
2252 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 4, APRIL 2013

A Sub-Wavelength RF Source Tracking System for
GPS-Denied Environments

Fikadu T. Dagefu, Student Member, IEEE, Jungsuek Oh, Student Member, IEEE, and Kamal Sarabandi, Fellow, IEEE

Abstract—A sub-wavelength source tracking system utilizing
highly miniaturized antennas in the HF range for applications in
GPS-denied environments including indoor and urban scenarios
is proposed. A technique that combines a high resolution direction
finding and radio triangulation utilizing a compact transmit (Tx)
and receive (Rx) antenna system is pursued. Numerical models
are used to investigate wave propagation and scattering in com-
plex indoor scenarios as a function of frequency. We choose HF
band to minimize attenuation through walls and multipath in
indoor environments. In order to achieve a compact system, a
low-profile and highly miniaturized antenna ( height and

lateral dimensions at 20 MHz) having omnidirectional,
vertically polarized field is designed. At such low frequencies,
accurate measurement of the phase difference between the signals
at the Rx antennas having very small baseline is challenging. To
address this issue, a biomimetic circuit that mimics the hearing
mechanism of a fly (Ormia Ochracea) is utilized. With this circuit,
very small phase differences are amplified to measurable values.
The numerical simulations are used to analyze direction of arrival
retrieval and source localization in highly cluttered environments.
A compact system prototype is also realized and source tracking
in complex indoor scenarios is successfully demonstrated.

Index Terms—GPS-denied environments, RF indoor source
tracking.

I. INTRODUCTION

T HE ability to accurately detect the direction of arrival and
track the location of a source in complex and GPS-denied

environments is useful for a wide variety of applications such
as fire and earthquake rescue missions, user position estimation
in mobile communications and for security systems. Another
application of interest pertains to real time positioning and
tracking of robotic platforms that are used to enhance tactical
situational awareness in complex environments including urban
and indoor scenarios. A specific example of this is assisting the
aforementioned platform in high-resolution navigation in these
cluttered environments. Available techniques for direction
finding that are based on time-of-arrival (TOA), time-differ-
ence-of-arrival (TDOA) and received signal strength indicator
(RSSI) often involve complex algorithms [1]–[6]. TOA and
TDOA based approaches also have an inherent issue associated
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Fig. 1. Schematic illustrating the proposed approach. It consists of a complex
building scenario, receiver arrays, and the Tx antenna (building picture is bor-
rowed from [21]).

with clock drift [6]. Angle of arrival (AOA)-based methods
are relatively simple (with some complexity related to antenna
calibration) and can be reliably used to determine the direction
of a source [7], [8]. Hybrid approaches that combine AOA
and TDOA techniques have also been reported [9] and [10].
In GPS-denied environments such as indoor and urban sce-
narios, the task of localizing and tracking an RF source is even
more challenging because of multipath. The level of multipath
increases significantly at frequencies utilized in conventional
wireless systems (2–5 GHz range) or even in the VHF range
compared to the HF band [11], [12]. Given a Tx and Rx antenna
system located in a cluttered environment as depicted in Fig. 1,
the signal at the Rx antenna consists of the direct, reflected,
diffracted and multiply scattered components from the objects
within the environment. The path lengths of multiply scat-
tered fields can be quite different from other field components
(direct). A full-wave analysis of multipath levels in indoor
scenarios is presented in Section III. Several researchers have
worked on ultrawideband (UWB) systems and different signal
processing algorithms for non-line-of-sight (NLOS) source
localization [13]–[16]. Other approaches include vision-based
position estimation and tracking based on sensors integrated in
the environment itself [17], [18].
In this paper, a source tracking technique based on a combina-

tion of radio triangulation and a direction retrieval approach uti-
lizing a compact Rx antenna array in the HF range is proposed.
The system consists of a highly miniaturized Tx antenna and a
Rx array whose inter-element spacing is only a fraction of the
wavelength. The advantage of choosing the operating frequency
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in the HF band is two-fold. First, scattering from walls ceiling
and furniture will be small compared to the direct path making
direction finding with only a small error possible. The second
advantage of using HF is that wave propagation for near-ground
antennas where the Tx and Rx antenna heights are less than a
wavelength is supported by Norton surface waves which at-
tenuate as where is the distance between the Tx and
Rx antenna, hence further reduces the effect of multipath from
walls [19]. That is, the dominant component of the received
signal is the direct path between the receiver and the transmitter.
Numerical models are utilized to investigate wave propagation
and scattering in complex indoor scenarios and to determine
the highest frequency at which the required tracking resolution
can be achieved in the presence of the scatterers. One disad-
vantage of using low frequencies is that the size of the antenna
becomes prohibitively large especially for applications that re-
quire a compact system. So, one challenge is to design a com-
pact antenna to be used both for the Tx and Rx antennas. For our
system prototype, we designed a miniaturized antenna having
vertical polarization and an omnidirectional radiation pattern.
In the presence of the ground only, the received signal is max-
imized when both the Tx and Rx antennas are vertically polar-
ized (VV polarization). Another challenge that is addressed in
this paper has to do with the small antenna spacing of the re-
ceive array. At low frequencies such as the HF range, the phase
difference between the received signals, which is an important
quantity of interest, becomes too small to bemeasured. To tackle
this issue, a phase difference amplification scheme that mimics
the hearing mechanism of a fly (Ormia Ochracea) is designed
and fabricated. The system validation and resolution analysis
based on numerical and measurement results is discussed.
The rest of the paper is organized as follows. In Section II, we

