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1. 

COLLISIONAVOIDANCE SYSTEMI HAVING 
GPS ENHANCED WITH OFDM 

TRANSCEIVERS 

TECHNICAL FIELD 

The present invention relates to collision warning, avoid 
ance, and countermeasure systems for an automotive vehicle. 
More particularly, the present invention is related to systems 
and methods of determining positions and Velocities of 
vehicles relative to each other. 

BACKGROUND OF THE INVENTION 

Collision warning, avoidance, and countermeasure sys 
tems are becoming more widely used. Collision warning sys 
tems are able to detect an object within proximity of a host 
vehicle and assess whether the object detected is an obstacle 
and poses a threat to the host vehicle. These systems also 
provide a vehicle operator knowledge and awareness of 
obstacles or vehicles within a close proximity in time Such 
that the operator may perform actions to prevent colliding 
with the detected obstacles. Countermeasure systems exist in 
various passive and active forms. Some countermeasure sys 
tems are used in the prevention of a collision, and others are 
used in the prevention of an injury to a vehicle operator. 

Collision warning systems may be forward or rearward 
sensing. These systems can indicate to a vehicle operator that 
an object, which may not be visible to the vehicle operator, is 
within a stated distance and location relative to the host 
vehicle. The vehicle operator may then respond accordingly. 
Other collision warning systems and countermeasure systems 
activate passive countermeasures Such as air bags, load-lim 
iting seat belts, or active vehicle control including steering 
control, accelerator control, or brake control whereby the 
system itself aids in preventing a collision or injury. 
Many countermeasure systems require knowledge of loca 

tions and velocities of objects or vehicles that are proximate 
to a host vehicle. Global Navigation Systems (GNS), such as 
the United States Global Positioning System (GPS) and other 
similar systems that are based on similar principles, such as 
the Russian Federation Glasnost system, the People's Repub 
lic of China Beidou (Big Dipper) system, and the European 
Union Galileo system can provide this information, but fre 
quently without the necessary accuracy. 
A typical GPS vehicle scenario includes multiple vehicles 

equipped with GPS receivers that are coupled to onboard 
computers equipped with two-way digital radios for commu 
nications therebetween. Position, Velocity, and time (PVT) 
data is computed in the GPS receivers and passed to the 
computers. The PVT data may be exchanged between the 
vehicles using the two-way radios, or through use of wireless 
modems or network devices. Several protocols are estab 
lished for performing this exchange of PVT data, which 
includes Dedicated Short Range Communications (DSRC) 
and Institute of Electric and Electronics Engineers (IEEE) 
802.11a specification protocols. A typical or normal GPS 
calculates PVT data using the time of travel of signals from a 
system of satellites to a GPS receiver. In this process many of 
the user errors attributable to GPS measurements are elimi 
nated. However, the errors attributed to the GPS receivers 
cannot be eliminated by Such a subtraction and the errors, as 
a result, are multiplied or amplified in determining position. 
The size of these errors is sensitive to the geometric relation 
ship between GPS satellites being used. 

Additionally, in using current GPSs, each vehicle's GPS 
must be able to receive signals from at least four satellites 
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2 
simultaneously for the proper functioning thereof. Buildings, 
overpasses, foliage, and terrain may limit the number of sat 
ellites that are “visible to the receivers of a GPS. Thus, these 
limitations reduce the effectiveness of current GPSs in deter 
mining vehicle PVT data for the purposes of vehicle safety, 
navigation, and telematics. 

Thus, there exists a need for an improved system for deter 
mining relative positioning and Velocity data for an automo 
tive vehicle that minimizes the above-stated errors and is not 
limited by the number of visible GPS satellites. 

SUMMARY OF THE INVENTION 

The present invention provides an object relative status 
determination system for a vehicle. The system includes an 
orthogonal frequency domain modulation (OFDM) trans 
ceiver that generates an object range signal. The system may 
also include a global navigation system (GNS) that receives a 
satellite range signal. A controller is coupled to the OFDM 
transceiver and the GNS and determines object information 
relative to the vehicle in response to the object range signal 
and the satellite range signal. 
The embodiments of the present invention provide several 

advantages. One Such advantage is the provision of commu 
nicating vehicle information with respect to a host vehicle 
utilizing orthogonal frequency domain modulation (OFDM) 
transceivers. In so doing, the stated embodiment aids in 
reducing the number of satellites that need to be visible while 
increasing the accuracy of measurements performed. 

Another advantage provided by an embodiment of the 
present invention is the provision of an OFDM-based object 
information system that is self-contained and packaged to be 
easily installed or retrofitted into various vehicles. 

