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(57) Claim

1. In a vehicle location system (100) for use with . . at lecist Lujoa toll collection system having^er phased array antenna 
(102, 104) mounted at a toll collection station, each
antenna array (102, 104) having multiple elements (112,
114, 116, 118, 120, 122) for receiving a signal from a
transponder (106) mounted on a vehicle and for providing 
a plurality of antenna element electrical signals, the 
improvement characterized by:

a plurality of phase detectors (140, 142) for
comparing the phase of said electrical signals to provide 
a plurality of phase difference signals in response 
thereto;

a plurality of angle-of-arrival calculation 
processors (141, 143) for converting the phase difference 
signals to spatial signals to define the 
angles-of-arrival of said vehicle transponder signal; and 

a position calculation device (144) for providing an 
output signal representative of the location of said
vehicle in response to said defined angles-of-arrival.
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TRANSPONDER LOCATION AND 

TRACKING SYSTEM AND METHOD

5

BACKGROUND OP THE INVENTION

i

Field of the Invention:

The present invention relates to tracking systems. 
More specifically, the present invention relates to 
methods and apparatus for locating and tracking 
communication transponders using phase 
interferometer techniques.

While the present invention is described herein with 
reference to illustrative embodiments for particular 
applications, it should be understood that the invention 
is not limited thereto. Those having ordinary skill in 
the art and access to the teachings provided herein will 
recognize additional modifications, applications and 
embodiments within the scope thereof and additional 
fields in which the present invention would be of 
significant utility.

Description of the Related Art:

Automated toll collection systems are known in the 
art. Typically, these systems comprise a reader 
transponder and at least one vehicle transponder. The 
reader transponder includes either laneside, overhead or 
in-pavement antennas in each traffic lane. The reader 
transponder senses the presence of the vehicle 
transponder by employing a vehicle sensor or by
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transmitting an RF signal to which the vehicle 
transponder responds with an identification message. 
In conventional automated toll collection systems, 
toll booth barriers are utilized to route vehicles one at 
a time through an electronic toll collection area. 
Thus, only one vehicle transponder is within the range of 
the antenna pattern. The toll is then collected 
electronically from the vehicle in the designated area.

Unfortunately, existing electronic toll collection 
and tracking systems do not identify and locate all 
vehicles on a roadway unless the vehicle includes a 
transponder. If a particular vehicle is not equipped 
with a transponder, it will not be detected by the reader 
transponder. Thus, if tolls are only collected from 
vehicles via an electronic link, the absence of a 
transponder enables a vehicle to utilize the roadway 
without charge. Therefore, enforcement of toll 
collection from vehicles using the roadway is a major 
problem in electronic toll collection systems of the 
prior art.

In the past, the problem of enforcement of toll 
collection from vehicles using the roadway has been 
addressed in the following manner. A communication link 
is established between the reader transponder and a 
particular vehicle transponder by accurately adjusting 
the antenna pattern of the reader transponder to 
illuminate and to electronically collect the toll from a 
single vehicle transponder. These requirements 
necessitate an antenna to be positioned in each traffic 
lane of the roadway. Each of the antennas are either 
connected to a dedicated roadside reader transponder or 
are multiplexed to a single reader transponder. The 
systems of the prior art are designed to communicate 
with only a single vehicle per traffic lane and then only 
if the lane is equipped with an antenna. Each vehicle
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must slow down or stop, or remain in a particular 
traffic lane during the vehicle identification process. 
These requirements restrict the flow of traffic and tend 
to increase congestion.

A rudimentary method of enforcement of toll 
collection from vehicles using the roadway is to design 
the transponder fitted on each vehicle to be physically 
observable. A vehicle using the roadway without an 
observable transponder is cited as a violator. In more 
sophisticated electronic toll collection system designs, 
the antenna patterns are used to determine if a 
particular vehicle is a toll violator. The absence of a 
transponder response from a vehicle in combination with 
detection of the vehicle at an established detection 
location (e.g., for example, video detection) indicates a 
potential toll violation.

