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Abstract

There exist a wide variety of commercial RF devices ranging across the
spectrum from the Low Frequency band (e.g. 125 kHz) to mawave (e.g. 60 GHz).
AHIi gho frequencies (whi ch in this cont ext
beyond) are well suited for data communications at high bandwidths. Where the
emphasis is on signals penetration and propagjon in challenging, reflective
environments, however, low frequencies have substantial advantages including 1)
superior penetration depth, 2) enhanced diffraction around environmental clutter
including doorways and corners, 3) less vulnerability to mulfpath confusion, 4) long
range of operation typically 60-100 m, and 5) low probability of intercept (LPI).
Low frequency systemssuch asNear-Field Electromagnetic Ranging (NFER) that
exploit near-field behavior to deduce location require compact antennas that are
necessarily much smaller than a wavelength.  r ack és current tr ansmi
uses twoorthogonally-oriented magneticantennas to provide isotropic coverage

We report on our design of a cmpact, omnidirectional transmitter that operates
in the AM broadcast band (5501710 kHz). Careful design of the magneticrdennas
provides gains of -75 d B i despite b e iinn @jmengion] iy go@d. 0 0 0 2 &
agreement with theoretical predictions and FEMM sinulations. Furthermore, we
have developed a compact (1 m) nedield antenna testing range that dbws us to
characterize magnetic antennas. This transmitter has been deployed at a variety of
sites showing a tracking accuracy of 13 feet over areas as large as 100,000 g

Recent work has focused on reducing the size, weight, and cost of our tag by
utilizing printed circuit board (PCB) methodologies. We report on a recent
breakthrough that allows us to achieve almost an order of magnitude decrease in
size while retaining performance.
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1. Introduction

The problem of accuratendoor positioninghas received muchattention as it
promises to addressssuessuch as supply chain management, industrial safety, tactical
command and control for urban military and law enforcement activitiesthenihck of
analternative to GPS. Most of theBealTime Locatng Systens (RTLS) employ some
flavor of RF angle of aival, time of flight, time difference of arrival, or received signal
strength indietors These techniques almost exclusively operate wicrowave
frequencies and hence have several distinct disadvantagesig these areonfusion
from multipath and environmental clutter, line of sight operation, need for
synchronizationtange restrictionsand expensedigh frequencies, though weslited for
broadband and other communications applications, are a poor choice for wireless
tracking.

Q-Track haschosento approach the problerf indoor locationfrom a different
perspective,namely that of leveraging low frequency antkarfield behaviors We
designed NFERRTLS from the ground up with a physical layer optimized for location
instead of communicatio NFER sytems typically operate arouddviHz within about a
guarterwavelength of a transmitter, in the vicinity of the transition between the aiecr
far-field zones. Several considerations droveli@ck to consider a low frequency
alternative

First, lov frequency signals penetrate better and diffract or bend around the human
body and other obstructions. As a general rule, skin depth varies as the square root of
frequency, so a decrease of frequency froBHz to 600kHz (four decades) corresponds
to a hundredfold (20 dB) increase in penetration. Most importantly, low frequency
signals are virtually immune from multipath. These physical advantages allow NFER
RTLS to operate at relatively long range (>-&Dm) even in cluttered propagation
environmentssuch as industrial, office, and manufacturngidings

Second, conventional fdield systems are limited to measuring various combinations
of amplitude and phase of two polarization components (Vertical versus Horizontal, or
equivalently, RighiHand vesus LeftHand Circular). Conventional fdield RTLS that
operate at higher frequenciage limited to theséour pdential parameters to extract a
location solution In the neaffield, thereare twelve metrics by which we can solve for
positon.Ther e i s an addi ti onfeld wbiahlisaorzew antthe o n
nearfield. Also, the electric and magnetic fields retain separate identitiéise near
field. Thus nearfield location systems can measure two parameters (phase and
amplitude) d each of three polarizations (vertical, horizontidradial) ofeach oftwo
fields (electric and mgnetic). These twelveparameters allow for more robust and
accurate tracking thae possiblewith standardRTLS techniques.
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A final advantage to NER tracking is thalow frequency RF hardware is inhergnt
less expensive than microwaekectranics. As a consequence of the increased range of
NFER RTLS, less infrastructure is required to cover a given area. Theskadivcs
combine to make NFER RTL®ore economicalni large scale deployments. Typically,
NFER RTLS can be installed at a cost of about $0.50 to $1.08gpét, about an cder
of magnitude less thamicrowave competitorsFurther details on NFER RTLS are
discussed elsewhefg, 2, 3].