Yet another advantage provided by an embodiment of the 
present invention, is the provision of an OFDM-based object 
information system that isin communication with other 
onboard vehicle systems. Such as a navigation system; a 
telematics system; and a collision warning, avoidance, and 
countermeasure system. 
The present invention itself, together with attendant advan 

tages, will be best understood by reference to the following 
detailed description, when viewed in conjunction with the 
accompanying drawing figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present Inven 
tion, reference should be made to the embodiments illustrated 
in greater detail in the accompanying drawing figures, and 
also described below by way of examples of the invention, 
wherein: 

FIG. 1 is a block diagrammatic view of object relative 
information systems utilizing GPSs and two-way radios and 
applied to a vehicle situation; 

FIG. 2 is a top view of a sample vehicle intersection situ 
ation for a pair of vehicles each having a GPS and a two-way 
radio; 

FIG. 3 is a top view of a sample vehicle-merging situation 
for a pair of vehicles each having a GPS and a two-way radio; 

FIG. 4 is a sample position diagram for a GPS of a vehicle: 
FIG. 5 is a block diagrammatic view of an OFDM-based 

object information system inaccordance with an embodiment 
of the present invention; 

FIG. 6 is a logic flow diagram illustrating a method of 
determining object information relative to a vehicle in accor 
dance with multiple embodiments of the present invention; 
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FIG. 7 is a sample position diagram for a pair of vehicles 
utilizing object relative status determination systems in 
accordance with an embodiment of the present invention; 

FIG. 8 is a sample position diagram for a series of vehicles 
utilizing a platooning method in accordance with an embodi 
ment of the present invention; 

FIG. 9 is a sample position diagram for a series of vehicles 
utilizing another platooning method in accordance with 
another embodiment of the present invention; and 

FIG.10 is a sample logic flow diagram and block schematic 
illustrating an OFDM communication modulation scheme in 
accordance with an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

GPS errors are normally categorized as either system 
errors or user errors. System errors are errors that arise from 
a GPS system itself. The system errors, for example, can 
include synchronization errors between satellites, synchroni 
Zation errors with a central clock, inaccuracies in Satellite 
PVT data, number of visible satellites at any given time, 
Velocity and timing aspects within the satellites, and accuracy 
of the timing signal shape. Also, the relative position of the 
satellites affects geometric dilution of precision (GDOP), 
which amplifies range errors. Range errors refer to the dis 
tance between the satellites and the GPS receivers. Small 
angle between the range lines causes high GDOP. High 
GDOP refers to magnification in measurement errors in the 
length of the range lines due to the satellites being located 
near the horizon. 

User errors are errors that can be minimized within the GPS 
receivers. User errors include receiver errors and environ 
mental errors. Receiver errors are a result of circuit limita 
tions of the receivers, such as thermal amplifier noise, 
receiver clock error, as well as errors due to signal processor 
sampling rates and simplifications of PVT calculations to 
accommodate available CPU power. Receiver errors can be 
minimized by the increased ability of a receiver to calculate 
PVT data in response to an increased number of satellite 
ranges or ranges from an increased number of satellites. At 
least four satellite ranges are needed to compute the four PVT 
unknowns, which are longitude, latitude, elevation, and time. 
Some receiver errors can be reduced by averaging data 

from several receivers. However, a more effective method of 
reducing error is derived from reducing environmental errors 
when the relative position and velocity of two vehicles is 
desired. Environmental errors are caused by environmental 
factors that affect the signals transmitted by satellites. Envi 
ronmental factors include multipath fading, reflected signals, 
blocked signals, spatial variance in atmospheric impedance, 
thermal noise added in the atmosphere, andjamming sources, 
such as Ultra-Wide Band (UWB) transmitters. 
Many of the environmental factors are the same for two 

closely spaced vehicles. When relative PVT information is 
determined for the closely spaced vehicles through subtrac 
tion thereof, many of the environmental errors are cancelled. 

The present invention not only minimizes receiver errors 
and environmental errors, it also minimizes system errors as 
is described in further detail below. Also, the present inven 
tion provides improved geometry of the range measurements, 
especially when satellites are not located near the horizon 
relative to a vehicle. Horizontal range information is derived 
from the time-of-flight of OFDM signals. Since the OFDM 
signals travel a short distance between vehicles, environmen 
tal factors are negligible. Also, the path that the OFDM sig 
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4 
nals travel is close to or approximately the same in length as 
the path that is measured, thus reducing the GDOP. 

In the drawing figures discussed as follows, the same ref 
erence numerals will be used to refer to the same or similar 
type of components. While the present invention is described 
herein with respect to systems and methods of determining 
positions and velocities of vehicles relative to a host vehicle, 
it is to be understood that the present invention may also be 
adapted and applied to various systems including, for 
example, collision warning systems, collision avoidance, sys 
tems, parking aid systems, reversing aid systems, counter 
measure systems, vehicle systems, navigation systems, 
telematic systems, Cooperative Adaptive Cruise Control Sys 
tems, or other systems that may require object position or 
Velocity determination. The present invention may be applied 
in vehicles, such as cars, trucks, buses, and boats. The present 
invention may also be utilized in a portable format for use by 
bicyclists and pedestrians. The present invention may be 
applied to any application where proximity measurements are 
performed. 
The present invention may also be utilized in stationary 

locations, such as at an intersection, a dock, a shopping mall, 
an urban canyon, or other stationary locations to Supplement 
a standard GNS. The positioning algorithm of embodiments 
of the present invention is capable of operating with less than 
four visible satellites, which allows for use in low satellite 
visibility areas where GNS signals are blocked, some of 
which are mentioned above. Stationary OFDM based systems 
and pseudolites may be utilized as described below in pro 
viding this capability. 

In the following description, various operating parameters 
and components are described for one constructed embodi 
ment. These specific parameters and components are 
included as examples and are not meant to be limiting. 

Also, in the following description the term “performing 
may include activating, deploying, initiating, powering, and 
other terms known in the art that may describe the manner in 
which a passive countermeasure may be operated. 