The enforcement performance of the toll collection 
technique utilizing the antenna patterns is further 
determined by the ability to electrically isolate the 
responses of different vehicle transponders from one 
another. The installation of physical barriers and 
associated infrastructure to electrically separate 
vehicles is required to achieve high performance 
enforcement during the toll collection procedure. 
Therefore, a conventional electronic toll collection 
system necessitates one of the following constructions: 
either (a) a reader transponder antenna must be buried 
in each lane of the roadway and the vehicle transponders 
must be mounted on the bumpers of the individual 
vehicles, or (b) wide lane spacing must be provided for 
increasing the spacing between vehicles to ensure that 
overhead antenna patterns can provide the vehicle 
response separation without ambiguity. Both of these 
construction alternatives also lead to restrictions on 
lane changes during the toll collection procedure.

I
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The ability to electrically isolate responses of 
different vehicle transponders from one another to 
improve enforcement performance is inversely related to 
the requirement of ensuring reliable communications 
between the reader transponder and the vehicle 
transponder. To improve the reliability of a 
communication link with a vehicle transponder and thus to 
increase the probability of toll collection, the antenna 
radiating power of the reader transponder can be 
increased. Increasing the antenna radiating power 
extends the area of coverage of the reader transponder.

Although the reliability of the communication link 
might be improved, increasing the antenna radiating power 
of the reader transponder can result in a cross-lane read 
problem in a high density traffic environment. A 
cross-lane read problem is characterized by the inability 
of the reader transponder to determine with which vehicle 
transponder the communication link has been established. 
Thus, the vehicle transponder wj^h which the reader 
transponder is communicating can be erroneously 
identified. In order to minimize the·cross-lane read 
problem and to isolate vehicle transponder responses from 
one another, it is necessary to reduce the antenna 
radiating power of the reader transponder. 
Unfortunately, this action also reduces the reliability 
of the communication link between the reader transponder 
and the vehicle transponder and lowers the toll 
collection performance level of the electronic toll 
collection system.

Unfortunately, the above described automated toll 
collection systems of the prior art do not identify a 
particular vehicle with respect to the position or 
location of the vehicle transponder on the roadway. If 
tolls are electronically collected from vehicles, the 
absence of a transponder enables a vehicle to utilize the
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roadway without charge. Clearly, toll collection
enforcement of the exemplary automated toll collection 
systems exhibit poor performance. Thus, the probability 
of violator identification is low, the infrastructure

5 costs are high since many additional components are 
required to support the system, and the restrictions on 
traffic flow are burdensome. Further, the reliability of 
the system is reduced during high traffic density periods 
or when vehicles straddle a traffic lane.

10 Thus, there is a need in the art for improvements in
systems that locate and track vehicle transponders 
associated with automated toll collection systems.

SUMMARY OF THE INVENTION
. According to one aspect of the present invention a
15 vehicle location system for use with a toll collection 

system having at least two phased array antenna mounted 
at a toll collection station, each antenna array having 
multiple elements for receiving a signal from a 
transponder mounted on a vehicle and for providing a

20 plurality of antenna element electrical signals, the 
improvement characterised by:

a plurality Qf phase detectors for comparing the 
phase of said electrical signals to provide a plurality 
of phase difference signals in response thereto;

25 a plurality of angle-of-arrival calculation
processors for converting the phase difference signals to 
spatial signals to define the angles-of-arrival of said 
vehicle transponder signal; and

a position calculation device for providing an
30 output signal representative of the location of said 

vehicle in response to said defined angles-of-arrival.
In a preferred embodiment, the transponder location 

and tracking system includes a plurality of receiver 
processing devices for amplifying and filtering the

35 electrical signals 'from each antenna element. The phase
detectors then compare the phase of the electrical
signals to a reference element signal. Each phase
detector provides a digital representation of the phase
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difference signals. The spatial signals represent the 
angle-of-arrival of the vehicle transponder signal. The 
position calculation processor operates on the spatial 
signals to determine the vehicle transponder position. A 
tracking mechanism is provided to plot the location of a 
moving vehicle along the roadway.

BRIEF DESCRIPTION OF THE DRAWINGS
A preferred embodiment of the present invention will 

now be described by way of example only with reference to 
the accompanying drawings in which:

Figure 1 is a simplified planar view of an 
illustrative embodiment of the transponder location and 
tracking system of the present invention showing multiple 
element antennas of a reader transponder for tracking 
signals from a vehicle transponder.

Figure 2 is a block diagram of the transponder 
location and tracking system of Figure 1 showing a 
position calculation processor which determines the 
location of the vehicle transponder based upon the 
angles-of-arrival of the signals received from the 
multiple element antennas.