describe the proposed source tracking technique. In Section III,
numerical techniques are utilized to investigate wave propa-
gation in realistic indoor scenarios and to analyze the perfor-
mance of the proposed approach. The effect of antenna cou-
pling between closely spaced Rx antennas is also analyzed using
full-wave simulation. In Section IV, we describe the system pro-
totype along with the design and test results of various compo-
nents including the phase difference amplification circuit. Also
in this section, a description of a low-profile highly miniaturized
antenna used in the system prototype is included. The approach
utilized to achieve impedance matching and omnidirectional ra-
diation pattern is described. We then discuss the source tracking
system test results for various multipath environments.

II. PROPOSED SOURCE TRACKING APPROACH

The technique we are proposing for direction finding utilizes
the received signals on an array of antennas closely positioned
( spacing) on a rotating platform. A schematic showing the
proposed technique is given in Fig. 1. The magnitude and phase
differences between the received fields on the elements of the
array provide information about the direction of the source. The
direction of arrival (DOA) is determined using the phase and
magnitude of the received signals based on

(1)

(2)

where and are the complex received fields at
each element of the receive array as a function of the inci-
dence angle (the angle between the bisect of the Rx array
and the incident wave) and which is the phase of the received
field. The DOA of a given source needs to be correctly retrieved
from at least two locations separated by a known baseline out-
side the building. By using the coordinates of the receiver ar-
rays and the retrieved angles ( and ), the location of the
source is calculated by triangulation. The vector baseline can
be characterized very accurately, for example, using a differen-
tial GPS unit mounted on the two platforms. As it was alluded
to in the previous Section, to minimize the effect of multipath
as much as possible, the use of the lower band of the electro-
magnetic spectrum (HF-band) is proposed. When the level of
multipath increases (i.e., when the frequency of operation for a
given geometry of propagation scenario is increased), the reso-
lution of the retrieved DOA will degrade. It is shown that based
on full-wave simulations in the presence of mostly dielectric
scatterers, the direction finder works with good resolution in
the HF range. Another advantage of using HF has to do with
near-ground propagation effects which is unique to antennas
that are very close to the ground in terms of wavelength. The
Tx and Rx antenna heights for many of the applications of in-
terest is only a small fraction of the wavelength. For example, at
20 MHz, 1-m antenna height is only . Wave propagation at
such low antenna heights is dominated by Norton surface waves
[19], [20]. For near-ground antennas, unlike in the case of an-
tennas that are well removed from the ground (having heights
greater than a wavelength), the received electric field which is
dominated by Norton surface waves decay as [19].
For this reason, in the presence additional scatterers, multipath
effects also decay fast for near-ground antennas.
In order to achieve a high-resolution source tracking system,

there are three things that need to be considered. First, the
signal-to-noise ratio (SNR) should be maximized because it
is the main limiting factor determining the smallest phase
difference that can be accurately measured which in turn
determines the maximum tracking resolution. Secondly, the
orientations for each antenna should be selected so that the
received signal is maximized while the multipath effects are
further minimized. In the proposed system vertically polarized
transmit and receive antenna arrays are chosen to maximize
the received signal. The third important variable is the spacing
between the antenna elements in two Rx antenna array sets as it
has to be large enough so that the phase difference due to path
length differences is not too small.

III. PROPAGATION MODELING AND ANALYSIS

For Tx and Rx antennas located in a complex propagation en-
vironment, the received signal includes the direct, reflected, dif-
fracted and multiply scattered components from the scatterers in
the environment. The major scatterers in indoor environments
are walls, big furniture, ceilings and the ground. In order to
quantify the effect of multipath on the DOA retrieval technique,
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TABLE I
WALL REFLECTIVITY (TW IS THICKNESS OF THE WALL,