Additionally, in the following description the term “coun 
termeasure' may refer to reversible or irreversible counter 
measures. Reversible countermeasures refer to countermea 
Sures that may be reset to their original form or used 
repeatedly without a significant amount of functional defi 
ciency, which may be determined by a system designer. Irre 
versible countermeasures refer to countermeasures such as 
airbags that, once deployed, are not reusable. 

Moreover, a countermeasure signal may include informa 
tion pertaining to the above-stated reversible and irreversible 
countermeasures or may include other information, such as 
collision warning information. For example, the countermea 
Sure signal may contain object detection information, which 
may be used to indicate to a vehicle operator the presence or 
close proximity of a detected object. 

Referring now to FIG. 1, a block diagrammatic view of 
object relative information systems 10 utilizing GPSs 12 and 
two-way radios 14, as applied to a vehicle situation, is shown. 
Each of the GNSS or GPSS 12 includes a controller 16. The 
controllers 16 determine the approximate position(s) of 
vehicles A and B in a Cartesian coordinate system (not 
shown). GPSs, in general, indicate PVT data using the 1984 
World Geodetic System (WGS84) or Universal Transverse 
Mercator (UTM) coordinates, which are readily converted to 
a flat Cartesian coordinate system. WGS84, UTM, and simi 
lar geodetic systems describe the coordinate system of the 
position and time values. Position, velocity, and time (PVT) 
data 18 is collected in the GPSs 12 and received by the 
controllers 16. This data may be collected from the GPSs 12 
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using National Marine Electronics Association (NMEA) 
communications standards. NMEA is used to determine the 
type of physical wire used, the type of signals that travel over 
the wire, the type of data encoding, and the type of data packet 
format. The PVT data18 is exchanged between the vehicles A 
and B using the two-way radioS 14. Although the two-way 
radios 14 are shown in FIG. 1, the PVT data 18 may be 
exchanged utilizing wireless modems or network devices, 
such as those that conform to the IEEE 802.11a or Dedicated 
Short Range Communications (DSRC) specifications. 
Known position and velocity vectors of the vehicles A and 

B are subtracted to provide relative velocity vectors. The 
controllers 16 can determine whether the vehicles A and Bare 
traveling Such that they may potentially collide in response to 
the relative positions and velocities of the vehicles A and B. 
The controllers 16 may perform a countermeasure when there 
exists a high probability of vehicles A and B colliding. 

Referring now to FIG. 2, a top view of a sample vehicle 
intersection situation for a pair of vehicles A and B each 
having a GNS or GPS 20 and a two-way radio 22 are shown. 
The vehicles A and B' have object relative information sys 
tems 24, such as those described above with respect to FIG.1. 
The first vehicle A' is traveling in an eastward direction along 
roadway X. The second vehicle B' is traveling in a northbound 
direction along roadway y. Positions of the vehicles A and B' 
may be determined utilizing equations 1-6, with reference to 
roadways xandy, where R is the-altitude of vehicle A relative 
to the center of the earth, D is the distance between the 
vehicles A and B', and BR is the bearing from vehicle A" to 
vehicle B'. Although equations 1-4 and 6 are shown with 
respect to vehicle A', the equations may be easily modified to 
be in respect to vehicle B'. 

27t (1) 
6 = (Latitude of vehicle A-Latitude of vehicle B) 360 

27t (2) 
(i) = (Longitude of vehicle A' - Longitude of vehicle B) 

6 (3) 
y = 2Rsin() 

X = t Rcos(Latitude of A) sin(d) (4) 

D = V2 + y2 (5) 

BR= arctant) (6) y 

Velocities of the vehicles A and B' may be determined 
utilizing equations 7-8, where X is the relative velocity vector 
for vehicle A" and y is the relative velocity vector for vehicle 
B'. The bearings of vehicles A and B" with respect to North as 
determined by the GPSs 20 are 0 and 0, respectively. The 
speeds of vehicles A and B'as determined by the GPSs 20 are 
S and S, respectively. The relative velocity vector between 
the vehicles A and B' is 

3-S, sin(0)+S, sin(0..) 

FS, cos(0)+S, cos(0) (8) 
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6 
When the relative velocity vector 

{, } 

is parallel with a bearing vector of one of the vehicles A or 
B"then a collision may occur unless corrective actions are 
performed. The magnitude of the distance D divided by the 
magnitude of the Velocity vector 

is approximately equal to the time to collision T of the 
vehicles A and B', which is represented by equation 9. 

T = (9) 

A collision factor C may be determined using equation 10. 
When C is equal to zero, vehicles A and B' are traveling such 
that they may collide with each other. 

Although equations 1-10 are utilized above with respect to 
single vehicle situation, the equations may be applied to vari 
ous other vehicle situations. For example, the equations may 
be applied to a vehicle-merging situation, as shown in FIG.3. 
FIG. 3 is a top view of a sample vehicle merging situation for 
a pair of vehicles A" and B" each having a GPS 26 and a 
two-way radio 28, similar to that of vehicles A, A, B, and B' 
above. 

