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A movement detection system includes a microwave antenna 
able to transmit microwave frequency signals into a space. An 
electronics controller is connected to the microWave antenna, 
and is con?gured to continually measure the impedance of the 
microWave antenna While it transmits microWave frequency 
signals into the space. An interpretive device is connected to 
receive impedance measurements from the electronics con 
troller, and is con?gured to interpret and report changes in the 
magnitude and phase angles of individual impedance mea 
surements as the passing of things and their direction through 
the space. 
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ORGANICALLY REACTIVE CELL FOR 
UNDERGROUND SENSING (ORCUS) AND 

SYSTEM 

1. FIELD OF THE INVENTION 

[0001] The present invention relates to electronic sensing 
devices, and more particularly to sensors and systems that can 
detect and characterize the movements of human and animals 
from behind non-metallic Walls and pipes. 

2. DESCRIPTION OF THE PRIOR ART 

[0002] Sometimes having electronic sensors and cameras 
placed in public vieW is bene?cial. For example, tra?ic speed 
and red-light cameras help deter speeding and running red 
lights simply because they are present. Some States even post 
signs saying cameras are Watching When they are not, and 
many companies sell dummy cameras that look like the real 
thing and have blinking red LED lights to look like they are 
operational. 
[0003] Very often these cameras and sensors are vandaliZed 
for sport, and others are deliberately disabled by criminals in 
the act of their crime or Who plan to return later. So these 
situations require instrument placements that are either 
unreachable Without special equipment, or that are distant or 
hidden. 
[0004] A special situation has developed at the Southern 
Borders of the United States. Storm drains and conduits Were 
installed years ago to control Water and seWage in cities 
straddling the International Border. Various grates, bars, and 
other barriers Were installed but these have been defeated by 
contraband smugglers and human tra?ickers. The neW gen 
eration of criminals assaulting the borders are determined, 
numerous, Well-equipped, and many times lavishly ?nanced. 
These groups have taken to completely destroying all security 
equipment and sensors Within hours or days of their installa 
tion. Of course, the more visible and vulnerable a piece of 
equipment is, the more readily it can be targeted. 
[0005] There is a need for a device and system that can 
electronically detect and characterize the movements of 
humans, invisibly, such as from behind non-metallic Walls 
and pipes. The equipment is protected by its not being visible 
to passersby. 

SUMMARY OF THE INVENTION 

[0006] Brie?y, a people detection and movement embodi 
ment of the present invention comprises a resonant micro strip 
patch antenna (RMPA) for mounting on an outside Wall of a 
tunnel or concrete pipe and faced inWard to detect the pres 
ence and direction of movement of people inside. The RMPA 
has a front lobe and a back lobe that react differently to 
dielectric changes in their fringing and propagating e-?elds. 
A sensor controller connected to the RMPA drives the RMPA 
With a variable frequency until frequency resonance is 
detected. The impedance and phase of the RMPA are mea 
sured While it is resonance. People moving near the RMPA 
Will affect the dielectric constant of the intervening concrete 
Wall and surrounding air. Such changes in the dielectric con 
stant affect the resonant frequency, impedance, and phase. 
The phase changes are indicative of the direction the people 
are moving relative to the RMPA, and the delta frequency and 
impedance changes indicate the mass and proximity of the 
people to the RMPA. A threshold detector is employed to 
screen out false positives and the movements of small ani 
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mals. An interpretation of the changes in resonant frequency, 
impedance, and phase, is output to annunciate people move 
ment and their direction of travel. 
[0007] These and other objects and advantages of the 
present invention Will no doubt become obvious to those of 
ordinary skill in the art after having read the folloWing 
detailed description of the preferred SPS receivers Which are 
illustrated in the various draWing ?gures. 

IN THE DRAWINGS 

[0008] FIG. 1 is a functional block diagram shoWing a 
people detection and movement system embodiment of the 
present invention installed on a concrete pipe; 
[0009] FIG. 2 is a schematic diagram of an electronics 
embodiment of the present invention, and is one Way to 
implement the electronics portion of the equipment illus 
trated in FIG. 1; 
[0010] FIG. 3 is a graph of the typical driving-point real and 
imaginary impedance variations seen in the system of FIG. 1; 
[0011] FIG. 4 is a graph of a theoretical impedance 
response of a directional-coupler re?ection port of FIG. 2; 
[0012] FIG. 5 is a cross sectional vieW of an RMPA like that 
in FIG. 1, Wherein the cross section is taken through a plane 
that intersects both the ground post and feedpoint; 
[0013] FIGS. 6A-6C are schematics of an RMPA shoWn in 
cross-sectional vieW With a radiation pattern and an equiva 
lent transmission line model. FIG. 6A shoWs the case Where 
RMPA radiates into air or otherWise free space, FIG. 6B 
shoWs the case Where a relatively thin concrete Wall is inter 
vening, and FIG. 6C shoWs the case Where people occupy the 
free space on the other side of a concrete Wall from an RMPA; 
[0014] FIG. 7 is a graph representing the changes in mag 
nitude and phase of the input impedance (Zin) of the RMPA 
that typically occur as people Walk past the RMPA’s of FIGS. 
1 and 6C; and 
[0015] FIG. 8 is a ?owchart diagram of a computer program 
for a microcomputer that When executed performs the func 
tions of the interpreter device of FIG. 1. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0016] FIG. 1 illustrates a people detection and movement 
system embodiment of the present invention, and is referred 
to herein by the general reference numeral 100. In this appli 
cation, system 100 is attached to an underground concrete 
storm drain pipe 102. It is possible forpeople 104-108 to Walk 
through inside concrete pipe 102 in directions 110 and 111 for 
the left end, and directions 112 and 113 for the right end. 
System 100 can detect if the people 104-108 are on the left 
end of right end and Which direction 110-113 they are mov 
mg. 
[0017] A resonant microWave patch antenna (RMPA) 120 
With tuning varactors 121 and 122 is excited by an oscillator 
124. Useful ranges for OSC 124 can vary from SO-MHZ up to 
300-MHZ and RMPA 120 is constructed to have a matching 
resonant frequency. 
[0018] Highly simpli?ed, the microWave frequency excita 
tion of RMPA 120 by OSC 124 Will produce tWo simulta 
neous lobes, a rear lobe-A 125 and a forWard lobe-B 126. 