AND @ 5 MHZ), IS THE INCIDENT ANGLE
MEASURED FROM THE NORMAL TO THE INTERFACE

an accurate and efficient propagation model that takes into ac-
count scattering from the major indoor scatterers is required.
Once we have a propagation model, we can then quantify the
effects of indoor scatterers as a function of frequency, geometry
of the problem, and electromagnetic properties of the various
scatterers. As a first-order analysis to investigate the effects of
walls and similar scatterers, we will first calculate the reflec-
tion coefficient from a single dielectric wall for different values
of wall thicknesses, incidence angles and frequencies. Here, the
wall is essentially modeled as a dielectric slab having an effec-
tive complex dielectric constant. The real and imaginary
part of the dielectric constant of the wall used for this cal-
culation are 4 and 0.9 at 20 MHz, respectively. At 100 MHz,
is 4 and is 0.2. The use of a constant effective dielectric

constant for the walls is a good approximation for realistic walls
made out of bricks or cinderblocks at the frequency of interest
(HF band).
Table I shows the wall reflectivity values, and , for

transverse electric and transverse magnetic components of the
incident wave. These results show that only a small fraction of
the signal is reflected by thewall (especially in the HF band). For
example, about 80% of the incident field is transmitted through
the wall at 20 MHz independent of incidence angle for concrete
walls as thick as 25 cm. It can be seen that reflection coeffi-
cient significantly increases with frequency. The main point of
this analysis is to show that the HF band is desired for source
tracking in indoor settings, since at this frequency the multipath
becomes much less significant than at higher frequencies. In the
rest of this section, we present full-wave simulation results of
a typical complex indoor propagation scenario to quantitatively
investigate and justify the choice of HF band for source tracking
in cluttered environments.

A. Full-Wave Simulation in the Presence of Dielectric and
Metallic Scatterers

In order to study the effect of multipath using a more real-
istic model, we used a second model based on a finite-differ-
ence time-domain (FDTD) full-wave solver. The full-wave sim-
ulation is important because it takes into account near-ground
wave propagation and antenna coupling effects that ray tracing
does not consider. We will consider the setup given in Fig. 2
which will be used to investigate the level of multipath as a func-
tion of frequency using field coverage comparison. The perfor-
mance of the proposed tracking technique will also be analyzed.
The geometry used for this simulation is a complex building
setting consisting of several walls and the ground. The walls
and the ceiling are modeled as dielectric slabs. The dielectric
properties of the walls are chosen to be that of cinder block

Fig. 2. Full-wave simulation setup to investigate field coverage as a function
of frequency is shown. Several steel cylinders are included as support for the
dielectric walls and the ceiling (similar to realistic buildings). The dielectric
ceiling is not shown in this picture. A short dipole located outside is utilized as
a Tx antenna and field coverage inside and outside the building is analyzed.

Fig. 3. Comparison of magnitude of the vertical component of the electric field
coverage as a function of frequency on a plane parallel to the ground (at a height
of m for the setup given in Fig. 2.

. The ground is modeled as a concrete half-space
medium. The dielectric constant of concrete in the HF range is
assumed to be . To make the environment more
realistic, a metallic frame is considered as support for the dielec-
tric walls and ceiling (Fig. 2, dielectric part of the ceiling is not
shown). A z-directed short dipole located outside the building
is utilized as a Tx antenna and the electric field coverage is
computed as a function of frequency. It should be noted that
absorbing boundary conditions have to be correctly placed to
avoid diffracted components from the edges of the ground. For
this reason perfectly matched layer (PML) boundary conditions
without any air padding are utilized to simulate infinite ground.
The vertical component of the electric field on a plane par-

allel to the ground at a height m is plotted for two
different frequencies (20 and 100 MHz) as shown in Fig. 3. As
expected when a vertical dipole is used as Tx, the effect of the

Authorized licensed use limited to: Seoul National University. Downloaded on December 15,2022 at 13:59:12 UTC from IEEE Xplore.  Restrictions apply. 



DAGEFU et al.: SUB-WAVELENGTH RF SOURCE TRACKING SYSTEM FOR GPS-DENIED ENVIRONMENTS 2255

Fig. 4. Phase map of the geometry given in Fig. 2 where the Tx antenna is
positioned at (9,10,1.5). The phase map is given in (a) with ground and dielectric
walls and ceiling at 20 MHz, (b) with metallic scatterers in addition to dielectric
scatterers at 20 MHz, and (c) with metallic scatterers in addition to dielectric
scatterers at 100 MHz.

