively slow, sw~ing

motion of large tree branches and whole trees. At frequencies between 1-10
Hz. the baseline spectrum is approximately white (1.e., flat). although
clutter is still present since the baseline spectr~ is above the sky-noise
spectrum. These higher frequency effects are probably due to the more rapid
motion of tree leaves. The fact that noise due to clutter is approximately
white in the 1-10 Hz band represents useful information since a large part of
the cardiac information detected by the LFD also appears to be concentrated in
this bind. The results in Figure 23 represent a small fraction of the studies
that need to be performed on clutter-related noise. Additional data is needed
for a variety of clutter sources under a variety of conditions.

In the next experiment. the power spectrum of recorded baseline data was
compared to the power spectrum of recorded test data. This comparison was
made to identify characteristics of the tast data that could provide a basis
for target detection based on power spectrum analysis. A test case with a
high SNR (i.e., respiratory and cardiac information observable in the tfme­
waveforms) was selected to insure that respiratory and cardiac componenti
wero present in the computed spectrum. Identical resolution bandwidths and
averaging were used for both the baseline and test data. Results of this
experiment are shown in Figure 24. The following observations can be made
about these results.

In general, the spectrum of the test data f5 well above the basel1 ne
spectrum. This was expected since the SNR was known to be high. Therefore,
one detection possibility would be to compare the total energy in the test
data spectrum to a suitable threshold level. Thfs would be equivalent to the
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Figure 23. Comparison of the power spectrum estimates of recorded
baseline data containing clutter-related effects and
recorded $ky-noise which is essentially clutter-free.

....

!
o...

>
't-4
Q

; ,I "to" -,

iv,;..'
, ..

t~ ·.,
"

L .111



RESPIRATORY IIIFORHATION

>
~

....
Q

"
III
C

0

o

Figure 24.

CARDIAC
I RFORHATIOH

6
FREQUEHCY SPAR <HZ)

COIIparison of results of power spect.,. analysts on
recorded baseline data and recorded test data for subject
at target range of 30 _ters.

...

12

0.-.:



simple energy detector approach described earlier in this report.
It also may be noted that there are several periodic components present

in the test data. Components below one Hz are mainly due to respiratory
motion while the higher frequency components can be attributed to cardiac
motion. The detected respiratory mot'fon does not have significant harmonic
structure. This coincfdes wfth the sfnu~oid-like motfon normally associated
wfth respfratory activity. The cardiac fuformation has a pronounced harmonic
structure whfch is indicative of the more impUlse-like motfon associated wfth
cardiac activity. Even with its more pronounced harmonic structure, the
cardiac informatfon in Figure 24 is significantly weaker than the respiratory
information. The strongest cardiac component is approximately 20 dB (or a
factor of 100) lower than the main respiratory component. Its lower strength
and wi der frequency dfstri bution explai ns why ft is difff eut t to observe
cardiac information in the time-waveforms outputted by the LFD.

Because of the relative weakneu of the cardiac information, it was
Judged that power spectrum analysis should be optimized for detecting cardiac
information. This mfght result in some loss in the ability to detect
respi ratory mation (because of the use of a nen-t dee1 BW), but any loss shoul d
be offset by the greater strength of the respiratory information. To
determine an appropriate 8W to use for detectfng cardfac information, power
spectrum analysfs was perfcrmed on standard EKG recordings from five
different test subject. The 3-dB bandwidths of the fundamental lobe in the
power spectrum of the different EKG's wis found to range from apprOXimately
0.02-0.11 Hz (these resul ts are shown in Figure 25). Variations of the
hi gher-order harmonics can be obtai ned by mul tfplyi ng by the a",proprfate
harmonic numl)er. Because of the wi de ran ge in the observed information
bandwi dths. some compromi so was necessary fn selecti n9 an appropr'fate BW.
Experfmentation with dffferent resolutions indicated the fdeal aN can be
increased or decreased by several factors without severely degrading
performance. Therefore, a compromise BW of 0.150 Hz was selected. Thfs aw
has a corresponding obsorvation period of 10 seconds (the BN and observation
period are not exactly inversely related because of windowfng employed by the
spectrum analyzer). This BW appears to be adequate. However. the suitab11ity
of even lower BWls resolutions will be fnvestigated to detennine if the
requfred observation tfmes can be reduced. Reduced observatfon times would be
especially important in Jituations where a large number of averages must be
used to achieve reliable detection performance.
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Results of power spectrum analysis of EKG data from five
different test subjects showing approximate information
bandwidths (as defined by 3-dB points) in fundamental cardiac
component: (a) subject JS. (b) subject 55.
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Figure 25cd. Results of power spectrum analysis of EKG data from
different test subjects showing approximate information
bandwidth (as defined by 3-dB points) in fundamental
cardiac component: (c) subject RV. (d) suhject DC.