Figure 3 is a graph showing a pair of multi-element 
antenna arrays and the construction utilised to locate 
the position of the vehicle transponder of Figure 1.
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DESCRIPTION OP THE INVENTION

The transponder location and tracking system 100 of 
the present invention is shown in Fig. 1. The 
transponder location and tracking system 100 is employed 
in electronic toll road collection enforcement. The 
system 100 includes a plurality of antenna arrays 102 and 
104 mounted at a toll collection station for locating and 
tracking a vehicle or container equipped with a 
transponder 106 using phase interferometer techniques. 
Each antenna array 102 and 104 serves to intercept a 
signal from the transponder 106 in response to an 
interrogation signal from one of a plurality of receivers 
107 and 108 of a vehicle-to-roadside communications 
network. The signal may be emitted by the transponder
106 and received by the antenna arrays 102 and 104 or 
emitted by the antenna arrays 102 and 104 and received by 
the transponder 106. The construction of a variety of 
transponders 106 and receivers 107' and 108 are known in 
the art.

An example of a suitable communications network to 
be employed with the transponder location and tracking 
system 100 of the present invention is a Time Division 
Multiple Access (TDMA) communication network. It is 
noted that other communication networks are suitable for 
use with the present invention. The TDMA network 
incorporates a protocol that simplifies the process of 
identifying vehicles on a roadway by employing an 
activation time slot to randomly gain entry to the TDMA 
network and a message time slot utilized to transfer 
data between the vehicle transponder 106 and receivers
107 and 108. The receivers 107 and 108 can be roadside 
or aerial mounted. Each of the vehicle transponders 106 
communicating with the receivers 107 and 108 is assigned35
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a specific message time slot during which data is 
transmitted. The design of this protocol eliminates the 
error that would otherwise occur if two vehicle 
transponders simultaneously transmitted data.

5 Many'known antenna designs are suitable for use in
the transponder location and tracking system 100 of the 
present invention. In particular, the phased array 
antenna is appropriate. In order to measure the 
wavefront of the transponder signal arriving at the

10 antenna arrays 102 and 104, each phased array includes a 
plurality of antenna elements. A minimum of two antenna 
elements is required to ensure proper operation. 
However, three or more antenna elements provide more 
accurate results. Therefore, antenna array 102

15 includes ε first set of antenna elements 112, 114 and 116 
while antenna array 104 includes a second set of antenna
elements 118, 120 and 122 as shown in Fig. 1. The0 ’

. ., wavefront strikes each antenna array 102 and 104 at an» 0 ■»
ft angle which generates a ohase iSlfference 1 ■■'tween the» 0 9

' ΐ 20 signals on each antenna array element 112, 114, 116,
ft 0 · £ 0 0 “* , **

ft 118, 120 and 122. This phase difference is defined byββΟ :
’ the angle-of-arrival of the response signal from the

0 0 00

vehicle transponder 106. Since each antenna element
.. receives the wavefront signal at slightly different

0 0« '

ft../ 25 times, the signal timing is different for each antenna 
“ ‘ element of each array 102 and 104.

As is well known in the art, this time difference in
0 0 0 00

‘ft..., the interception of the wavefront between two antenna
elements of the same array can be determined by measuring

«. < 30 the phase of the voltgqe induced therein. The 
«. differential phase information allows for a determination« » c ■
‘ “ of the direction of the wavefront of incident energy from

the transponder 106. The performance of the antenna 
elements can be optimized by Varying title number and

35 spacing of the antenna elements in each array 102 ahd
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104. Use of two or more antenha arrays establishes a 
corresponding number of angles-of-arrival which define a 
corresponding number of paths as described hereinbelow. 
The point at which the angles-of-arrival intersect

5 describes the location of the vehicle transponder 106 on 
the roadway. The number of antenna arrays employed is 
determined by a practical criteria such as a 
cost-performance tradeoff.