vertical metallic scatterers (used for reinforcing walls in realistic
buildings) can be seen in the field coverage at both frequencies,
but the horizontal metallic scatterers are not significant since
the radiated field is vertically polarized. By comparing the field
coverage plots in Fig. 3, we note that at 100 MHz the signal
components scattered by the building walls, ground and ceiling
become comparable to the direct field component causing sig-
nificant fading and uneven field distribution. Of course, if the
frequency is increased further (e.g., L or X band), the multipath
level becomes even more significant [11], [12]. In addition, at-
tenuation through the walls and ceilings becomes much larger
making the possibility of source tracking using these frequen-
cies challenging. We can see that the effect of the scatterers is
much less prevalent at 20 MHz. The fact that the multipath level
is very small and that the direct path is the dominant compo-
nent of the total received field is the main reason the HF band
is considered. In Fig. 4, the phase map for the geometry given
in Fig. 2 are given. As can be seen, at 20 MHz (Fig. 4(a) and
(b), even in the presence of dielectric and metallic scatterers,
the phase fronts inside the building are only slightly disturbed.
When the frequency is increased to 100 MHz (Fig. 4(c), the
effect of the multipath becomes more significant. At a given
frequency, the error introduced on the tracking resolution due
to the small multipath is first calculated by performing simula-
tions with and without the building walls. Then, the highest fre-
quency at which the error is within the intended resolution of the
system is selected. After the frequency of operation is chosen,
the performance of the proposed tracking approach is investi-
gated. Here, we discuss the results of three sets of simulations
based on a FDTD full-wave solver. The building geometry con-
sidered is the same as that of Fig. 2. A detailed simulation setup
and parameters are given in Fig. 5.
In the first simulation, only the dielectric scatterers were con-

sidered. This is important because many residential houses do
not include metals and instead use bricks or wood. The goal here
is to study the effect of having mostly dielectric scatterers on the

Fig. 5. Top view of the full-wave simulation setup. The geometry of the
problem is the same as the one shown in Fig. 2. For this case, the Tx antenna
is moved inside the building while the Rx array is positioned outside. The
simulations in this section use z-directed short dipoles Tx and Rx antennas.

proposed source tracking technique. For this simulation, the re-
ceive array is kept stationary and the Tx antenna is moved along
a straight line inside the building. For each Tx position, the re-
ceived field at the receive antennas is recorded. It is obvious
that when the Tx antenna is at the boresight of the Rx arrays

m and m for Rx array 1 and Rx array 2,
respectively), the phase difference between the received signals
is zero. In this case the Tx antenna is moved (along Tx path 1 in
Fig. 5 to vary the phase differences between the received signals.
The same analysis could have been done by fixing the position
of the Tx antenna and rotating the Rx array to create the phase
differences. The DOAs for a given position of the Tx antenna
are calculated from the center of both receive arrays. These
DOA values are then used to compute the location of the Tx
antenna based on the technique describe in Section II. The plots
given in Fig. 6 show the DOA calculated based on the phase
and magnitude of the signals received by the two Rx antennas
of array 1. For comparison, the same setup (without the walls)
is simulated based an asymptotic Dyadic Green’s function for
a half-space medium which takes into account the near-ground
propagation effects [19]. As described in the original work, by
utilizing asymptotic Dyadic Green’s function, the Norton sur-
face waves that become prevalent in near-ground scenarios can
be fully taken into account. The results confirm that even in the
presence of scatterers such as walls and ground, the DOA of the
signal can be successfully retrieved because the direct signal is
dominant compared to the level of multipath in the HF band. It
should be noted that the errors in the estimated DOA are caused
by small level of multipath that still exists (it is much smaller
than the direct path) and antenna coupling in the Rx array espe-
cially for larger DOA values which is described in Section III.B.
It should be noted that the proposed system needs to measure
only small DOAs because the Rx arrays which are positioned on
a rotating platform can rotate to keep the Tx antenna along the
bisect of the Rx array. Essentially, as the Tx antenna moves, the
Rx array rotates in such a way that the phase difference between
the received signals at the Rx elements is at a global minima.
The advantage of this approach is that the system does not have
to measure large DOA values and hence can avoid DOA errors
that can be significant [see Fig. 6(a)].
A second set of simulations for a more complex scenario

is also performed. Since some buildings are built out of both
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Fig. 6. Geometry of the simulation is given in Fig. 4 .
The source is moved along Tx path 1 and phase difference variation of the re-
ceived signals at Rx array 1 is plotted in (a) and the magnitude of the received
signals are used to calculate DOA based (2) (b).

metallic and dielectric materials, the performance of the pro-
posed direction finding technique must be analyzed in the
presence of both types of scatterers. For this simulation, thick
cylindrical posts are placed at the various corners and junctions
of the building (Fig. 2.Apair of short dipoles are used as a receive
array (the bisect of the array is along ). The received
fields at each antenna is recorded by running the FDTD solver
for various positions of the Tx antenna (Tx path 1 and Tx path 2
shown in Fig. 5. As can be seen in Fig. 7(a), when the Tx antenna
is moved along Tx path 2, the phase difference plot results in
a null at the bisect of Rx array 2. Tx path 1 is also considered
to investigate the performance of the proposed technique for
various locations inside the building. Fig. 7(b), the result for the
case where the source moves along Tx path 1, shows a null at the
correct location. Of course, there is a relatively small error in the
estimated DOA values. For example, in Fig. 7(b), we notice that
when the Tx antenna is at (2.5 m to the left of the bisect of
Rx array 2, see Fig. 4), the estimated phase difference is 14.13 .
On the other hand, when the Tx antenna is at (2.5m to the
right of the bisect of Rx array 2), the estimated phase difference
is 13.85 . The calculated phase difference based on the location
of the Tx and Rx antennas is 14.03 for both cases. So, the errors
in the retrieved phase differences are small (despite the presence
of indoor scatterers). For this simulation is 1 m and is 5 m.
In the third simulation, the effect of increased multipath level

is investigated by comparing phase differences at 20 MHz and
40 MHz with the same geometry as the above two cases. The