[0019] The dielectric constant (6) of air 128 inside con 
crete pipe 102 is about 1.00, the dielectric constant of Water is 
about 80.4, and people 104-108 Will also be about 80.4. So 
Whether people 104-105 are inside lobe-A 125 and people 
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106-108 are inside lobe-B 126 will be in high contrast to the 
dielectric constant of air 128. Both lobe-A 125 and lobe-B 
126 will be loaded by the presence of people 104-108, and 
both will detune RMPA 102 and change its resonant fre 
quency. Loading, or people 104-105 appearing in lobe-A 125 
will produce a negative phase change, and loading, or people 
106-108 appearing in lobe-B 126 will produce a positive 
phase change. The magnitude of the loading or impedance (Z) 
and phase changes electronically produced in RMPA 102 will 
depend on the mass of people 104-108, their relative direction 
to and distance from RMPA 102. Small changes in Z or phase 
can be ignored as the movements of small animals. Standing 
or ?owing water inside concrete pipe 102 will appear as a 
steady state base condition. 
[0020] The physical siZe of the RMPA needed to match 
operation at resonance can vary quite a lot over the range of 
50-MHZ to 300-MHZ. The siZe of RMPA 120 also depends on 
the dielectric constant of the substrate materials used in con 
structing it. Typically, the dimension of the metaliZed surface 
of the RMPA can be approximated as one quarter (1A) wave 
length (7») in the dielectric. Roughly, DIN 4* 1/\/ E, where 
7t:c/ f, E is the dielectric constant of the substrate material, c 
is the speed of light, and f is the frequency. 
[0021] The higher the frequency, the smaller physically 
will be RMPA 120. The higher the dielectric constant of the 
substrate material used in RMPA 120, the smaller the RMPA 
has to be for resonant operation. However, at higher frequen 
cies, the depth of penetration of lobe-A 125 and lobe-B 126 
will be reduced because of attenuation. And, at higher dielec 
tric constants for the substrate materials used, RMPA 
becomes less e?icient and has much higher Q. So the right 
balance will be dictated by the particular application will 
usually have to be empirically determined. In a prototype 
system that was built, the RMPA had to resonate at 1 SO-MHZ. 
Using standard printed circuit board copper clad PR4 mate 
rial for the substrate, the resulting RMPA was about eighteen 
inches in diameter. 

[0022] The physical orientation of RMPA 120 is important 
relative to the line of travel of the people it is used to detect. 
RMPA 102 radiates off only two of its edges, whether it is a 
square patch, a rectangular patch, or even a circular patch. 
Every RMPA has a feedpoint, and here the feedpoint connects 
to two inputs, phase detector 130 and impedance detector 
132. The radiating edges of the patch are the ones that form 
“perpendicular” lines with the axis of the feedpoint through 
the physical center point of the patch. Drawing an imaginary 
line from the feedpoint to the center of the patch, the edges of 
the patch that are tangent to such line are the radiating edges. 
Radiation from these edges produces a linear polarization, 
and this is the axis for which phase affects are the most 
pronounced. RMPA 120 is positioned such that people move 
ment through lobes 125 and 126 is longitudinal to the imagi 
nary line drawn from the feedpoint to the center of the patch. 
Such radiating edges are turned to be perpendicular to the 
expected directions of people travel. Inside a pipe, that can 
only be along the inside of the pipe. Two RMPA’s set at right 
angles to one another couldbe used in spaces not so restricted. 