The output signal of each antenna array 102 and 104
10 includes a plurality of analog signals (e.g., for example 

RF signals) that is equal in number to the number of 
antenna elements (112, 114, 116 or 118, 120, 122) in the 
respective antenna array. Each antenna array 102 and 104 
transmits the respective analog signals to the

15 corresponding receiver 107 and 108 as shown in Fig. 2. 
Therefore, the analog signiiis generated by the antenna

. elements 112, 114 and 116 are transmitted for processing
to receiver 107 and the analog 'signals generated by the 
antenna elements 118, 120 and 122 are transmitted for

,,,ί 20 processing to receiver 108. Each of the receivers 107t :
·, ί and 108 include a plurality of processing channels. In

the example illustrated in Fig. 2, each receiver 107 and{ ! '
108 includes three processing channels. Therefore, 
receiver 107 includes channels A, B and C represented by

25 the numerals 128, 130 and 132. Likewise, receiver 108 
includes channels D, E and F represented by the numerals

'134, 136 and 138.
Each of the processing channels 128, 130, 132, 134, 

136 and 138 serve to amplify and filter the analog
«',! 30 signals received from each antenna array 102 and 104.

The number of processing channels 128, 130, 132, 134, 136 
and 138 is equal to the number of antenna array elements 
112, 114, 116, 118, 120 and 122. Thus, the function of 
each processing channel is to amplify and filter the

35 analog signal received from the corresponding antenna
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element to remove interference and extraneous signals. 
Examples of interference and extraneous signals include 
other transmitted signals operating in the same frequency 
band and noise.

The amplifying and filtering of each analog signal 
by the corresponding processing channel 128, 130, 132, 
134, 136 and 138 further serves to improve the 
signal-to-noise ratio and to increase the amplitude of 
the analog signal. The amplification of the analog 
signal is necessary to ensure proper operation of 
subsequent processing stages within the transponder 
location and tracking system 100. The signal transmitted 
from each processing channel is a filtered, amplified 
analog signal with an improved signal-to-noise ratio. An 
example of structure that can perform the function of 
each of the receivers 107 and 108 is a multi-channel 
superheterodyne receiver.

The filtered, amplified analog signal from each of 
the processing channels 128, 130, 132, 134, 136 and 138 
is directed to a corresponding phase comparator 140 and 
142 as shown in Fig. 2. Thus, the analog signals from 
the processing channels 128, 130 and 132 are directed to 
phase comparator 140 and the analog signals from the 
processing channels 134, 136 and 138 are directed to 
phase comparator 142. The function of each phase 
comparator 140 and 142 is to compare the phase angle 
between the channels of the corresponding receivers 107 
and 108. In particular, the phase comparator 140 
compares the phase angle between the analog signals from 
processing channels 128, 130 and 132 and phase comparator 
142 compares the phase angle between the analog signals 
from processing channels 134, 136 ahd 138, respectively.

The phase angle difference between two channels of 
the same receiver 107 or 108 is then used to calculate 
the angle-of-arrival of the wavefront between the two

1

f
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antenna elements associated with the two channels. Since 
the phase angle difference between the analog signals of 
the two channels is relative, an absolute phase reference 
is not required. One of the processing channels of each 
receiver 107 and 108 is selected as a reference 
processing channel. Thus, each of the analog signals of 
the remaining channels is compared to the analog signal 
of the reference channel in the corresponding receiver 
107 or 108. In the three element antenna arrays 102 and 
104 shown in Figs. 1 and 2, the phase difference signals 
of each of the phase comparators 140 and 142 are 
determined as follows. If channel "A" at 128 is selected 
as the phase reference, the phase difference signals from 
phase comparator 140 include the difference between the 
phase of the analog signals from channel "A" at 128 and 
channel "B" at 130 and the difference between the phase 
of the analog signals from channel "A" at 128 and channel 
"C" at 132.

Likewise, if channel "D" at 134 is selected as the 
phase reference, the phase difference signals from the 
phase comparator 142 include the difference between the 
phase of the analog signals from channel "D" at 134 and 
channel "E” at 136 and the difference between the phase 
of the analog signals from channel ”D" at 134 and channel 
"F" at 138. The phase difference signals determined by 
the phase comparators 140 and 142 can be an analog or 
digital representation of the electrical phase difference 
between the signal wavefront arriving at the different, 
antenna elements of the respective antenna arrays 102 ~~'id 
104. An example of structure that can perform the 
function of the phase comparators 140 and 142 is a double 
balance mixe^. If the phase difference signals are an 
analog representation of the electrical phase difference 
between the signal wavefront arriving at the different 
antenna elements, the analog representation is subjected35
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to an analog-to-digital (A/D) conversion. The A/D 
conversion provides a digital representation of the 
electrical phase difference between the signal wavefront 
arriving at the different antenna elements.