Fig. 7. Geometry of the simulation is given in Fig. 5 m m .
Phase difference variation of the received signals at Rx array 2 when the source
moves along Tx path 1 (b) and Tx path 2 (a) are shown. Dielectric walls and
metallic scatterers for the walls and ceiling are included in this simulation
(Fig. 2).

Fig. 8. Geometry of the simulation is given in Fig. 4 m m .
Phase difference variation of the received signals at Rx array 2 is plotted at
20 MHz and 40 MHz (for Tx path 1). Dielectric walls and metallic scatterers
are included.

phase differences between the received signals at Rx array 2 are
computed as the Tx antenna is moved along Tx path 1. The plots
in Fig. 8 show that the error in estimated phase differences in-
crease as the frequency is increased because the effect of the
scatterers becomes more significant at 40 MHz compared to
20 MHz. To investigate the effect nearby scatterers, the receive
array for this case was positioned very close to the wall unlike
the previous case m . The bisect of the receive array is
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Fig. 9. Three antenna system used for antenna coupling analysis.

TABLE II
ANTENNA COUPLING ANALYSIS USING FULL-WAVE SIMULATION (SEE FIG. 9)

correctly retrieved only at 20 MHz. The slight asymmetry com-
pared to the previous case (Fig. 7 in the result is caused by the
close proximity of the antennas to the wall.

B. Antenna Coupling Analysis

Because of the close proximity of the antenna elements in the
receive array , the effect of the interelement coupling has
to be investigated. One way to analyze the coupling as it relates
to direction finding is by using the scattering matrix (S-matrix)
of the antenna system. The three antenna system consisting of
the Tx antenna and the two Rx antennas on the receive array can
be modeled as a three port network which can be represented
by a 3 3 S-matrix (Fig. 9. Because of Lorentz reciprocity, the
S-matrix is symmetric. For our application, and are the
important elements since these elements are responsible for in-
terelement coupling between the receive antennas. can be
calculated by first exciting the Tx antenna (port ) and mea-
suring the voltage at port while is matched to 50 .
is then computed by taking the ratio of to . When the two
Rx antennas are illuminated by the radiated field from the Tx an-
tenna, the scattering from induces a voltage across the port
of and vice versa. So, the received field at consists of
the direct field from the Tx antenna and a small scattered com-
ponent from determined by the radar cross-section of the
short dipole and the scattering angle . To quantify the effect
of antenna coupling on the retrieved DOA, a full-wave simula-
tion consisting of three short dipoles is carried out with no other
scatterers present (Fig. 9). The error in the retrieved DOA is then
calculated by taking the difference between the retrieved DOA
(from simulation) and exactDOA (based on geometry). It should
be noted that when the Tx antenna is at the bisect of the two iden-
tical receive antennas, the error in phase difference due to an-
tenna coupling is zero. If the Txmoves on the azimuth plane (the
x-y plane in Fig. 9, a small error is introduced on the phase dif-
ference. The results of the full-wave simulation (errors due an-
tenna coupling) are shown in Table II. The results show, for small
antennas whose bistatic scattering is almost invariant with the
bistatic angle, the resulting errors are quite small. The coupling
effect has been fully taken into account in the full-wave simula-
tion analysis presented in Section III.B. Also, a scenario where
the dipole lengths are slightly differentwas simulated. Therewas
no significant change in the error compared to identical antennas.

IV. SOURCE TRACKING SYSTEM PROTOTYPE

Having performed numerical analysis of direction finding in
multipath environments, the next step is to validate our pro-
posed approach using measurement results. In order to realize
the proposed system, various components need to be designed,
fabricated and tested. Assuming a narrowband signal in the HF
range is transmitted by the miniaturized antenna, the signals
at the two receiving antennas are first filtered by narrowband,
low-loss filters with high stop-band rejection. The filtering stage
is important to reduce the out-of-band noise and maximize SNR
as much as possible. Assuming a zero-mean Gaussian noise,
the standard deviation of phase in terms of SNR is given by