.... -, .," ~-~~ ....... ~ ... , ....... ," ...... -



ee) Subject SC

54a2
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Results of power spectrum analysis of EKG data from
different test sUbjects showing approximate information
bandwidth (as defind by 3-dB points) in fundamental
cardiac component: (e) subject se.
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Once an appropriate BW had been selected. the spectrum analyzer was used
to analyze test data recorded from the LFD for five different subJects. The
target rang'J was 30 meters. Three to four mi nutes prior to recordi"g each set
of test data. baseline data was recorded to establish r. suitable noise

reference. For each subject. the. SNR was sufficient that respiratory
information. but not weaker cardiac information. could be clearly observed in
the time-waveforms. Identical BW's of 0.15 Hz and the same number of averages
were used for analysfs of the test data and baseline data. The observation
perfod for each case was 40 seconds.

Results of the power spectrum analysis are shown in the five graphs in
Figure 26. Comparison of the baseline spectrun to the test data spectrum show
the existence of periodfc components corresponding to respiratory and cardiac
motions for all five test subject. As noted previously. detection could have
been b!sed on energy detection or on techniques that compared individual
components in the test-data spectrum to suitable thr".shold levels. If the
baseline spectrum in each of the five graphs is imagined to represent the
detection threshold. reliable detection of casualty information would be
possible for all five subjects.

TIle frequency of the respiratory component observed in each of the graphs
was found to correspond to the respiratory rates observed in the corresponding
time-waveforms. Verification of the periodic components attributed to
cardfac motion could not be done from the time-waveforms since cardiac motion
was too weak to be observed. To insure that the periodic compunents seen in
the spectrum of each set of test data was indeed due to cardiac motion, the
power spectrum of one 0" the sets of test data was compared to the spectrum of
the simul taneous EKG record. The test data spectrum and the EKG spectrllll were
not expected to have the same overall shape (since one is due to mechanical
events while the other is due to electrical events). However. the information
1n the two sper. tra was expec ted to appear at i denti ea1 frequenc ies• The
results shown in Ffgure 27 verify that periodic components observed from 1-10
Hz in the previous test data spectra were, in fact. related to cardiac events
and not simply some ~pe of periodic clutter.

Aportion of the results in Figure 27 can be used to demonstrate another
possible advantage of power spectrum analysis. The lower two graphs in this
figure represent results of power spectrum analysis performed on the
individual quadrature channels of the LFD. The differences apparent in these
two graphs is I result of the range-deadspot problem discussed previously.
Good detection will require testing both channels. Experiment.tion indicates
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C~nparfson of power spectrum estimates of recorded test
data to baseline data for different test subjects: subject JS •
(b) subject SSe Targp.t range was 30 meters and observation
period was 40 seconds •
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Comparison of power spectrum estimates of recorJed test
data to baseline data for different test subjects: subject
RV. (d) sUbj~ct DC. Target range was 30 meters and observation
period was 40 seconds.

BASELINE SPECTRUM

o

o

(d) Subject DC

Figure 26cd.

....

>....
Q

....

~
o-

, ,
I,' •

!
o-

(0) Subject RV

i0
[, '

\_'~ ,

~
. ,

",<,',

.' _, ' '. "' ' J ". .. • .. "" 'O - .. w... ...,..... .. - _" '.. .. .. '. .. .. .. \ _ '." .' 10•• ', ~~ • +•••• ' 'O.." ' - •. ' •• ". '"'' •• •.