''he digital representation of the electrical phase 
difference plus the digital representation of data . 
describing the type of antenna element employed is 
utilized to perform a computation in a pair of 
known angle-of-arrival calculation processors 141 and 
143. The purpose of the computation is to convert the 
digital representation of the electrical phase difference 
to a digital spatial phase measurement. The digital 
spatial phase measurement is then utilized for 
determining, e.g., defining the angle-of-arrival of the 
vehicle transponder signal. The computation to provide 
the digital spatial phase measurement is performed by an 
algorithm known in the art as the phase interferometer 
calculation and is represented by the following 
expression

Θ = ArcSin ($t/27tL) [1]

where Θ is the spatial angle-of-arrival measured from 
boresight, Φ is the electrical phase difference, τ is the 
wavelength of the frequency of the wavefront, and L is 
the separation distance between the antenna elements 112, 
114, 116, 118, 120 and 122. The use of widely spaced 
(e.g., multiple half-wavelengths) antenna elements can 
increase the system sensitivity but can result in phase 
ambiguities. Thus, the relationship between the 
electrical phase difference between the signal wavefront 
arriving at the different antenna elements and the value 
of the spatial phase measurement is beneficially 
utilized. Each of the phase comparators 140 and 142 
provides an input to the corresponding angle-of-arrival35
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calculation processor 141 and 143, respectively, when the 
digital spatial phase value is the output signal.

The digital spatial phase value provided by each 
angle-of-arrival calculation processor 141 and 143,

5 respectively, is transmitted to a position calculation 
processor 144 as shown in Fig. 2. It is well known in 
the art that a line constructed orthogonal to the signal 
wavefront arriving at an antenna array lies in the 
direction of the vehicle transponder 106 propagating the

10 signal wavefront. When the signal wavefront is 
intercepted by the plurality of antenna arrays 102 and 
104, a corresponding number of lines orthogonal to the 
signal wavefronts can be constructed. The intersection 
of the plurality of lines in space describes the location

15 of the vehicle transponder 106. Each of the digital
• €9 ttCl* 

c t e« i i <
spatial phase values received by the position calculation 
processor 144 represents a line in space between the
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vehicle transponder 106 and the respective antenna arrays 
102 and 104. In the example shown in Fig. 2, the phase 
comparisons provided by phase comparator 140 are utilized 
by angle-of-arrival calculation processor 141 to provide

11 t c < t c « t
ttct « 1 <¢4 *

a first digital spatial phase value representing one line 
and the phase comparisons provided by phase comparator 
142 are utilized by angle-of-arrival calculation

25
tt
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processor 143 to provide a second digital spatial phase 
value representing a second line.

The position calculation processor 144 can be a
(tt t I ·4 4 ·♦ c ·

c c t
t it 3Q

microprocessor and serves to compute the intersection of 
the two lines in space. Any mathematical formula or 
algorithm known in the art for calculating the 
intersection of two straight lines is suitable for the 
present application. An example of a position location 
equation for determining the intersection of two straight 
lines will now be described with reference to Fig. 3. A

35 cartesian coordinate system having the normal X-axis and



14

Y-axis arrangement is shown in Fig. 3. Further, the two 
antenna arrays 102 and 104 are assumed to lie in the 
horizontal X-axis plane with antenna array 102 appearing 
on the negative X-axis and the antenna array 104

5 appearing on the positive X-axis. It is assumed that the 
first straight line Yj extends from the vehicle 
transponder 106 to the antenna array 102 forming a 
positive acute interior angle 6-^ with the X-axis. 
Likewise, it is assumed that the second straight line Y2

10 also extends from the transponder 106 to the antenna 
array 104 forming a negative acute interior angle ©2 with 
the X-axis.