. The SNR is an important quantity because
it is the main limiting factor determining the smallest phase dif-
ference that can be accurately measured which in turn affects the
maximum tracking resolution. After the filtering stage, the sig-
nals are amplified by low-noise, high-gain amplifiers. Since the
components used could introduce phase differences between the
two signal lines, an electronic phase shifter is connected in one
of the lines for calibration. The next component which is the
PDA circuit (discussed in Section IV.B) is a four-port passive
network inspired by the hearing mechanism of a fly that essen-
tially amplifies the phase difference between the input signals
into a much larger value that can then be measured accurately.
The output signals of the phase difference amplification (PDA)
circuit are sampled by a highly sensitive two channel 16-bit A/D
converter. In this section, we will first describe the design and
fabrication of a miniaturized low-profile HF antenna. The prin-
ciples of operation and design of the four-port PDA circuit is
also described. We concluded the section with test results per-
formed in various environments.

A. Highly Miniaturized Low-Profile HF Antenna

Conventional antennas in the HF range are prohibitively large
especially for applications such as tracking of small robotic plat-
formswhere the antennas are to be integrated. For our prototype,
a very low-profile miniaturized antenna with vertical polariza-
tion and omnidirectional pattern, operating in the HF band is uti-
lized. The length and width of the antenna are both while
the height is at 20 MHz. For such extremely low-profile
condition, the radiation efficiency becomes very small. One way
of improving the gain of low-profile vertically polarized antenna
is to use multiple vertical elements in phase which is equivalent
to having a vertical short dipole with higher height. This ap-
proach is used to design the Tx antenna in the proposed source
tracking system. In order to minimize the size of the vertically
polarized antenna with two in-phase vertical elements, a modi-
fied T-type 180 phase shifter utilizing a capacitive impedance
inverter is used [22]. As can be seen in Fig. 10(a), the currents
on the feed and shorting pins ( and ) that would normally
have 180 phase difference are forced to flow in the same direc-
tion by using a T-type 180 phase shifter. First, the capacitance
value is determined by the limited area of the capacitive plate
(150 mm 150 mm). Next, in order to achieve 180 phase shift
of the T-type phase shifter at the frequency of interest, the in-
ductance value is calculated. The values used in our design are

H and pF. It should be noted that these values
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Fig. 10. Low profile miniaturized antenna designed to operate at 22.8 MHz
and the optimized dimensions are shown (a), (c). The top and bottom view of
the fabricated antenna are shown in (b) and (d), respectively. The inductive and
capacitive elements form a realization of a 180 T-type phase shifter. This forces
and to be in phase (a).

are just for ideal circuit simulations. In the actual antenna geom-
etry, the parasitic inductance of feeding and shorting pins and di-
electric constant of thin substrates of top and bottom plates also
affects the values. For this antenna, a lumped element capacitor
can not be used as that would cause an out-of-phase conduction
current to the ground which would result in radiation cancella-
tion. For this reason, the required capacitor is realized by using
an open stub. Finally, for a given lateral dimension and height,
the miniaturized antenna structure is designed by optimizing the
geometry of the open stub to get omnidirectional radiation pat-
tern. The proposed antenna was successfully fabricated and in-
tegrated with voltage controlled oscillator (VCO) operating at
HF-band and a battery, as shown in Fig. 10. The VCO is used to
tune the frequency of operation. Having the battery integrated
with the antenna is important because if a cable is used to feed
the antenna, the cable itself will become part of the antenna ( at
23 MHz is m), leading to a shift in the resonant frequency,
poor impedance matching and radiation pattern. The measured
antenna gain is 29.2 dBi, which is similar to the simulated
gain of 28.1 dBi. In comparison, the gain of the spiral-shaped
inverted-F antenna (IFA) is 34.4 dBi which is 5.2 dB lower
than that of the proposed antenna. The radiation pattern of the
proposed antenna is given in Fig. 11.

B. Phase Difference Amplification (PDA) Circuit Inspired by
Ormia’s Hearing Mechanism

The receive end in our system prototype consists of two an-
tennas operating in the HF range that are very close to each
other in terms of wavelength ( at 20 MHz). One of the
challenges that arise at such low frequencies is that the phase
difference between the two received signals becomes too small
to be accurately measured. Also, the resolution of tracking is
limited by the smallest phase difference that can be measured.
The smallest measurable phase difference is in turn determined

Fig. 11. Measured and simulated radiation patterns of the proposed antenna in
(a) plane and (b) plane.

Fig. 12. Geometry used to analyze the minimum phase requirement for a given
tracking resolution. and are the distances between the center of the Rx
arrays to the first and second positions of the source.