[0023] Scattering parameters (s-parameters) describe the 
scattering and re?ection of traveling waves when a network is 
inserted into a transmission line. Here, the transmission line is 
the air 128 inside concrete pipe 102. S-parameters are nor 
mally used to characteriZe high frequency networks, and are 
measured as a function of frequency. See, National Instru 
ments explanation at, Zone.ni.com/devZone/cda/tut/p/id/ 
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2513. So frequency is implied and complex gain and phase 
assumed. The incident waves are designated by the letter an, 
where n is the port number of the network. For each port, the 
incident (applied) and re?ected waves are measured. The 
re?ected wave is designed by b”, where n is the port number. 
When the incident wave travels through a network, its gain 
and phase are changed by the scattering parameter. For 
example, when wave a 1 travels through a network, the output 
value of the network is simply the value of the wave multi 
plied by the relevant S-parameter. S-parameters can be con 
sidered as the gain of the network, and the subscripts denote 
the port numbers. The ratio of the output of port 2 to the 
incident wave on port 1 is designated S21. Likewise, for 
re?ected waves, the signal comes in and out of the same port, 
hence the S-parameter for the input re?ection is designated 
S11. 
[0024] For a two-port network with matched loads: 
[0025] S1 1 is the re?ection coe?icient of the input; 
[0026] S22 is the re?ection coe?icient of the output; 
[0027] S21 is the forward transmission gain; and 
[0028] S12 is the reverse transmission gain from the output 
to the input. 
[0029] S-parameters can be converted to impedance by tak 
ing the ratio of (1+S1l) to (1 —S1 1) and multiplying the result 
by the characteristic impedance, e. g., 50-ohms or 75-ohms. A 
Smith chart can be used to convert between impedance and 
S-parameters. 
[0030] The frequency and impedance, or re?ection coe?i 
cient (S11), of RMPA 120 are measured to provide sensor 
information and interpretive reports. RMPA 120 is electroni 
cally tuned by sensor controller 140 either adjusting oscillator 
frequency 142 and/or varactors 121 and 122 to ?nd the reso 
nant frequency of the RMPA each time a measurement is 
taken. The S 1 1 (re?ection coef?cient) parameter is measured 
in terms of magnitude. The sensor controller 140 seeks to 
minimiZe the magnitude of S11, meaning RMPA 120 is near 
its resonant point and 50-ohms. 
[0031] During an automatic steady state calibration, an 
iterative process is used in which sensor controller 140 seeks 
a minimum in S 1 1 by adjusting the applied frequency through 
OSC 124. Once a frequency minimum for S l l is found, sensor 
controller 140 adjusts a bias voltage on varactors 121 and 122 
connected to the edges of RMPA 120. The voltage variable 
capacitances of varactors 121 and 122 are used to ?ne tune 
RMPA 120 into resonance, and this action helps drive the 
impedance as close to 50-ohms as possible. Sensor controller 
simply measures the S 1 1 magnitude minimum. Once voltage 
adjustments to varactors 121 and 122 ?nd a minimum in S1 1 
magnitude, the process is repeated with very ?ne adjustment 
steps in frequency control 142 to ?nd an even better mini 
mum. The voltages to varactors 121 and 122 are once again 
?nely adjusted to optimiZe the minimum. 
[0032] After calibration, an independent shift away from 
such minimum in S 1 1 magnitude means someone passing 
through pipe 102 is affecting the balance. The re?ection coef 
?cient (S11) will change away from the original “calibrated” 
resonance value. Typically a person passing within the ?eld 
will cause a peak maximum in the measured data. The rate of 
change of the measured signal in the area is directly related to 
the speed of the person passing through the ?elds of lobes 125 
and 126. 
[0033] S 1 1 has both magnitude and phase, a real and imagi 
nary part. Changes in magnitude indicate a disturbance in the 
EM-?eld of RMPA 120, and changes in the phase provide the 
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directionality of travel 110-113. RMPA 120 is a linearly 
polarized antenna, the ?elds on one edge of RMPA 120 are 
180-degrees out of phase from the ?eld on the other edge. 
With a proper alignment of RMPA 120 in situ, people passing 
in front of RMPA 120 from left to right, for example in FIG. 
1, Will produce a phase signature that is 180-degrees out of 
phase from other people moving right to left. The phase at 
resonance can be corrected to provide a constant 180-degree 
shift. 
[0034] Ifpeople 104-105 Were to enter the ?elds of RMPA 
120 from the left, for example, the measured phase in S l 1 Will 
roll higher, e.g., increase from 180-degrees. If other people 
106-108 Were to enter from the right, the phase in Sll Will 
decrease from 180-degrees. The process of detecting the 
direction of travel includes tracking the phase changes 
betWeen the maximum and minimum in phase roll as each 
person passes entirely through the ?eld. To calibrate the 
detection for people only and not small animals, a threshold 
value 148 is injected. 
[0035] Living things are substantially comprised of Water. 
Water has a dielectric constant of 81 .0. People by volume are 
about 60% Water. The volume of a person is signi?cantly 
more than the volume of a dog or rat. RMPA 120 is making a 
bulk dielectric constant measurement, and at these operating 
frequencies, it is the effective dielectric constant of the bulk of 
the material near RMPA 120 that changes the electrical prop 
erties of resonant frequency and impedance. The bulk change 
caused by a human is distinguishably different than the bulk 
changes caused by dogs or smaller animals. 
[0036] The response versus distance is not linear, but the 
changes in RMPA electrical properties are linear With linear 
increases in bulk dielectric changes. In other Words, With this, 
the system can be set to ignore changes beloW a certain 
threshold until the threshold associated With a human is 
detected. 
[0037] Inventors Larry G. StolarcZyk and Gerald Stolarc 
Zyk described a practical Way to implement some of electron 
ics equipment that can be adapted for use here in the present 
invention. See, Us. Pat. No. 6,633,252, issued Oct. 14, 2003, 
and titled Radar PloW Drillstring Steering. The essential parts 
of Which are adapted for use as folloWs. 