The first straight line Y^ extending between the 
transponder 106 and the antenna array 102 is defined by

15 the equation
9 9

9
9 9

Yl - ATX + B-l [2]

,··. : where Aj is equal to Tan 0j, the slope of θ-^, and is
20 equal to the intercept of the first straight line Y-, with

the vertical Y-axis. Likewise, the second straight line
;·,··. Yo extending between the transponder 106 and the antenna
.••ϊ*. array 104 is defined by the equation

25 Y2 = -a2x + b2 [3]
99··

9 9
9 99·

where A2 is equal to Tan θ2, the slope of θ2, and B2 is
··, j equal to the intercept of the second straight line Y2• · β
··, ; with the vertical Y-axis. The angles Θ·, and θ2

30 represent the first and second angles-of-arrival 
computed by the phase interferometer calculation of 
equation [1] within the respective angle-of-arrival 
calculation processor 141 and 143. The intersection
of the two straight lines occurs at the location of the

35 vehicle transponder 106 having the coordinates (Χθ, Yo)
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where

Xo = [(B2 - B1)/(Tan Θ-l + Tan θ2) ] [4]

5 and

Yo = t(®2 “ Bl> Tan ®i/(Tan ®i + Tan ®2)] + b2

The position calculation processor 144 generates a
10 position output signal appearing on. a line represented by 

numeral 146 as shown in Fig. 2. The position output 
signal is a digital signal that represents the location 
of tha transponder 106 on the roadway using a suitable 
coordinate system known in the art. Utilizing the

15 position output signal generated from a single 
transponder response signal, the position of the 
transponder 106 can be fixed. This information is 
valuable in ascertaining the location of a stationary 
transponder mounted on or contained within, for example

20 a parked vehicle, a cargo container or a railroad car 
stored in a compound, shipyard or railroad yard. The 
position output signal' is then transmitted to a 
transponder position processor device 147 that can be 
utilized in electronically collecting a toll from a

25 vehicle or in locating inventory in a warehouse or in 
processing cargo transmitted by ship or rail.

The location of a non-stationary transponder 106 can 
be determined with sequential measurements of the 
transponder. As the vehicle transponder 106 moves along

30 a roadway, a vehicle "track*’ can be established. Use of 
the data associated with the vehicle track enables an 
estimate to be calculated as to when the vehicle 
transponder 106 will cross a designated detection line 
148 positioned across a traffic lane 150 shown in Fig. 1.

35 The existence of vehicle tracking data in combination
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with a sensor device 152 positioned along the detection 
line 148 ensures that the vehicle is equipped with a 
transponder 3,06 and is authorized to use the roadway. 
The sensor device 152 can be, for example, an induction 
loop, a video loop or a radar detector.

A vehicle "track" is significant since not all 
vehicles using the roadway are equipped with a 
transponder. Only transponder equipped vehicles are 
authorized to use the roadway and these vehicles are 
billed electronically for the roadway usage. Vehicles 
not equipped with a transponder cannot be billed 
electronically and could, in the absence of the present 
invention, use the roadway without charge. In the 
absence of tracking data for a vehicle that is sensed 
when crossing the detection line 148 by the sensor device 
152, action is taken to identify the vehicle. The 
action can be in the form of photographing the vehicle 
license plate or energizing an audible or visual alarm to 
warn a toll collection operator.

Generation of a vehicle "track", for use in 
electronic toll collection applications is provided in 
the following manner. The antenna arrays 102 and 104 
receive a series of response signals from the same 
vehicle transponder 106 as it moves along the roadway. 
The response signals are processed as described above. 
A digital position output signal for each processed 
response signal is transmitted to a transponder tracking 
device, 154 shown in Fig. 2. The tracking device 154 can 
be a microprocessor which stores a multiplicity of the 
position output signals as sequential measurements of the 
transponder 106 are made. Each sequential measurement 
differs from a preceding or subsequent measurement in 
position and time., The difference in position and time 
of the sequential position output signals enable the 
calculation of the speed and direction of the relevant
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vehicle transponder 106.
Thus, the "track" of the transponder 106 and thus 

the vehicle is established by use of the following 
equation

V ~ (δΡ/δΤ) [6]

where V is a vector representing the velocity (e,g., 
magnitude and direction) of the transponder 106, <ST is 
the time difference between the transmissions of the 
vehicle transponder 106, and <SP is the change in 
position of the transponder 106 on a (e.g., for example 
X-Y) coordinate system. The position parameter can be 
determined by a single position output signal provided by 
the interception of a single receive signal from the 
transponder 106. Sequential interceptions of the 
transponder response signals provide the tracking data 
(e.g., position, speed and direction) which is 
diagrammatically illustrated extending from the tracking 
device 154 to the transponder position processor device 
147 shown in Fig. 2. The transponder position processor 
device 147 utilizes the tracking data to provide an 
estimate of when the vehicle transponder 106 and thus the 
vehicle will cross the detection line 148 in traffic lane 
150.