Referring now to FIG. 4, a sample position diagram for a 
GNS or GPS 30 of an automotive vehicle 32 is shown. The 
GPS 30 determines the position of the vehicle 32 in response 
to satellite range signals 34 received from the satellites 36. 
The satellites 36 may include one or more pseudolites, such as 
the pseudolite 38. Pseudolites represent simulated satellites 
and may, for example, be in the form of a beacon. Pseudolites 
are utilized when some or all of the satellites 36 are not visible 
to the GPS 30. This may occur when the vehicle 32 is in a 
parking garage, under an overpass, or when portions of a 
building or foliage are obstructing communications between 
the satellites 36 and the GPS 30. 

Position of the vehicle 32 may be determined using equa 
tions 11-13, where P, is the distance between satellite J and 
the GPS 30, where J is one of the satellites 36, c is the speed 
of light, AT is the amount of time for a signal to travel from 
satellite J and reach the GPS 30, t is the time difference 
between a GPS clock 40 and a satellite clock 42, and N is the 
number of satellites 36. 

P-CAT (11) 

P. f(x, y, z, At) (13) 
The position of each satellite 36 is X.y.z. The position of 

the GPS30 is x,y,z. Non-linear equation 13 may be solved 
using linearization of f(x,y,z, At) and iteration, closed form 
Solutions, or Kalman filtering as is known in the art. 

(2) 
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Referring now to FIG. 5, a block diagrammatic view of an 
OFDM-based object information system 50, in accordance 
with an embodiment of the present invention, is shown. The 
OFDM-based system 50 includes multiple vehicles 52, each 
of which having an object relative status determination sys 
tem 54 or 54, and each also having one or more OFDM 
transceivers 56. Each of the object systems 54 and 54" has a 
GNS or GPS 58 that includes a GPS antenna 60, a radio 
frequency (RF) unit 62, a digital signal processor (DSP) 64. 
and a main controller 66. The GPSS 58 are in communication 
with one or more satellites 68, which are best shown in FIG. 
7. The satellites 68 may be replaced with one or more pseudo 
lites, NAVSAT satellites, or the like. GPS signals or satellite 
range signals 70 are received by the GPS antenna 60 and the 
radio frequency units 62, are filtered and conditioned via the 
processors 64, and are utilized by the controllers 66 to deter 
mine the position of an associated vehicle. 
The OFDM transceivers 56 are utilized to determine rela 

tive range and velocity of the vehicles with respect to each 
other, and also to communicate range, Velocity, and PVT 
information used in the positioning calculation. Time-of 
flight and Doppler shifts between OFDM transceivers are 
used in determining PVT information. For example, the 
OFDM transceivers 72 of a first or host vehicle 74 may 
communicate with the OFDM transceivers 76 of a second 
vehicle 78 and a third vehicle 80 to determine relative position 
and velocity of the second and third vehicles 78 and 80 
relative to the host vehicle 74. 

The OFDM transceivers, 56 are in communication via an 
OFDM Media Access Protocol (MAC) vehicle network inter 
face 82. The OFDM interface 82 allows many mobile devices 
to interoperate in the same radio frequency band. The OFDM 
interface 82 utilizes an ad hoc mode whereby there is no 
hierarchy between mobile nodes. This is unlike that of a 
Bluetooth-type MAC, which operates under the constraint of 
frequency hopping and narrow band modulation and requires 
the use of Piconets and Scatternets in which nodes have 
master, slave, and master/slave functions. The OFDM trans 
ceivers 56 transmit and receive object range signals 83, as 
well as other signals, between each other via the vehicle 
network interface 82. 

Each vehicle 52 may have any number of OFDM trans 
ceivers. In one embodiment of the present invention, a first 
OFDM transceiver 72 is utilized for discovery services and 
a second OFDM transceiver 72 is utilized for range and 
synchronization services. Discovery services may include the 
detection of vehicles, whereas the range and synchronization 
services may include the determination of relative range, 
range rate, and the synchronization of communication with 
detected vehicles. 

The OFDM transceivers 56 are equipped for range finding, 
synchronization, and Doppler velocity measurements. The 
OFDM transceivers 56 are utilized in conjunction with the 
GPSs 58 to synchronize clocks 84 on each vehicle 52 with the 
clocks 86 on the satellites 68. Although the OFDM transceiv 
ers 56 and the GPSS 58 are shown as separate components 
they may be integrally formed into a single unit, such as a 
Solid-state logic device, integrated logic chip, or a system-on 
chip (SOC). The OFDM transceivers 56 and the GPSs 58 may 
be battery powered, powered by a vehicle power source, or 
may be externally powered. 
Time synchronization can beachieved for a group of GPSs, 

when each GPS is coupled to a pair of OFDM transceivers, 
Such as the. GPS 58A and transceivers 72. Each OFDM 
transceiver 72 has a direct connection to multiple neighbor or 
other OFDM transceivers in proximity therewith, such as 
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8 
OFDM transceivers 56. This creates a string or mesh topology 
network on which the synchronization is performed. 

Synchronized time is computed as part of the PVT calcu 
lation. Four unknowns are calculated, the position in three 
spatial dimensions and the time of arrival of simultaneously 
transmitted timing signals from four objects having known 
positions. The timing signals may be GPS signals from sat 
ellites or OFDM signals from other vehicles or stationary 
OFDM based systems. The positions of the four objects are 
known and are transmitted as part of the timing signals. The 
PVT calculation may be improved through use of higher 
order time derivatives of position, such as that derived from 
acceleration and jerk. When position of less than four objects 
are known a PVT calculation may be performed, assuming a 
particular spatial value. Such as the altitude or time, which 
may be extrapolated using an accurate clock. 