[0038] The system 200 is used to non-invasively penetrate 
an air space With microWave radio energy to sense people that 
may be passing through. The system 200 includes a local 
oscillator 203 that produces a reference frequency (FX) With 
reference phase (01). A ?rst phase-locked loop (PLL) 204 
synthesiZes a radio frequency F0, an integer harmonic of FX. 
The radio frequency F0 is passed to a forWard-coupling port 
of a poWer splitter 206. An output port is connected to a 
Wideband isolation ampli?er 208. A three-port directional 
coupler 210 one-Way couples the transmit signal out to an 
RMPA 212 Which illuminates the coal seam 201 and produces 
re?ected Waves from the boundary rock interface 202 With the 
coal seam 201. A re?ection port of the three-port directional 
coupler 210 is used for measurements, e.g., Where eRIeOF 
cos 0R, the re?ected energy is a function of the output energy 
of RMPA 212. 
[0039] During operation, RMPA 212 is placed in contact 
With a natural media, Wall, or ground surface. An impedance 
mismatch can result in higher levels of coupler re?ection port 
output voltage or standing Wave ratio (VSWR). Any imped 
ance mismatches appearing at any of the ports on a directional 
coupler Will reduce its directivity and isolation betWeen ports. 
Wideband isolation ampli?ers are used to stop re?ected 
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Waves from reaching the transmitter stages and causing 
impedance mismatches. The balanced mixers are in particular 
susceptible to performance degradations under uncontrolled 
conditions. 
[0040] Radar signals radiated from the RMPA 212 enter the 
natural media or ground and are re?ected back attenuated and 
With a change of phase. A Wideband isolation ampli?er 214 
forWards the re?ected-Wave sample to a ?rst balanced mixer 
(M1) 216. 
[0041] A second PLL 218 synthesiZes a coherent frequency 
F1, e.g., 10.70 MHZ. A sample of the transmitted signal is 
provided by the poWer splitter 206 and a second Wideband 
isolation ampli?er 219 to a selectable 0°/90o phase shifter 
220. A balanced mixer (M2) 222 provides an intermediate 
frequency (IF) F5 that is output by a third Wideband isolation 
ampli?er 224. The result is a suppressed-carrier signal With 
upper and loWer sidebands offset from the carrier frequency 
by 10.70 MHZ. This in turn mixes With RF in balanced mixer 
(M1) 216 to produce a ?rst intermediate frequency (IF) F6. A 
bandpass ?lter 226 produces an output F6'. A third PLL 228 
synthesiZes another coherent frequency (F2), e. g., 10.720 
MHZ. This is combined With F6' in a balanced mixer 230 to 
produce a relatively loW-frequency IF signal F7, e.g., 20.0 
KHZ. 
[0042] Both the oscillator phase shift 01 and the frequency 
are multiplied by NO to create the output frequency NO 001. 
The phase shift N001, is canceled on mixer M1. The coupler 
re?ection port voltage eR dependence on load plane imped 
ance is mathematically represented by Equation The 
re?ection coe?icient (1“) is a complex number that can be 
represented as a vector magnitude With phase angle 0R. Trigo 
nometric identities are used and ?lter theory is applied to ?nd 
that, 

FSIIIkI' cos BR 

and 

The ratio of these direct current (DC) values and the inverse 
tangent values solves for the re?ection phase angle 0R. The 
constant k is determinable after instrument calibration. The 
magnitude of the re?ection coe?icient can be found from 
either of the above tWo equations. The measured values of F 
and GR can be applied in Equation (3) to determine the load 
plane impedance. 
[0043] Abandpass ?lter 232 produces a signal F7'.A fourth 
PLL 233 synthesiZes another radio frequency (F3). The radio 
frequency is applied to the LO part of the fourth balanced 
mixer (M4) 234. Heterodyning produces a signal output F8. 
An integrating ?lter 236 processes and outputs a signal F8'. 
The phase drift 01 in local oscillator 203 is automatically 
cancelled and does not appear in the output. An analog to 
digital converter (ADC) 238 outputs a digital signal format, 
e.g., for further processing by a computer. 
[0044] A control line 240 selects a 00 or 90° phase-shift 
through the phase shifter, and this Will cause the system 200 
to output in-phase or quadrature measurements, e.g., as rep 
resented by a DC output voltage of the ADC 238. This control 
line is typically connected to the same microprocessor that 
receives the digitiZed estimates fromADC 238. Such arrange 
ment provides time-multiplexed I and Q amplitude estimates 
that are indexed to a calibration table, like FIG. 3, to ?nd the 
depth to the boundary rock interface 202 or the thickness of 
the coal seam 201 covering the object. The microprocessor is 
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preferably further provided With control signals 241-244 so 
that the F0-F3 frequencies can be digitally manipulated, e.g., 
for best transmission penetration and receiver sensitivity on 
the-?y as different kinds of media 201 and objects 202 are 
inspected. 
[0045] The three-port directional coupler 210 is preferably 
located near the RMPA antenna 212 and is connected to it by 
a short coaxial cable or strip line. The RMPA antenna 212 is 
preferably placed close to a natural media surface so the 
driving-point impedance of an antenna can be adjusted to 
match the characteristic impedance of the coupler. This tech 
nique Will maximize the sensitivity of the coupler re?ection 
port signal to small changes in antenna driving-point imped 
ance. An antenna driving-point impedance adjustment is 
therefore preferred, e.g., With a variable slot built into the 
antenna structure capacitor. 