The transponder location and tracking system 100 
serves to identify and track the location or spatial 
position of all vehicle transponders 106 as they move 
along the roadway. In operation, vehicles having a 
transponder 106 msunted thereto enter the capture area of 
the electronic toll collection system. As the vehicle 
transponders 106 move along the roadway, the protocol 
employed by the TDMA communication network is utilized to 
assign individual transponders to specific transmission 
times and to electronically colle.< t tolls from the
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vehicles. When a vehicle transponder 106 transmits, the 
response signal is received by the multiple antenna 
arrays 102 and 104 and the angle-of-arrival of the signal 
is measured by the transponder location and tracking 
system 100. The antenna arrays 102 and 104 can be spaced 
across the roadway as shown in Fig. 1.

The angle-of-arrival measurements from the multiple 
antenna arrays 102 and 104 are amplified and filtered in 
the receivers 107 and 108 and combined in the phase 
comparators 140 and 142. The angle-of-arrival 
calculation processors 141 and 143 are utilized to 
generate the angles-of-arrival of the received 
transponder signal. Thereafter, the position 
calculation processor 144 is employed to generate the 
position output signal to determine the location of the 
vehicle transponders 106. At periodic intervals, the 
TDMA network protocol activates an individual 
transponder response signal. The antenna arrays 102 and 
104 are again utilized to intercept the signal and the. 
transponder location and tracking system 100 determines 
the location of the transponder 106 once again.

The position measurements (e.g., position output 
signals) provided by the position calculation processor 
144 are use! to form the vehicle "track" to estimate the 
speed and direction of the vehicle transponder 106. The 
tracking is continued until the vehicle transponder 106 
is detected by the sensor device 152. The vehicle 
tracking data and the estimated velocity (e.g., speed and 
direction) are used to predict when and where the vehicle 
transponder 106 will cross the detection line 148 on the 
roadway. The tracking data in combination with a sensor 
signal indicates that the vehicle is authorized to use 
the roadway. If a vehicle is detected at the detection 
line 148 by the sensor device 152 and corresponding 
tracking data is not available to the transponder
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position processor device 147 from the tracking device 
154, it is assumed that the vehicle is not authorized to 
use the roadway. Under these conditions, corrective 
action is instituted by the transponder position 
processor device 147 by activating an audio or visual 
alarm 156, operating a camera 158 to photograph the 
vehicle license plate, or generating an image of the 
vehicle on a display monitor 160 as shown in Fig. 2.

The present invention exhibits advantages over 
prior art automated toll collection and tracking systems. 
Those advantages include the capability of electronically 
collecting tolls from a vehicle transponder 106 on the 
open roadway, at prevailing speeds and with no 
restrictions on vehicle lane changes. Further, the use 
of physical toll barriers are not required. Thus, it is 
not necessary to interfere with the flow of traffic on 
the roadway. Further, the transponder location and 
tracking system 100 provides a viable enforcement 
technique that is compatible with the electronic toll 
collection process performed by the TDMA network.

Another significant advantage of the present 
invention is that a cross-lane read problem does not 
exist. Cross-lane read problems do not exist because the 
response signal transmissions of the vehicle transponders 
106 are separated in time, not space, by the TDMA 
network. By measuring a first signal angle-of-arrival, 
the position of the vehicle transponder 106 is 
determined. The measurement of a second signal 
angle-of-arrival likewise determines tha position of the 
transponder 106. The two measurements of the first and 
second angles of arrival are separated geometrically. 
Conversely, antenna patterns utilized in the prior art 
rely on free space path loss to determine the position of 
the transponder. The distinction is that the first and 
second angles-of-arrival determined by the present
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invention are different points on the spatial line 
represented by the position output signal provided by the 
position calculation processor 144. The antenna patterns 
used in the prior art identify only an area in space in 
which the transponder is located and not a unique address 
(e.g., the points on a spatial line).

Thus, the present invention has been described 
herein with reference to a particular embodiment for a 
particular application. Those having ordinary skill in 
the art and access to the present teachings will 
recognize additional modifications, applications and 
embodiments within the scope thereof. Although the 
detailed description is directed to electronic toll 
collection, the present invention is equally applicable 
to other embodiments in which the transponder 106 is 
enclosed within a cargo container located in a warehouse 
or shipyard or a railroad car parked in a switching yard.