Since the OFDM transceivers 56 are coupled to the GPSs 
58, they can be utilized to support differential GPS, interfero 
metric methods, such as carrier-phase differential GPS, and 
other GPS techniques known in the art. Also, since the GPSs 
58 are wirelessly coupled via the OFDM transceivers 56, they 
may share ephemeris information, which can decrease time 
involved in the cold start process of the GPSs 58. For instance, 
when a GPS unit does not have current location information 
of NAVSAT satellites, download time to acquire such infor 
mation may be approximately 12.5 to 25 minutes in length. 
The GPS on a first vehicle may receive the ephemeris data, via 
a first OFDM transceiver, from a second vehicle having a 
second OFDM transceiver in fractions of a millisecond. 
The object systems 54 may also include various vehicle 

dynamic sensors 90, active countermeasures 92, passive 
countermeasures 94, an indicator 96, a navigation system 98, 
and a telematics computer 100, which may all electrically 
coupled to the controllers 66. The main controllers 66 may 
activate the countermeasures 92 and 94 or indicate to a 
vehicle operator various object and vehicle information, via 
the indicator 96, to prevent a vehicle collision and injury to 
vehicle occupants. 
The main controllers 66 may be microprocessor based such 

as a computer having a central processing unit, memory 
(RAM and/or ROM), and associated input and output buses. 
The main controllers 66 may be a portion of a central vehicle 
main control unit, an interactive vehicle dynamics module, a 
restraints control module, a main safety controller, or may be 
a stand-alone controller as shown. The main controllers 66 
may communicate therebetween via the OFDM transceivers 
56, the vehicle network 82, the MAC interface, or a combi 
nation thereof, as is shown by signals 83 and 89. 
The vehicle dynamics sensors 90 may include a transmis 

sion rotation sensor, a wheel speed sensor, an accelerometer, 
an optical sensor, or other Velocity or acceleration sensors 
known in the art. The vehicle dynamic sensors 90 can be used 
to measure the dynamic state of the vehicle 74. This can be 
transmitted to other vehicles using the OFDM devices 56 and 
used to aid the PVT calculation. 

Active countermeasures 92 may refer to the control of a 
brake system, a drivetrain system, a steering system, a chassis 
system control, or may refer to other active countermeasures 
known in the art. 
The passive countermeasures 94 may refer to air bags, 

pretensioners, inflatable seatbelts, a load limiting pedal and 
steering column, or may refer to other passive countermea 
Sures and control thereof. Some other possible passive coun 
termeasures that may be included are seatbelt control, knee 
bolster control, head restraint control, load limiting pedal 
control, load limiting steering control, pretensioner control, 
external airbag control, and pedestrian protection control. 
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Pretensioner control may include control over pyrotechnic 
and motorized seatbelt pretensioners. Airbag control may 
include control over front, side, curtain, hood, dash, or other 
type airbags. Pedestrian protection control may include con 
trolling a deployable vehicle hood, a bumper system, or other 
pedestrian protective devices. 
The indicator 96 is used to signal or indicate a collision 

warning signal oran object identification signal in response to 
relative range or velocity information of nearby objects or 
vehicles. The indicator 96 may include a video system, an 
audio system, an LED, a light, global positioning system, a 
heads-up display, a headlight, a taillight, a display system, a 
telematic system or other indicator. The indicator 96 may 
Supply warning signals, collision-related information, exter 
nal-warning signals to objects or pedestrians located outside 
of the vehicle, or other pre and post collision information. 

Referring now to FIGS. 6 and 7, a logic flow diagram 
illustrating a method of determining object information rela 
tive to a host vehicle Ua sample position diagram for a pair of 
vehicles, including vehicle U and a vehicle W. are shown in 
accordance with multiple embodiments of the present inven 
tion. The vehicles U and W utilize object systems 54" that are 
similar to object systems 54. 

In step 200, positions of the vehicles U and W are deter 
mined utilizing the GPSs 58'. In step 200A, the GPSs 58 
receive satellite range signals 70 from the satellites 68 and in 
response thereto determine range of each satellite 68 of inter 
est relative to each vehicle U and W. The satellite ranges P. 
and P with respect to vehicles U and W. are determined 
utilizing equations 14-15, where as stated above J is one of the 
satellites 68, c is the speed of light and t is the time difference 
between the GPSS 58 or clocks therein. P is the distance 
between the satellite J and the vehicle U.P. is the distance 
between the satellite J and the vehicle W. 

for J-1 ... N 

for J-1 ... N 

(14) 

(15) 

In step 200B, the positions of the vehicles (x,y,z) and 
(X.y.z) are determined in response to the ranges P, and 
P. using techniques known in the art. 

In step 202, instead of the GPSs 58' determining positions, 
velocity, and time (PVT) information and transmitting the 
PVT information between the vehicles U and W as with the 
systems 10 of FIG. 1, the OFDM transceivers 56" are utilized 
to determine range of the vehicles U and W relative to each 
other. The OFDM transceivers 56 generate, transmit, and 
receive, vehicle-to-vehicle OFDM range signals or object 
range signals 120. Distance D between the vehicles U and W 
is determined using equation 16. Distance D is determined 
using OFDM time of flight measurements. 