~

~
" ..'
0'

~

.' .,)0,

i'\.~

..
f:;~ ,



2412
FREQUENCY SPAN (HERTZ)

SUBJECT SPECTRUM

-78-

Comparison of power spectrum estimates of recorded test
data to baseline data for different test subjects: (e) subject
se. Target range was 30 meters and observation period was 40
seconds.
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(a) EKG SPECTRUM

(b) LFD CHANNEL-l .SPECTRUM

(0) LFD CHANNEL-2 SPECTRUM
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Comparison of power spectrum estimates of test data to
corresponding EKG spectrum to verify existence of suspecte~

cardiac information.
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this is not an obstacle to using power spectrum analysis since results
obtained for the individual channels may be averaged to produce a single
spectrum that contains all the target information. When the two channels in
this example case are combined. the result presented in Figure 26a was
obtained. Comparison of this figure with the lower two graphs in Figure 27
indicates power spectrum analysis provides a convenient method for combining
the infonmat1on contained in the quadrature channels of the LFD.

The final example in this discussion involves power spectrum analysis of
test data taken from a longer target range. Re-examination of the data in
Figure 26 indicates the SNR was relatively high in each of the previous five
test cases. Therefore. it is probable the target information could have been
relfably detected from the time-waveforms without a significant amount of
signal processing. To observe the impact of signal processing when the SNR

was poorer. test data was recorded from a longer target range of 45 meters.
Because of a weaker return signal and a higher clutter level. the abilf~ to
detect the presence of respiratory or cardiac information in the time­
wavefonm was marginal. This is evident from the data in Figure 281 which
represent the time-waveforms that were outputted by the quadrature channels
of the LFD for this case.

Power spectrum analysis was SUbsequently performed on the test data and
corresponding baseline data for this case. To minimize the effects of noise
in these estimates, a BW of U.0375 Hz was used. In addition, six averages
were employed which resulted in a total observation period of 120 seconds.
When the test data spectrum was compared to the spectrum of the corresponding
baseline data. the presence of both respiratory and cardiac information was
evident. This result is shown in Figure 28b.

It m~ be noted that only a small fraciton of the test-data spectrum in
Figure 28b is significantly stronger than the baseline spectrum. unlike the
results obtained in Figure 26 when the SNR was appreciably higher. Therefore.
a detection approach such as the simpl e energy detector might not provide very
reliable detection in this situation. Conversely. it appears that using a
technique such IS power spectrum analysis. which provides the resolution
necessary to observe the presence of narrow-band components. would make it
possible to reliably detect the presence of weak. but periodic casual~ infor­
mation. Of course, this abili~ is dependent on the casual~ information
remaining constant over an observation period sufficient to pem1t the
required BW and an effective amount of averaging to be used.
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5. sequential Detector Based on Power Spectrum Estimates
The preceding two parts of this report have shown that target detection

can be achfeved using power spectrum analysis. If the requied power spectrum
estimates were computed with a mfcroprocessor-based system, each point fn the
computed spectrum coul d be stored as an fndivi dual val ue in the
microprocessor's memory. Detectfon could be achieved by comparing each of the
stored values to a suitable threshold level. It has been seen that the best
detection can be achfeved by using narrow BW's and averaging multiple sets of
data. Each of these operations requires that the observation period be
increased.

The longer observatfon periods required to achieve high detect.ion
perfonnance is acceptable provided a weak signal 15 being detected or the
noise is excessively high. However, there will be times when high detector
perfonnance is not really needed to reliably make the correct detection
decision. At these times, the use of narrow BW's and averaging would result
in excessively long observatfon periods. One such instance would be when
target infonnation fs present and is very strong in comparison to the noise.
In thiS situation, optimum det'!ction should not be required to reliably
detenni ne that target i nfonnati on is present. Another exampl e waul d be a
situation in which there is not any target fnfonnation present and the noise
is very low. In this situation, optfmum detection should not be required to
detemine that target infonnatfon is not present, since if it were present. it
could easily be detected because of the low noise. In each of these example
situations, the use of long observatfon periods would be a waste of valuable
time.

It appears that a choice might be necessary between using long
observation periods that enable hfgh detection perfonnance but will sometimes
result in wasted observation time, or using short observation periods that
resul t in raptd detection decisions but may not provide very reliable
detecti on perfonnance when the SNR is low or the clutter is hi gh. However, an
al ternathe approach exists. This alternate approach is the Sequential
Observer (or sequential detector) [ 1].