[0046] The balanced mixer placed betWeen the coupler 
re?ected port and the ?rst balanced mixer is such that the 
signals that modulate the coupler re?ection output are phase 
coherent With the transmit signal. Sidebands are thus pro 
duced that represent the phase and amplitude information in 
the re?ection signals. The rest of the circuitry demodulates 
the information from the carrier. 

[0047] The output signal of the second balanced modulator 
(M2) is mixed With a coherent sample of the transmit signal in 
the ?rst balanced mixer. After ?ltering, such signal Will faith 
fully replicate the re?ection port signal. This simpli?es the 
transceiver design and enables accurate signal measurements 
With loW cost synchronous detection circuits. 
[0048] FIG. 3 charts the relationships that typically develop 
betWeen the RMPA antenna and the depth to the object and 
measured values for real (in-phase, l) and imaginary (quadra 
ture-phase, Q). The tWo vector components of RMPA imped 
ance, real and imaginary, vary differently as a nearby media 
layer thickness changes. Plotting the imaginary on the Y-axis 
and the real on the X-axis of a graph yields a calibration curve 
300 that spirals to a vanishing point With increasing layer 
thickness, e.g., from 0.25 to tWelve inches. 

[0049] FIG. 4 illustrates the theoretical impedance 
response 400, e.g., as seen at the re?ected-Wave sample port 
of directional coupler 210. The applied signal (e0) from iso 
lation ampli?er 208 is assumed to be constant. Detection 
sensitivity is best on the steepest parts of the curve. Sensitivity 
is maximum When the RMPA driving point impedance 
matches the characteristic impedance of the directional cou 
pler. 
[0050] A method embodiment of the present invention pro 
vides for the calibration of such RMPA sensor antennas. Sets 
of polynomial equations are constructed With independent 
variables (H) that alloW any given antenna driving point 
impedance value to be measured, and represented as a cali 
bration function With independent variable (H). The differ 
ence betWeen the measured and calibration polynomial value 
is used to detect and image the coal seam. 

[0051] Referring again to FIG. 2, the crystal oscillator 
phase shift 01 is multiplied by the full multiplication factor 
NO and the frequency of the crystal oscillator is multiplied by 
NO creating the output frequency NO 01. After ?ltering, the 
phase shift NO 01, is canceled on balanced mixer M1. The 
coupler re?ection port voltage eR dependence on driving 
point impedance is mathematically represented by Equation 
(3). The re?ection coe?icient (1“) is a complex number that 
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can be represented as a vector magnitude With phase angle 0R. 
Using trigonometric identities and applying ?lter theory, it 
can be shoWn that, 

FSIIkF cos BR 

and 

FSQIkF sin BR. (12) 

The ratio of these direct current (DC) values can be used to 
solve for the inverse tangent values. And the re?ection phase 
angle 0R can be readily determined. Calibration of the instru 
ment Will determine the correct constant K. The magnitude of 
the re?ection coef?cient can be found from either of the above 
tWo equations. The circuits isolate the phase shifter from any 
blaring re?ected signal. The measured values of F and GR can 
be applied in Equation (3) to determine the driving point 
impedance. 
[0052] The folloWing equations help further describe the 
necessary Working conditions of the system 200 in FIG. 2, 
and illustrate What each functional element must do to pro 
cess the signals involved. PR is the re?ected-Wave output 
from the reverse port of directional coupler 210. FX is the 
output ofoscillator 203. F0 is the output ofPLL 204. F1 is the 
output of PLL 218. F2 is the output of PLL 228. F3 is the 
output of PLL 233. P41 and F4Q are the selected in-phase and 
quadrature outputs of phase shifter 220. F5 is the output of 
mixer 222. F6 is the output of mixer 216. F6‘ is the ?ltered 
output of bandpass ?lter 226. F7 is the output of mixer 230. 
F7‘ is the ?ltered output of bandpass ?lter 232. F8 is the output 
of mixer 234. F8‘ is the ?ltered output of bandpass ?lter 236. 

[0053] FXIA cos(u)1t+0l) 
[0054] FOIB cos(NOu)lt+NO6l) 
[0055] FIIC cos(Nlu)lt+Nl6l) 
[0056] F2:C cos(N2u)lt+N26l) 
[0057] F41:D cos(NOu)lt+NO6l) 
[0058] F4QID sin(NOu)lt+NO6l) 
[0059] FRIET cos(NOu)lt+NO6l+6R) 
[0060] N2—Nl:1 

[0061] Placing the quadrature hybrid into the 00 position 
yields: 

CD 
7 [cos[(N1 + Now]; + (N1 + N0)01] + 

COSHNI — N0)wil+ (Ni — M0011] 
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After ?ltering: 

l CDEF 
F 61: 

Where N2 —N1 = 1, 

l CZDEF 
F 71 = 

and applying ?lter: 

F181 _ ACZDEF cos(0R) 

Switching the quadrature hybrid to the 90° position and fol 
lowing similar techniques as shoWn above, reveals that: 