It is therefore intended by the appended claims to 
cover any and all such modifications; applications and 
embodiments within the scope of the present invention.

Accordingly,

WHAT IS CLAIMED IS:
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CLAIMS

1. In a vehicle location system (100) for use with
at least Eujoa toll collection system having^er phased array antenna 

(102, 104) mounted at a toll collection station, each 
antenna array (102, 104) having multiple elements (112, 
114, 116, 118, 120, 122) for receiving a signal from, a
transponder (1Q6) mounted on a vehicle and for providing 
a plurality of antenna element electrical signals, the 
improvement characterized by:

a plurality of phase detectors (140, 142) for
comparing the phase of said electrical signals to provide 
a plurality of phasu difference signals in response 
thereto;

a plurality of angle-of-arriva1 calculation 
processors (141, 143) for converting the phase difference 
signals to spatial signals to define the · 
angles-of-arrival of said vehicle transponder signal; and

a position calculation device (144) for providing an 
output signal representative of the location of said 
vehicle in response to said defined angles-of-arrival.

2. The vehicle location system (100) of Claim 1 
wherein said phased array antenna (102, L04) comprises at 
least two antenna arrays.

3. The vehicle location system (100) 
wherein said p2.urality of phase detectors 
comprises at least two phase comparators.

of Claim 1 
(140, 142)

4. The vehicle location system (100) of Claim 1
wherein each of said plurality of phase detectors (140,
142) comprises a double balance mixer.
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5. The vehicle location system (100) of Claim 1 
wherein said position calculation device (144) comprises 
a microprocessor.

6. The vehicle location system (100) of Claim 1 
further including a receiver processing device (107, 108) 
for amplifying and filtering said antenna element 
electrical signals.

7. The vehicle location system (100) of Claim 1 
further including a multi-channel superheterodyne 
receiver (107, 108).

8. The vehicle location system (100) of Claim 1 
further including a tracking device (154) for receiving 
and storing a plurality of said output signals from said 
position calculation device (144) and for providing a 
plurality of position parameter values for tracking the 
location of said vehicle.

9. The vehicle location system (100) of Claim 1 
further including a transponder position processing 
device (147) for utilizing said output signals and a 
plurality of position parameter values to estimate the 
position of said vehicle.

10. The vehicle location system (100) of Claim 1
further including a sensor device (152) for indicating presthej preafrRt of said vehicle.
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11. A vehicle location system substantially as 
herein described wi*-’ii reference to the accompanying 
drawings .

Dated this 21st day of July 1993

HUGHES AIRCRAFT COMPANY
By their Patent Attorney 
GRIFFITH HACK & CO.

6 0 0';
β· a ·

• •6«» a• ••6

0



ABSTRACT OF THE DISCLOSURE

5 A transponder location and tracking system (100)
having a phased array antenna (102, 104) mounted at a 
toll collection station includes a plurality of antenna 
array elements (112, 114, 116, 118, 120, 122) for
receiving a signal from a transponder (106) mounted on a

10 vehicle and for providing a plurality of antenna element 
electrical signals. A plurality of phase detectors (140, 
142) are provided fur comparing the phase of the 
electrical signals to provide a plurality of phase 
difference signals. A plurality of ungle-of-arrival

15 calculation processors (141, 143) is provided for
converting the phase difference signals to spatial 
signals to define the angles-of-arrival of the vehicle 
transponder signal. A position calculation processor 
(144) is included for providing an output signal

20 representative of the location of the vehicle in 
responses to the defined angles-of-arrival. In a 
preferred embodiment, the transponder location and 
tracking system (100) includes a plurality of receiver 
processing devices (107, 108) for amplifying and

25 filtering the electrical signals from each antenna 
element. The phase detectors (140, 142) then compare the 
phase of the. electrical signals to a reference element 
signal. Each phase detector (140, 142) provides a 
digital representation of the phase difference signals.

30 The spatial signals represent the angle-of-arrival of the 
vehicle transponder signal. The position calculation 
processor (144) operates on the spatial signal to 
determine the vehicle transponder position. A tracking 
mechanism (154) is provided to plot the location of a

35 moving vehicle along the roadway.
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