A sequential detector would nonnally operate in a mode in which a
moderate observation period would be used and decisions would be qUickly made.
Three decisions would be possible: (1) "yes", (2) "no". or (3) "ma,ybe". The
sequential detector would use two different threshold levels. The upper
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threshold would be set high enough that it could be exceeded by strong target
signals. but not by noise or weak target signals. If this threshold is ever
exceeded. the sequential detector can quickly decide that a target is present.
The lower threshold level would be set 50 that it would be exceeded by even
the weakest target signal. If this threshold was not exceeded. the sequential
detector would very quickly decide that a target was not present. Thus the
sequential detector could very quickly make a yes/no decision for these two
spechl clSes.

It is apparent that a situation exists in which the lower threshold is
exceeded (so a "no" decision cannot be made) but the upper threshold is not
exceeded (so a "yes" decision cannot be made). In this situation. the
sequential detector makes the third possible decision of "maybe" (or "don't
know"). If a "maybe" decision was made. the sequential detector would switch
from its normal operating mode to a second mode that penm1ts higher detection
perfonmance to be achieved. This high-perfonmance ~ode could be implemented
in several ways. In each case the separation between the two thresholds could
be decreased to reduce the detection uncertain~.

One possibili~ for switching the sequential detector from its nannal
mode to a high-performance mode would be to use a longer observation period
and en increased aw. Another possibility would be to use the same BW but
compute one or more additional power spectra that could be averaged with the
original spectrum to produce a smoother spectrum that would enable a more
reliable yes/no detection decision to be made. The sequential detector could
he designed to continually improve its perfonmanee until it was finally able
to produce a yes/no decision (or until reset by the operator). or it could be
designed to stop once it had reach~d a maximum observation period. regardless

of whether it was ever able to make a yes/no rlecision •
The sequential detection approach is not c~only used in traditional

radar applications because it is not always practical to have a radar dwell on
4 given target or range-cell for an extended period of tim.. However. this
would not be a problem in the LFD since the target is both stationary and at a
known range. Thus. the sequential detection approach appears to be extremely
well-suited for use in the LFD and will b~ investigated dUt'ing the design of
the target detection system for the LFD.

6. Establishing Suitable Detection Threshold Levels
Whether sequential det~ction or s~e other detection approach is

employed in the LrO. it will be necessary to establish suitable threshl)ld
levels for basing d"tection decisions. If sufficient knowledge can be gained
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about the signals and n01se encountered by the LFD. it is plausible that the
threshold level could be set once the target range and general clutter
conditions were known. However, because of the wide range of possible signal
and noise levels, it ts likely the threshold level will have to be adjusted
for each specific situation.

One method for establishing threshold levels would be to make use of
information in the tar'get power spectrum. One such possibl1it.Y would be to
use a portion of the spectrum that is known to be free of targe~ infonlation.
For example. if future testing revealed that respiratory and cardiac
information is limited to frequencies below 20 Hz. portions of the spectrum
above 20 Hz could be used to establish the required threshold. This method
could prove especially effective in frequency bands where the clutter
spectrum is approximately whfte. Recall that the baseline spectrum was
approximately white for frequencies above 1 Hz in severa' of the preceding
examples (e.g•• Figures 24 and 26).

Another possible approach would be to measure the clutter at a location
near the target then use the target-free power spectrum for the detection
threshold. However, this ~pproach has several potential problems. One
problem is that an additional observation period is required for computation
of the power spectrum to be used for the threshol d. 1M 5 approach a150
asslllles the c1 utter will be relat1vely constant as the aim of the LFD is
changed from the target.free location to the target. Additional data is
needed to detennino if such an assumption is valid.

Afinal approach that is being considered for setting the threshold level
15 based on the improved range-gati ng capabil i t.Y planned for the LFD. In this
final approach. the power spectrum of the clutter in individual range cells
around the target would be computed, then averaged to establish the required
threshold level. This approach would not require afming the LFD at any
positfons other than the target and a single observation period could be used
to collect all the data needed to compute the reqUired power spectrllll
estimates. An added advantage of this approach is that since the individual
power spectrum of each range-cell could be compared to the threshold once it
was detennined. the exact target range is not needed. Because of the emphasis
planned for development of an improved ran~e-gating capabf1i~, it is
anticipated that thfs possible approach for establishing a threshold level
will be seriously considered during future research efforts.