1 ACZDEF 
F 8Q = sin(0R) 

Let IIFISQ and QIFISQ and thus, 

PM l2+Q2 and, 

[0062] FIG. 5 represents an RMPA 500 like that in FIG. 1. 
RMPA 500 is connected to an electronics controller 502 
through a feedpoint 504 With a characteristic impedance of 
50-ohms. Such feedpoint 504 passes through a small opening 
on a copper foil backplane 506 on a ?berglass-epoxy PR4 
substrate 508. A copper foil patch 510 is deposited on the 
substrate 508 and has a ground connection to the backplane 
506 through a ground post 512. The vieW of FIG. 5 is taken 
through a normal plane that longitudinally bisects both the 
ground post 512 and feedpoint 504. A varactor 514 is typical 
of many that can be connected to be voltage-controlled by 
electronics controller 502 to enable ?ne tuning of the resonant 
frequency of RMPA 500 during calibration and measurement 
sensing. The electronics controller 502 is able to measure 
parameter Sll at the feedpoint 504 and issue interpretive 
reports to users. 
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[0063] At resonance, the electromagnetic ?elds radiate 
aWay from RMPA, as shoWn in FIG. 5. A linearly polariZed 
electric ?eld fringes from the edges of the metaliZed, copper 
foil parts of RMPA 500. Such type of polarization is an 
important operational element of the ORCUS system 100 of 
FIG. 1, this polarization enables the detection and monitoring 
of movement and indicating the direction of travel of the 
things detected. As applied here, antenna pattern 600 has a 
very broad 3-dB beam Width of :30 degrees from the perpen 
dicular to the plane of patch 510. This pattern is important in 
the present applications because the Wide antenna pattern 
alloWs a large area to be monitored for people traf?c. And, for 
example, in the con?ned space of concrete pipe 102 there 
Would be no practical Way to sneak past undetected. 

[0064] FIG. 6A represents a side-vieW of a RMPA 600 
radiating into free space or air 601 . A transmission line model 

can be used to describe the problem, and such are included at 
the bottoms of FIG. 6A-6C. An RMPA electronics package 
602 is con?gured to monitor the resonant frequency (f0) and 
the resonant impedance (Z0) parameters of RMPA 600. The 
resonant frequency is approximated by, 

_ kc (1) 

f0 — 27m 

Where, 
[0065] k is a constant based on the RMPA operational mode 

(TMr 1 ); 
[0066] c is the speed oflight; 

[0067] a is the aperture area of the RMPA; and 

[0068] Eefis the effective dielectric constant of the material 
in front of the RMPA. 

[0069] The resonant impedance of RMPA 600 Will be, 

_ _ Z2 + jZOtanIBZ/Z (2) 

Z‘" _ Z0 Z0 + 112mm Where, 

[0070] Z0 is the impedance ofthe RMPA (e.g., 509); 

Z2 : & 
v 52 

is the Wave impedance in the media; 

[0071] [1.2 is the magnetic permeability and for almost all 
cases [12:1, 

[0072] E2 is the dielectric constant of the media; 
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is the phase constant in the media; 

C 
A 

is the Wavelength of the signal in the media; and 
[0073] LZ?he lateral distance aWay from the RMPA. 
For Equations (1) and (2), the resonant frequency and imped 
ance are directly dependent upon the effective dielectric con 
stant of the media. 
[0074] FIG. 6B takes the next step, RMPA 600 is deployed 
behind a concrete Wall 604 Which intervenes With air space 
601. In this case, the equations for the resonant frequency and 
impedance differ from Equations (1) and (2) in that the effec 
tive dielectric constant of Equation (1) becomes instead, 

5ejf15ejf2 (3) 
85f’- OC £—, 

E?'HSE?-Z 

Where, 
[0075] Gem is the effective dielectric constant as given in 
FIG. 6A, and, 

sr+sl (er-s1 1 
+ . 522: i 

ff 2 2 \/1+12/a 

The resonant impedance of RMPA 600 shoWn in FIG. 6B noW 
takes the form, 

Z _ Z, + jZotan?Ll (4) 

‘” _ 0 Z0 + jZltan?Ll Where, 

[0076] Z0 is the impedance of the RMPA (e.g., 509); 
[0077] L1 is the thickness of the concrete Wall 604; 

Z1: Z1 Z2 + ]:Zlt8.n(,Bl/z)]; Z1 + JZZWIQBLD 

for air: Z2:377Q; and 

[0078] LZ?he lateral, linear dimension of the air space. 
There are direct relationships With the effective dielectric 
constant for both the resonant frequency and the resonant 
impedance. Any changes appearing in the dielectric constant 
Will be re?ected mainly in changes in the resonant param 
eters. 

[0079] FIG. 6B represents the steady state conditions for 
Which electronics 602 Would calibrate automatically to 
RMPA 600. 
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[0080] FIG. 6C extends FIG. 6B by introducing people 608 
into air space 601 Within the detection range of RMPA 600. 
The resonant frequency is still provided by Equation (1), but 
the effective dielectric constant Will noW be, 

1 1 1 1 (5) 
= + + , 

52]] Eejfl 82172 82173 

where, 

[0081] Here, a3 is the siZe ofthe RMPA aperture at a posi 
tion Ll+L2 aWay from RMPA 600; 

[0082] And, a2 is the siZe of the RMPA aperture at a position 
L 1 aWay from RMPA 600; and 

sr+sl (er-s1 1 
84]] = 2 + 2 i . 