In step 204, relative velocity of the vehicles U and W is 
determined by measuring the Doppler shift in the object range 
signals and using equations 17-19. As such, the rate of change 
in the ranges P, and Pirand distance Dare determined. Pit, 
is the time rate of change in the distance between the satellite 
J and the vehicle U. P is the time rate of change in the 
distance between the satellite j and the vehicle W. D is the 
time rate of change in the distance between the vehicles U and 
W. The rate of change in distance D is determined by mea 
suring the Doppler shift in the OFDM signal. 
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10 

(17) Piu = V (i. - iv) + (5 - 5) + (: -3U) + ci; 
for i = 1...N 

18 Puw = w (it - iw)+(3–3)+(3.1 - &w) + ci; (18) 
for i = 1...N 

(19) 

The velocities of the satellite J and the vehicles U and Ware 

(vu, yu, 3U), (ku, yu, 3U), 

and 

(w, w, Žw), 

respectively. 
In step 206, the OFDM transceivers 56" also synchronize 

the clocks 84 of each of the GPSS 58. The use of the OFDM 
transceivers 56' reduces the number of satellites that need to 
be visible. Since in general four ranges are needed to compute 
the PVT data, and since the OFDM based system 50 is 
capable of using OFDM ranging information from a nearby 
vehicle or from a stationary OFDM based system instead of 
from a satellite, the number of visible satellites required is 
reduced. 

Steps 202-206 may be performed simultaneously. Other 
forms of equations 14-19 may be used. The ranges and Veloci 
ties may also be determined using aid or information from 
other devices contained within the vehicles U and W that use 
the OFDM transceivers 56 and GPSs 58. For example, navi 
gation data, vehicle speed data, and accelerometer data may 
be used to improve the accuracy of the range and Velocity 
calculations or to reduce the number of satellites visibly 
needed to perform the stated calculations. 

In step 208, the main controllers of the systems 54", such as 
the controllers 66 of the systems 54, may generate counter 
measure signals in response to the calculated relative ranges 
and velocities. In step 210, the main controllers may perform 
one or more countermeasure or warn a vehicle operator via an 
indicator, such as indicator 96 of FIG. 5, in response to the 
countermeasure signals. 
The above-described steps are meant to be an illustrative 

example; the steps may be performed sequentially, synchro 
nously, simultaneously, or in a different order depending 
upon the application. 

Although the above method and the system are described in 
respect to an approaching or following type scenario, the 
above method and system may be utilized in various vehicle 
and object scenarios, Such as merging scenarios, lane change 
scenarios, intersection scenarios, approaching head-on sce 
narios, following scenarios, and other scenarios known in the 
art. 

Referring now to FIG. 8, a sample position diagram for a 
series of vehicles 130 utilizing a platooning method in accor 
dance with an embodiment of the present invention is shown. 
The OFDM based system 50 may be utilized when joining a 
group of vehicles in a formation, Such as a platoon. The term 
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“platooning refers to when vehicles move near one another 
such that there is little space between the vehicles and may 
also refer to the techniques utilized to determine relative 
positioning, range, and Velocities of the vehicles therein. Pla 
tooning is used to reduce total wind drag or improve aerody 
namics on a group of vehicles for improved fuel economy. 
Platooning also creates open spaces in traffic for vehicles to 
reside or pass therethrough, which aids in traffic congestion 
control. 
To successfully platoon the vehicles 130, control algo 

rithms are implemented to control the positioning and Veloc 
ity of each of the vehicles 130. The vehicles 130 have OFDM 
links 132 therebetween. 

In the platooning scheme as shown, the vehicles 130 
include ahead vehicle 134, multiple middle vehicles 136, and 
a tail vehicle 138. In the shown embodiment, instead of each 
vehicle 130 requiring four satellite-GPS links, one or more 
satellite-GPS links 142 are used per middle vehicle 136, two 
satellite-GPS links 142 are used for each of the head and tail 
vehicles 134 and 138. Vehicle 143 can be located from time 
and elevation data in addition to the ranging signals received 
from the middle vehicle 144 and the tail vehicle 138. Thus, 
vehicle 143 does not need to receive ranging signals from any 
of the satellites 68'. Vehicles 130 may receive timing and 
elevation data from neighboring vehicles or from the satellite 
GPS links 142. 

Also for the platooning scheme shown in FIG. 8, there are 
6N+1 degrees of freedom or range, Velocity, and time mea 
surements for an N number of vehicles. Range and rate of 
change in range are measured by the OFDM transceivers 56" 
and by the GPSs 58". There are 3N range and velocity mea 
surements and one time measurement performed. The OFDM 
transceivers 56" are used to synchronize the GPSs 58". The 
middle vehicles 136 need only have visible one satellite or 
pseudolite, since they have OFDM links 132 to a vehicle 
forward and rearward thereof, unless other information is 
provided as stated below. The head vehicle 134 and the tail 
vehicle 138 need a minimum of two satellites or pseudolites 
to be visible, unless other information is provided as stated 
below. 

Referring now to FIG.9, another sample position diagram 
for a series of vehicles 130' utilizing another platooning 
method in accordance with another embodiment of the 
present invention is shown. Two satellite-GPS links 142 are 
used per middle vehicle 136', three satellite-GPS links 142 are 
used for the head vehicle 134' and the rear vehicle 138". 
Vehicles 130' may receive timing and elevation data from 
neighboring vehicles via the OFDM links 132 or from the 
satellite-GPS links 142. 