1.1 NearField Physics

An electranagnetic wave is composed of both electric and magnetic field
components that oscillate perpendicular to each other and perpendicular to the direction
of energy flow.In the farfield zone, many wavelengths away from a $rait antenna,
this distinction is not terribly important, because the electric and magnetic waves move
together with synchronized phaaed amplitudes fixed by the impedance of free space,

1 2 0Y. In the neafield (Fresnel)zone, within about a halffavelength from an
electrically small antenna, the electric and magnetic field phases diverge. Close to an
electrically small antenna, these fields are in phase quadriagu®0° out of phase.

Figure 1 shows the phase behavior around small antennasicHéHertz discoered
these phase relationshjpghich serve as the basis of NFER technolpgyneered by
Track [4]. Figure h plots these phase relationships in tlearfield of a typical small
antennd5]. The green and red curves show the electric and magnetic phase relationships.
The blue curve is the difference between the electric and magrétia. known
wavelength (), the ranger) follows from the electrienagnetic phasdifference(Dy):

r :2’—p3,/cotD, (1)

Figure 1bplots this relationship. §r ack 6s NFER wabow aquartee | | out
wavdength depending on the signtid-noise ratioSNR) of the link.
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Figure 1a (left): Phase relationships around an electrically small Hertzian dipéigure 1b (right):
Range versus electrimagnetic phase difference for a NFER signal.

Although we usually consider the impedanddree-space to be a fixed value of 377
q, t hi s casesin thed-tesnel region where theorati electric to magnetic field
amplitudesis a strong function of both radial distance to the source and orientation.
Below we show a NEC simulation of electrically small dipoles. Our receiver array is
composed oftwo orthogonal magnetic I@s in the Vertical polarizatiomand a \{pol
electric whip. In Figure 2a we plot the impedance as a function of range for both an
electric and magnetic dipole emitter. Both converge to-$psee alues after about a
wavelength but they have very different behaviors. In Figure 2b we show an impedance
simulation from our Q500 transmitter composed of quadratted orthogonal
magnetic loops. Theelavt i on sl ice.i s taken at d = O0A
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Figure 2a: Impedance is a strong functionrahge in the nedield of an antenna.
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Figure 2b): Surface plot of Impedance (Ez/Hx) for a quadratfee magnetic loopstick array along the
equatoral plane of the tagpormalized to free space

The AM broadcast band is the optimal place for this -fietadt approach to RTLS.
The band 0.53.71 MHz encompasses wavelengths of <68 m, enabling neafield
tracking out to 44142 m, or further at higher power levels. Also, the FCC allows 100
mW unlicensed transmitters in this band under Part 15 (L{e219).

Within the nearfield, the link law for electrically small antennas splits into two
separate relations, one for like antennas (eleetdctric or magnetiecnagnetic) and one
for unlike antennas (electrimagnetic or vice versgp]. The propagation relation for like
antennas is:

x - 6rxGrxg 1 1 1 8
0

Py 4 Fir) (k) (kr)?s )

in which the ratio of received powePHy) to transmitted powerPx) follows from the
transmit antenna gairG{x), the receive antenna gaiGHy), the distancer] between
antennasand the wave numbek € 2p//) or wavelength /). For like antenna links, the
dominant term in theearfield is 14°, so the link rolls off with a relatively steep slope of
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60dB/decade, compared to the?120dB/decade behavior of a standardfiied link.
For unlike antenna links:

Pax - GoGrx g 1, 1

O 00O

The dominant term in theearfield for unlike antenna links is Y, so the link rolls off
with a slope of 40dB/decadk.should be noted that in the limit of large separations these
equations conver ge-sgaceedquitien. f ami | i ar Friiso6 fr

Prx — GrxGrx/* _ GrxGrx
Px (4o alkrf (4)

These relations apply for tangential field components and become slightly more
complicated on inclusion of the radial field coupl{n@.

A final consideration is the noise backgroumbtential sources of noise include
dimming switches, power lines (dirty insulators), fluorescent lights (ballasts), computers,
monitors, cordless phones, televisions, motors, compressors, H\pd@=r supplies
and AM broadcast stations. FiguBeresents a waterfall plot of noise for the band from
1200-1800kHz over a five day period taken at theT@ack lab in Huntsville, Alabama.

At night, the ionosphere supports propagation from distant AM broadcast stattars,
around sunset, previously unoccupied channels fill with signals and noise from the
interference of distant stations at the KBz spacing of US broadcast stations. This
background noise disappears at sunrise. To accommodateado!| e dchafiné loe a r
stations, most AM broadcast stations must decrease poweminal levels at sunset and
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Figure 3: Waterfall plot of indoor RF noise from 120@00kHz over a five day period. Understanding the
noise in an operational environment is critical to makéngise choice of operational frequency.

may resume normal broadcasting at sunrise. Broadband noise shows up as horizontal

lines in the temporal noise plots. Fluorescent lights show up as wavering harinonics
Figure 3

Figure 4: Typical RF natural and mamade noise levels from the VLR6IF bandg8].
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