For the case shoWn in FIG. 6C, the resonant impedance of 
RMPA 600 Will be, 

Where, 
[0083] Z0 is the impedance ofthe RMPA (e.g., 509); 

_ ZA +jZ1tan(,BL1) _ 

Z8 _Z1 21+ jZAtan(,BL1) ‘ 

[0084] L1 is the thickness of the concrete Wall; 

is the Wave impedance in concrete; 
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[0085] L2 is the distance to the person from the concrete 
Wall; 
[0086] Z2 is the Wave impedance in air or 3779; and 

Z3: [Mi @379 
53 

is the Wave impedance of a human body. 
Human bodies are about 66% Water. The dielectric constant 
of Water is about eighty-one, Which yields a Wave impedance 
of less than 379. For concrete, the Wave impedance is about 
1509, and the Wave impedance of air is approximately 3779. 
As a result, the human body appears as a very loW impedance 
path for signals from RMPA 600. It is a virtual short, Which 
means that most of the energy of the RMPA signal Will be 
re?ected back to the source. Therefore, a RMPA-based sensor 
system can be employed as a highly sensitive detector of 
Water-intensive, organic bodies, such as people. 
[0087] The electronics 602 constantly measures the reso 
nant frequency and the resonant impedance of RMPA 600. An 
organic, Water-intensive body passing in front of the sensor 
Will dramatically change these characteristics. Since the 
impedance is a complex number, having a distinct magnitude 
and phase, the directionality of motion can be determined. 
[0088] FIG. 7 represents an exemplary case in Which a 
person begins Walking toWard system 100 (FIG. 1) from out 
of range, then into range, through concrete pipe 102 under 
RMPA 120, and then out the other end out of range. For 
example, a transit time of ten seconds. Such Walk begins 
out-of-range at time:0, the person passes under RMPA 120 at 
time:5, and goes out-of-range on the other side at time:10. A 
change in loading is caused by the changing positions and 
neamess of the person from time:0 to time:10, and the 
resonant frequency of RMPA 120 is affected. So each neW 
resonant frequency is found by controlling OSC 124 to pro 
duce a minimum in the impedance of RMPA 120. That neW 
impedance is the measurement that is collected at that par 
ticular time, and a series of such measurements is represented 
in FIG. 7. The 1 phase of the impedance-Z tells Which side of 
RMPA 120 the person is on, and the magnitude of imped 
ance-Z tells hoW near they are. A peak in the magnitude Will 
also be proportional to hoW large the person or group of 
people are. More complex patterns Will be generated by ran 
dom passings of many individuals. 
[0089] Equation (5) and the associated de?nitions of the 
variables therein indicate that the RMPA is actually making a 
bulk dielectric constant measurement. This performance 
aspect is important because, even though the transmission 
model relies on the theory of small re?ections to balance the 
system, the bulk dielectric measurement concept eliminates 
the need for any analysis requiring re?ection phenomena, 
Which is a characteristic of radar-based systems. 
[0090] In conventional radar applications, a relatively large 
signal is transmitted With the hope of measuring a relatively 
faint return signal. One di?iculty in operating a radar type 
system in a subsurface infrastructure environment is a small 
signal of interest has to be extracted from many, often stron 
ger re?ected signals arriving at the receiver. Radar systems 
are effectively blind in applications in Which the return signal 
from a ?rst interface can sWamp the receiver, leaving the radar 
unable to detect anything else that may be near the radar 
antenna. 
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[0091] Embodiments of the present invention do not have 
such limitations. The RMPA’s here and their associated elec 
tronics are not used to detect small signals in the presence of 
very large signals. Instead, the RMPA’s are used to make 
repetitive and continuous measurements of changes in the 
bulk dielectric constant as targets of interest pass by. 

[0092] FIG. 8 represents a computer program 800 in an 
embodiment of the present invention for a microcomputer 
that When executed performs the functions of the interpreter 
device 146 of FIG. 1 and electronics 602 in FIGS. 6A-6C. 
Any changes in magnitude and phase of the input impedance 
(Zin) of the RMPA that occur, e.g., as people Walk past the 
RMPA’s of FIGS. 1 and 6C are analyZed. A subroutine 802 
alloWs a user to set the minimum trigger threshold so that the 
system Will not respond to non-human objects. A subroutine 
804 uses the electronics disclosed in FIGS. 1-6C to obtain an 
input impedance (Zin) of the RMPA. Such measurement 
include the magnitude and phase of the Zin. A subroutine 806 
tests the magnitude of the Zin to see if it exceeds a threshold 
magnitude change. If not, computer program 800 returns to 
subroutine 804 to take more measurements of Zin. If yes, a 
subroutine 808 analyZes the present and recent measurements 
of Zin to see if the magnitude of Zin is changing over a rela 
tively short period of time, e. g., one second. If not, computer 
program 800 returns to subroutine 804 to take more measure 
ments of Zin. If yes, a subroutine 810 analyZes the present and 
recent measurements of Zin to see if the phase of Zin is chang 
ing over a relatively short period of time, e.g., one second. If 
not, computer program 800 returns to subroutine 804 to take 
more measurements of Zin. If yes, a subroutine 812 reports or 
annunciates to a local or remote user that people are or have 

passed by the RMPA. A subroutine 814 further reports a 
direction of travel that such people have passed by the RMPA. 
The direction of travel is ascertained from the phase measure 
ments of Zin, and hoW they correlate to magnitude measure 
ments at the same instants. The computer program 800 then 
loops around to subroutine 804 to take more measurements of 
Zin. Each measurement of Zin is obtained While the RMPA is 
in resonance. The sensor controller 140 (FIG. 1), e.g., con 
tinually hunts for the optimal frequency from OSC 124 that 
Will produce a minimum Zin. The minimum obtainable Zin 
Will change as people enter and leave the area in front of 
RMPA 120. The function of sensor controller 140 could also 
be included in computer program 800. 