Fig. 13. Azimuth resolution plotted against Tx-Rx separation. The three curves
show the resolution for various values of minimum phase difference between
received signals that can accurately be measured .

by the SNR. Given a receive array and a Tx antenna as depicted
in Fig. 12, the phase difference between the signals at the Rx
antennas changes slightly as the Tx antenna moves a distance
. If the system can accurately measure the phase difference

introduced because of the motion of the Tx antenna, then that
means the system can achieve a spatial resolution of . A plot
that relates the spatial resolution to Tx-Rx separation and the
minimum phase difference that can be measured is presented in
Fig. 13. For example, if the system can accurately measure a
phase difference of 1 and the Rx antennas on the array is sep-
arated by 1 m, then the best possible spatial tracking resolution
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Fig. 14. Phase difference amplification circuit designed to amplify small phase
differences.

is about 35 cm for a Tx-Rx separation of 10 m. Since the mea-
surement of small phase differences is challenging, we need a
way to enhance the accuracy in phase difference measurement
without increasing the baseline distance.
To tackle the challenge associated with measuring very small

phases, we utilize a phase difference amplification technique in-
spired by the hearingmechanism of a fly called OrmiaOchracea.
Ormia is a small fly which is known for its accurate direc-
tional hearing. This ability helps Ormia loacalize the mating
call of the male cricket. Ormia’s ears are separated by a mere
1.2 mm ( at 4.5 KHz). This close proximity causes the
arrival times of the sound pressures at the two ears to be less
than 1 to 2 s [23], [24]. So, how is that Ormia can sense
the direction of sound with resolution as small as 1 ? Ormia
uses a sophisticated structure that mechanically couples its two
ears, the effect of which is the amplification of the phase dif-
ference to values that are amenable to neural processing. The
electrical analogous of Ormia’s phase difference amplification
mechanism is first investigated in [25]. The schematic in Fig. 14
shows a realization of this approach. The coupling circuit con-
sists of various lumped elements and two transformers used to
measure currents and . So, by optimizing the values of the
lumped elements, the phase difference between and dra-
matically increases compared to the phase differences between
the input signals. Assuming the amplitudes of the input sig-
nals are almost the same, the output phase difference

can be approximated in terms of the input phase
difference (phase difference between the received fields at the
two Rx antennas) as

(3)

where the output phase difference. and are the se-
ries and shunt impedances, respectively (as given in Fig. 14).
To get an insight into how the circuit works, let us look at two
extreme cases which are when the impedance of is zero and
infinity. When , the output phase difference
will be same as the input phase difference. On the other hand,
if is very large , the phase difference becomes

. When is finite and larger than , the phase differ-
ence between the two currents will be an amplified version of
the original phase difference. The way this circuit is optimized is
based on the following two conditions: 1) Achieving the desired
phase amplification which is determined by the phase amplifi-

Fig. 15. Picture of the fabricated PDA circuit where Rx1 and Rx2 are the ports
that connect to the two receive antennas is shown. The simulation and measure-
ment results of the phase difference amplification are given in the plot.

cation factor ; and 2) Maximizing the power at the output
channels of the PDA circuit (by achieving impedance matching
at each stage of the receive circuit). The values chosen in the
final design are and . The circuit
was fabricated and tested using a signal generator, an electronic
phase shifter and an A/D converter. As can be seen in Fig. 15,
there is a very good agreement between measured and simu-
lated results. It should be noted that this circuit is only necessary
when the input phase differences are relatively small .
Larger input phase differences can be directly measured without
amplification.

C. System Integration and Test

The receiver module as can be seen in Fig. 16 consists of two
signal lines each having a narrowband, low-loss filter connected
to the two miniaturized dipole antennas . A high-gain
low-noise amplifier is then used to amplify each signal by about
40 dB. However, the noise that passes through the filters with
the signal of interest will also be amplified. It’s vital to mini-
mize this noise to achieve the maximum possible SNR. For this
reason, a second set of band-pass filters with high stop-band re-
jection are used. The various parameters of the system are listed
in Table III. The second column in the table lists the calculated
or simulated values for the Tx antenna gain , Rx antenna
gain , the output power of the VCO used to feed the Tx an-
tenna , the received power and the distance be-
tween the Tx and Rx antennas . The third column of the
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Fig. 16. Receiver module including a sensitive pair 16 bit ADCs, phase ampli-
fication circuit, various filters, amplifiers.

TABLE III
COMPARISON OF CALCULATED AND MEASURED

RECEIVED SYSTEM PARAMETERS

table lists measured values for the same parameters. The an-
tenna gains were measured outside where the multipath effects
were minimized by positioning one antenna at higher elevation
relative to the other antenna [22].
With the current setup, at the maximum Tx-Rx separation

considered (20 m), an SNR well over 27 dB was achieved. It
should be noted that this noise is not thermal noise, but is caused
by signal interference and thus the error generated by it in both
channels are coherent. This makes it possible to improve the
DOAmeasurement by subtracting the coherent components and
hence thermal noise uncertainty is not the main factor. Also, one
way to improve the current system is by designing extremely
narrowband filters with high stop-band rejection which will fur-
ther improve the signal-to-interference ratio (SIR). The down-
side to using filters in the HF band based on lumped element
components is that such filters suffer from low Q and/or high
insertion loss. Other types of filters such as dielectric resonator
filters and coaxial resonator filters which usually have high Q
maybe used for better accuracy.
The Tx and Rx antennas are also tuned to maximize transmit