Other information and assumptions can be used in a pla 
toon of vehicles to further reduce the number of satellite-GPS 
links and improve accuracy of the calculations, such as navi 
gation data and Velocity and acceleration data. For example, 
since it is generally known that a vehicle travels on the Surface 
of the earth, Vertical possible traveling planes or paths can be 
assumed or minimized and thus, satellite dependency can be 
reduced. 

Referring now to FIG. 10, a logic flow diagram and block 
schematic illustrating an OFDM communication modulation 
scheme in accordance with an embodiment of the present 
invention is shown. 

In step 300, a first 2N vector of bits in a first known pattern 
are encoded into a first 2N/M vector of amplitude and phase 
symbols, where N is a pre-determined value and M is the 
number of elements in a symbol set. In step 302, an inverse 
Fast Fourier Transform is performed on the first vector of 
amplitude and phase symbols to form a first 2N/M vector of 
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12 
amplitudes. In step 304, the first vector of amplitudes is 
converted from a digital format to an analog format over a 
packet time interval. 

In step 306, the analog formatted first vector of amplitudes 
is amplified and transmitted, via an OFDM transceiver, such 
as one of the transceivers 56. In step 308, a second analog 
formatted 2N/M vector of amplitudes is received and ampli 
fied. The second vector of amplitudes is the same as the first 
vector of amplitudes except that it has a time delay. 

In step 310, the second vector of amplitudes is converted 
into a digital format over a packet time interval. In step 312, 
a reference 2N vector of bits having a second known pattern, 
similar to the first known pattern, is encoded into a second 
2N/M vector of amplitude and phase symbols. The second 
vector of amplitude and phase symbols is similar to the first 
vector of amplitude and phase symbols. In step 314, the 
second vector of amplitudes and phase symbols are Fast 
Fourier Transformed into a third 2N/M vector of amplitudes. 

In step 316, the digitally formatted second 2N/M vector of 
amplitudes is compared with the third 2N/M vector of ampli 
tudes to determine time-of-flight. Time-of-flight information 
is determined for the transmitted signal or the transmitted first 
vector of amplitudes. As an example, amplitude peaks of the 
second and third vectors of amplitudes are compared, which 
may be referred to as OFDM packets, to determine the time 
delay between transmission and reception. The initial peak 
difference in amplitude between the second and third vectors 
of amplitudes provides an accurate time correlation. Of 
course, other methods may be utilized to determine time-of 
flight. 

In step 318, the second vector of amplitudes is Fast Fourier 
Transformed to form a third 2N/M vector of amplitudes and 
phase symbols. In step 320, the second vector of amplitudes 
and phase symbols is compared with the third vector of ampli 
tudes and phase symbols in the frequency domain to deter 
mine the Doppler shift therebetween. The initial peak differ 
ence in power between the second and third vectors of 
amplitudes and phase symbols provides an accurate Doppler 
shift correlation. 
The present invention provides an object relative status 

determination system that utilizes information from both a 
GPS and an OFDM transceiver. This combination reduces the 
dependency on visible satellites and improves accuracy of 
relative range and Velocity measurements. The range, Veloc 
ity, and synchronization provided with OFDM protocol 
reduce the number of required visible satellites and pseudo 
lites while increasing the accuracy of PVT measurements. 
The status determination system is capable of accurately per 
forming proximity measurements when signal paths are 
obscured. The status determination system also improves 
GPS data for vehicle navigation and other-purposes, as well 
as vehicle safety and pre-collision sensing. Since GPS and 
OFDM receivers detect system failures, fail over methods are 
easy to implement. 
The relative status determination system in using OFDM 

provides decreased susceptibility to Doppler shift caused by 
the relative motion of mobile devices and to multipath fading. 
The highly packetized nature of OFDM provides accurate 
time-of-flight measurements. Since OFDM packets are trans 
mitted over specific time intervals, the system can easily 
separate the Doppler effect from other interferences. The use 
of OFDM also allows for simple removal of noise from a 
signal, due to the use of pre-determined sets of orthogonal 
frequencies. 

Since OFDM supports MAC protocols with connection 
less datagram broadcast/multicast functionality, the system is 
able to provide a balanced network of nodes having the same 
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function in the network. Thus, the present invention avoids 
segmentation of nodes within the network and allows for 
removal of nodes without the network collapsing or becom 
ing inoperative. Also, in using a balanced network structure 
eliminates the need for continuous recalculation of the net 
work structure, due to constant change in distance between 
nodes. 

Through use of equal hierarchically ranked nodes, the sys 
tem provides quick OFDM synchronization, which can be 
less than approximately 100 milliseconds. 

While the present invention has been described in connec 
tion with one or more embodiments, it is to be understood that 
the specific mechanisms and techniques that have been 
described herein are merely illustrative of the principles of the 
invention, and that numerous modifications may be made to 
the methods and apparatuses described herein without depart 
ing from the spirit and scope of the invention as defined by the 
appended claims. 

What is claimed is: 
1. An object relative status determination system for at least 

one vehicle, said system comprising: 
at least one orthogonal frequency domain modulation 
(OFDM) transceiver operable to transmit and receive 
object range signals onboard a host vehicle; and 

at least one controller coupled to said at least one OFDM 
transceiver and operable to determine object informa 
tion relative to said host vehicle in response to said 
object range signals. 