[0093] A method embodiment of the present invention for 
detecting the movements of living things underground 
includes radiating the earth and an underground passageWay 
With a resonant microWave patch antenna (RMPA). The fre 
quency of a continuous Wave (CW) transmission applied to 
the RMPA in real-time is maintained to match the resonant 
frequency of the RMPA as it changes With variations in the 
loading caused by the earth and underground passageWay and 
anything inside the underground pas sageWay. Each minimum 
in the instantaneous input impedance of the RMPA is inter 
preted as an indication of its being operated at its resonant 
frequency given hoW it is loaded. The movements of living 
things underground are announced after analyZing hoW the 
instantaneous input impedance of the RMPA changes over 
time. The direction of movement of living things under 
ground can be further determined by analyZing hoW the phase 
angle of the instantaneous input impedance of the RMPA 
changes over time. 

[0094] Although the present invention has been described 
in terms of the presently preferred SPS receivers, it is to be 
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understood that the disclosure is not to be interpreted as 
limiting. Various alterations and modi?cations Will no doubt 
become apparent to those skilled in the art after having read 
the above disclosure. Accordingly, it is intended that the 
appended claims be interpreted as covering all alterations and 
modi?cations as fall Within the “true” spirit and scope of the 
invention. 

What is claimed is: 
1. A movement detection system, comprising: 
a microWave antenna able to transmit microWave fre 

quency signals into a space; 
a sensor controller connected to the microWave antenna, 

and con?gured to continually measure the impedance of 
the microWave antenna While it transmits said micro 
Wave frequency signals into said space; and 

an interpretive device connected to receive impedance 
measurements from the sensor controller, and con?g 
ured to analyZe and report short-term changes in the 
magnitude and phase angles of individual impedance 
measurements of the microWave antenna as the passing 
of things and their respective directions through said 
space. 

2. The movement detection system of claim 1, further 
comprising: 

an oscillator for driving the microWave antenna into reso 
nant operation. 

3. The movement detection system of claim 2, Wherein the 
sensor controller controls the oscillator such that the micro 
Wave antenna is continually in resonant operation. 

4. The movement detection system of claim 1, further 
comprising: 

at least one varactor connected to the microWave antenna 
and useful for ?ne tuning the resonant frequency of the 
microWave antenna. 

5. A people detection and movement system, comprising: 
a resonant micro strip patch antenna (RMPA) for mounting 

on an outside Wall of a tunnel or concrete pipe and faced 
inWard to detect the presence and direction of movement 
of people inside, Wherein the RMPA has a front lobe and 
a back lobe that react differently to dielectric changes in 
their fringing and propagating e-?elds according to rela 
tive direction; 

a sensor controller connected to the RMPA to drive the 
RMPA With a variable frequency, and to measure the 
impedance and phase (Zin) of the RMPA While keeping 
the RMPA at frequency resonance; and 
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an interpretive device that interprets particular changes in 
the resonant frequency, impedance, and phase of the 
RMPA as being the movement of people nearby; 

Wherein, live objects moving near the RMPA affect the 
dielectric constant of any intervening Wall and surround 
ing air, and thereby also affect the resonant frequency, 
impedance, and phase of the RMPA. 

6. The people detection and movement system of claim 5, 
Wherein a phase change is indicative of a direction people are 
moving relative to the RMPA, and a delta frequency and 
impedance change indicates the mass and proximity of the 
people to the RMPA. 

7. The people detection and movement system of claim 5, 
further comprising: 

a threshold detector to screen out any false positives and 
movements of small animals; 

Wherein, an interpretation of changes in resonant fre 
quency, impedance, or phase of Zin, is output to annun 
ciate people movement and their direction of travel. 

8. The people detection and movement system of claim 5, 
further comprising: 

a mounting for the RMPA for covert installation on an 
outside Wall of a tunnel or concrete pipe Which faces the 
RMPA inWard to detect the presence and direction of 
movement of people inside. 

9. A method for detecting the movements of living things 
underground, comprising: 

radiating the earth and an underground pas sageWay With a 
resonant microWave patch antenna (RMPA): 

maintaining the frequency of a continuous Wave (CW) 
transmission applied to the RMPA in real-time to match 
the resonant frequency of the RMPA as it changes With 
variations in the loading caused by said earth and under 
ground passageWay and anything inside said under 
ground passageway; 

interpreting a minimum in the instantaneous input imped 
ance of the RMPA as an indication of its being operated 
at its resonant frequency given hoW it is loaded; and 

announcing the movements of living things underground 
by analyZing hoW the instantaneous input impedance of 
the RMPA changes over time. 

10. The method of claim 9, further comprising: 
announcing the direction of movement of living things 

underground by analyZing hoW the phase angle of the 
instantaneous input impedance of the RMPA changes 
over time. 