,
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D. Conclusions
The preceding discussion of the RF and signal processing systems of the

LFD has shown that good target detection requires good receiver performance as
well as adequate signal processing. A major limitation of the current RF
system is range-sidelobes that make it difficult to reject the effects of
clutter from large or distributed clutter sources and can seriously degrade
receiver performance. Plans have been developed to improve the current range­
gating system by increasing the deviation used during modulation and by usir.g
an appropriate weighting scheme following demodulation of the target retnrn
sfgnal. These improvements should result in a range-gating system capable of
producing narrower range-r.ell sizes and reduced range-sidelobe levels.

Poor receiver performance as a resul t of hi gh-cl utter 1evel s or weak
return signals can be partially offset by using appropriate signal
processing. However, improving detection performance through signal
processing reqUires the use of increased observation Umes, and specific
knowledge about the signals and noise is needed. Therefore, signal processing
cannot be used to compensate for poor range-gating performance or other
receiver inadequacies unless longer observation times are acceptable and
sufficient information is available about the specific signals and nofse to
permit an appropriate detector to be derived.

One promising signal processing approach that has been investfgated on
thfs program is based on the use of power spectrum analysis. Power spectrum
analysis makes it possible to detect the presence of narrowband sig~als such
as the periodic components associated with respiratory and cardiac motion and
also provides a convenient method for combfnfng the information fn the LFDls
quadrature output channels. An added advantage of this approach is that power
spectrum aNalysis can be performed with a conveniently implemented
microprocessor-based system interfaced with a suitable FFT-processor.

\
Achieving good power spectrum analysis requires using appropriate resolution
bandwidths and averaging of multiple spectra. To insure optimum detection
performance and minimum observation times with this approach, spectral infor­
mation about the signals and noise is required•

Although intuitive arglll1ents have been used to justify using a signal
processing procedure based on power spectrum analysis, a rfgorous detection
theory analysis indfcates that such an approach is optimum or near-optimum for
cases similar to those encountered with the LFD. The exact detection
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performance of such a system (with respee t to a classical optimLIII detector)
for the LFD has not yet been determined since the comparison depends on even
more precise knowledge of the signal and noise than has been obtained.
However, preliminary resul ts indicate that in the case of the LFD, the
spectral analysis detector is extremely close (within a very few decibels) to
the optimum detector. Nevertheless, in the interest of achieving the best
possible performance, alternative approaches are under consideration.

One such procedure developed by Kail ath [33~ uses a recent
implementation of an optimum detector which is much more efficient
numerically than traditional methods, although not as efficient as the (~ub­

optimum) spectral analysis method. The required calculations can be
performed qUickly with compact, economical digital processors; however power
drain can become a serious problem in a portable instrument, particularly if
many range cells must be examined. Thus, a larger and heavier power source
(battery) would be required. This additional size and weight could instead be
used to accomodate a larger antenna, which might improve overall performance.
Such tradeoffs are currently under investigation.

Another interesting approach involves adaptive processors [34-3~ , which
attempt to adjust themselves to the prevailing signal and 'Ioise
characteristics as estimated from the incoming data. Under ideal conditions.
such an approach might be expected to approach the SKE case, assuming that the
learning phase is perfect. However, in practice, the learning phase is not
perfect since it is based on noisy estimates obtained from limited data
records. In addition, such processors also require some prior signal and
noise assumption to ensure that they adapt to the desired signal and not to
the noise. Neverthel ess, good performance is c1 aimed for such systems in
certain cases [34,36,37). Awide varie~ of adaptive algorithms of varying
degrees of compleXity and claimed performance exist. Some of the more
promising algorithms (such as that of Widrow [35]) are under investigation for
the LFD.

It is clear from the preceding discussion that for best overall
performance, the design of the LFD reqUires a careful evaluation of the manY
tradeotfs involved. and, above all, a clear understanding of the signal and
noise mechani~s.
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