2. An object relative status determination system as in 
claim 1, wherein said at least one controller is coupled to a 
vehicle network interface via said at least one OFDM trans 
ceiver. 

3. An object relative status determination system as in 
claim 2, wherein said system comprises: 

a head vehicle having at least one onboard OFDM trans 
ceiver and at least one controller coupled thereto; 

at least one middle vehicle having at least one onboard 
OFDM transceiver and at least one controller coupled 
thereto; and 

a tail vehicle having at least one onboard OFDM trans 
ceiver and at least one controller coupled thereto; 

wherein said at least one controller of said head vehicle is 
coupled to said vehicle network interface via said at least 
one onboard OFDM transceiver of said head vehicle, 
said at least one controller of each said middle vehicle is 
coupled to said vehicle network interface via said at least 
one onboard OFDM transceiver of each said middle 
vehicle, and said at least one controller of said tail 
vehicle is coupled to said vehicle network interface via 
said at least one onboard OFDM transceiver of said tail 
vehicle: 

wherein said head vehicle, said at least one middle vehicle, 
and said tail vehicle are collectively in a platoon forma 
tion; and 

wherein said host vehicle is one of said head vehicle, said 
at least one middle vehicle, or said tail vehicle of said 
platoon formation. 

4. An object relative status determination system for at least 
one vehicle, said system comprising: 

at least one OFDM transceiver operable to transmit and 
receive object range signals; 

at least one global positioning system (GPS) operable to 
receive satellite range signals; and 

at least one controller coupled to said at least one OFDM 
transceiver and said at least one GPS and operable to 
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14 
determine object information relative to a host vehicle in 
response to said satellite range signals and said object 
range signals. 

5. An object relative status determination system as in 
claim 4, wherein said at least one OFDM transceiver particu 
larly includes: 

a first OFDM transceiver onboard said host vehicle; and 
a second OFDM transceiver on an object. 
6. An object relative status determination system as in 

claim 4, wherein said at least one GPS particularly includes: 
a first GPS onboard said host vehicle; and 
a second GPS on an object. 
7. An object relative status determination system as in 

claim 4, wherein said at least one controller is particularly 
operable to determine the relative range of at least one object 
with respect to said host vehicle in response to said satellite 
range signals and said object range signals. 

8. An object relative status determination system as in 
claim 4, wherein said at least one controller is particularly 
operable to determine the relative velocity of at least one 
object with respect to said host vehicle in response to said 
satellite range signals and said object range signals. 

9. An object relative status determination system as in 
claim 4, wherein each of said at least one GPS includes: 

a GPS antenna; 
a radio frequency (RF) unit coupled to said GPS antenna; 

and 
a digital signal processor (DSP) coupled between said RF 

unit and said at least one controller. 
10. An object relative status determination system as in 

claim 4, wherein said at least one controller is coupled to a 
vehicle network interface. 

11. An object relative status determination system as in 
claim 10, wherein: 

said system further comprises a platoon of vehicles on 
which said at least one OFDM transceiver, said at least 
one GPS, and said at least one controller is carried; and 

said host vehicle is one of said platoon of vehicles. 
12. An object relative status determination system as in 

claim 4, wherein said at least one GPS is particularly operable 
to receive said satellite range signals from a plurality of sat 
ellites. 

13. An object relative status determination system as in 
claim 4, wherein said at least one GPS is particularly operable 
to receive said satellite range signals from at least one GPS 
satellite. 

14. An object relative status determination system as in 
claim 4, wherein said at least one GPS is particularly operable 
to receive said satellite range signals from at least one navy 
navigation satellite system (NAVSAT) satellite. 

15. An object relative status determination system as in 
claim 4, wherein said at least one controller is particularly 
operable to determine said object information relative to said 
host vehicle in response to a single one of said satellite range 
signals and a single one of said object range signals. 

16. An object relative status determination system as in 
claim 4, wherein said at least one controller is particularly 
operable to determine said object information relative to said 
host vehicle in response to a plurality of said object range 
signals. 

17. An object relative status determination system as in 
claim 4, wherein said at least one OFDM transceiver particu 
larly includes: 

a first OFDM transceiver onboard said host vehicle; and 
a second OFDM transceiver on an object and in synchro 

nization with said first OFOM transceiver. 
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18. A system comprising: 
a host vehicle: 
an orthogonal frequency domain modulation (OFDM) 

transceiver onboard said host vehicle: 
a global positioning system (GPS) unit onboard said host 

vehicle: 
at least one collision countermeasure onboard said host 

vehicle; and 
a controller coupled to said OFDM transceiver, said GPS 

unit, and said at least one collision countermeasure 
onboard said host vehicle; 

wherein said OFDM transceiver is operable to transmit and 
receive range signals to and from at least one object 
having a reciprocal transceiver, 
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wherein said GPS unit is operable to receive range signals 

from at least one satellite that is wirelessly linked to said 
at least one object; 

wherein said controller is operable to process said range 
signals and thereby determine the range of said at least 
one object relative to said host vehicle; and 

wherein said controller is operable to selectively control 
said at least one collision countermeasure according to 
said range as determined. 

19. A system as in claim 18, wherein each said object is a 
separate vehicle having its own respective OFDM transceiver, 
GPS unit, and controller. 
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