and receive power, respectively. Without any amplifiers and fil-
ters, the received power is 53 dBm at 20 m Tx-Rx separation.
As can be seen in Table III, the received power is similar to the
expected value. This measurement was done both indoor and
outside using a spectrum analyzer to estimate the SIR. The fact
that we get similar received power results for both the indoor
and outdoor cases further confirms the minimal effect of multi-
path at this frequency. For a Tx–Rx separation of varying from
5 to 20 m, the source tracking system was tested in various en-
vironments. We first tested the system for cases where there was

Fig. 17. Measurement setup of Case 3 in Table III (NLOS case), Tx was posi-
tioned at the boresite of the receiving array on the x-y plane. The Rx array and
is then rotated about the z-axis to investigate the phase difference variation.

Fig. 18. Measurement results and comparison with simulation for the cases
listed in Table IV.

a line of sight between the Tx and Rx antennas. The measured
results were also compared with simulated results based on the
half-space dyadic Green’s function to capture the effect of the
ground accurately. In all the measurements presented, the sig-
nals at the Rx antenna elements are recorded by keeping the Tx
antenna stationary and rotating the Rx array in the azimuth plane
about the center of the Rx array (one case is shown in Fig. 17).
In the results that follow, we choose rotation as the case when
the Tx antenna is at the bisect of the Rx array. In Fig. 18(a), the
phase difference comparison between measured and simulated
results for Case 1 (see Table IV) show very good agreement. The
mean error for this case is 0.78 . For each Tx position, the phase
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TABLE IV
SOURCE TRACKING SYSTEM TEST SCENARIOS

TABLE V
COMPARISON OF THE PROPOSED SYSTEM WITH EXISTING

TECHNIQUES [26], [27]

difference is measured a minimum of five times. Errors are then
calculated based on measurement and simulated results.
More importantly, the two channel 80MSPS A/D converter

acquires about 16 000 samples. The FFT process essentially av-
erages over the samples in 0.2 ms (averages over 4000 cycles of
the signal). The FFT process along with the use of very narrow-
band filters reduces the noise power which in turn decreases the
effective receiver bandwidth. The thermal noise power is cal-
culated using , where and are Boltzmann’s
constant, the temperature and the effective receiver bandwidth,
respectively ( is the noise power). The uncertainty in phase
measurement can then be calculated based on the resulting SNR
using as alluded to earlier. For our system,
the uncertainty in phase measurement is well within 1 . By re-
ferring to Fig. 13, we see that the error in the retrieved DOA re-
sults in a spatial tracking resolution of about 70 cm. The slight
asymmetry in the measured result and the overall error is caused
by measurement errors and the effect of antenna coupling be-
tween the Rx antennas as discussed in Section III.C. Measure-
ment errors come from inaccuracy in determining the location
of the antennas especially for NLoS scenarios and differences
in the performance of Rx antenna elements. The small multi-
path effect also contributes to the error. The result in Fig. 18(b)
(Case 3, Table IV) shows that the proposed system works in
NLOS case as well. The setup for this case is given in Fig. 17.
It is worth comparing the proposed system to the state of

the art commercial DF systems. In the literature there are not
many HF DOA retrieval techniques and measurement results
for NLoS environments that we could make direct comparison
with. Table V lists a few commercial systems and their accuracy
compared to the proposed system.

V. CONCLUSION

A Sub-wavelength RF source tracking technique utilizing
highly miniaturized HF antenna for applications in GPS-denied
environments such as indoor and urban scenarios is proposed.
Numerical models are used to investigate wave propagation
and scattering in complex indoor scenarios as a function of
frequency and analyze the possibility of direction finding in the
HF range in the presence dielectric and metallic scatterers. The
proposed approach is based on a radio triangulation approach
in conjunction with a direction retrieval approach utilizing a

highly miniaturized Tx antenna and a compact Rx antenna
array. A system prototype has also been implemented and
tested. A low-profile and highly miniaturized antenna
height and lateral dimensions at 20 MHz) designed to
efficiently generate omnidirectional vertically polarized field
is designed and fabricated. At such low frequencies, since the
phase difference between the signals at the Rx antenna pairs
is too small to be accurately measured, a biomimetic circuit
that mimics the hearing mechanism of a fly (Ormia Ochracea)
is utilized. With this circuit, very small phase differences are
amplified to values that can easily be measured. The system
prototype has been tested for various scenarios with different
levels of multipath. The test results show that a source in a
complex GPS-denied environment can be successfully local-
ized using the proposed approach.
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