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DISPATCH electromagnetic ?eld generator (20), ?xed With respect to an 
9003 FLORIN WAY external frame of reference, at least one passive transponder 
UPPER MARLBORO’ MD 20772 (Us) (30), ?xed to an object (22) being tracked, Wherein an 

electromagnetic ?eld generated by the electromagnetic ?eld 
( * ) Notice: This is a publication of a Continued pros_ generator (20) causes the transponder (30) to generate 

ecution application (CPA) ?led under 37 electromagnetic signals and at least one electromagnetic 
CFR 1_53(d)_ sensor (24), ?xed With respect to the external frame of 
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SIX-DEGREE-OF-FREEDOM TRACKING SYSTEM 
HAVING A PASSIVE TRANSPONDER ON THE 

OBJECT BEING TRACKING 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to object 
tracking systems, and speci?cally to non-contact, electro 
magnetic methods and devices for tracking the position and 
orientation of one or more multiple objects. 

BACKGROUND OF THE INVENTION 

[0002] Non-contact electromagnetic tracking systems are 
Well knoWn in the art, With a Wide range of applications. 

[0003] Non-contact tracking systems have been described 
based on electromagnetic, optical and sonographic detection 
methods. In many applications, electromagnetic tracking is 
preferred, because unlike other methods, there need not be 
a clear line of sight betWeen the object and the detectors. 
Electromagnetic tracking can also be made relatively 
immune to interference from background signals, thus 
avoiding problems such as those caused by stray light in 
optical systems. Furthermore, the components required for 
electromagnetic tracking are easily produced and inexpen 
s1ve. 

[0004] Exemplary prior art patents for electromagnetic 
tracking systems include US. Pat. Nos. 3,046,228 and 
3,121,228, Which describe a tracking system for measuring 
the position of an object in a plane. This system uses tWo 
orthogonal coils to generate a rotating dipole ?eld in the 
vicinity of the object, thereby causing electrical currents to 
How in tWo orthogonal sensor coils. Measurement of the 
sensor coil current signal is used to determine the object’s 
position. 

[0005] US. Pat. Nos. 3,868,565, 3,983,474 and 4,017,858 
describe a tracking system using three orthogonal coils to 
generate a dipole ?eld, Which nutates around a direction 
vector. The object’s position is determined by measuring the 
current signals generated in three orthogonal sensor coils. 

[0006] US. Pat. No. 4,054,881 describes a tracking sys 
tem using three coils to generate electromagnetic ?elds in 
the vicinity of the object. The ?elds generated by these three 
coils are distinguished from one another by open loop 
multiplexing of time, frequency or phase. The signal cur 
rents ?oWing in three orthogonal sensor coils are used to 
determine the obj ect’s position, based on an iterative method 
of computation 

[0007] US. Pat. No. 4,314,251 describes a variation on the 
’881 patent, Wherein only ?ve coils are needed in total, and 
a non-iterative method of computing is used. 

[0008] US. Pat. No. 4,287,809 describes a tracking sys 
tem With tWo or more coils to generate electromagnetic 
?elds, using time multiplexing to distinguish betWeen them. 
Three orthogonal sensor coils are used to determine the 
object’s position. 
[0009] Finally, US. Pat. No. 4,849,692 describes a track 
ing system With three orthogonal coils to generate periodic 
DC electromagnetic ?elds. Areceiver measures the DC ?eld 
at the object to determine its position. 

[0010] It Would be desirable to provide an electromagnetic 
tracking method Whereby the object or objects being tracked 
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have no physical connection to the surroundings. Desirably, 
such a method Would require that only passive components 
be mounted on the object, and the object’s motion Would be 
unrestricted Within the ?eld of detection. All poWer, active 
components and additional signals conveyed from the trans 
mitter to the sensor and signal processing circuits Would 
preferably be restricted to the ?xed portion of the tracking 
system. 

SUMMARY OF THE INVENTION 

[0011] The present invention seeks to provide a neW, 
non-contact method for tracking the six-dimensional posi 
tion and orientation of an object, Which may move and rotate 
relative to an external frame of reference (translation along 
and rotation about three orthogonal axes) Within a region of 
interest. The method may be used to track a single object or 
multiple objects simultaneously in a single system. 

[0012] In a preferred embodiment of the present invention 
a transponder is mounted on or inside the object to be 
tracked. One or more electromagnetic ?eld generators, 
Which are ?xed in the external reference frame, generate 
electromagnetic ?elds in the vicinity of the object. The ?eld 
generators’ electromagnetic ?elds cause the transponder to 
generate electromagnetic signals, Which are detected by one 
or more electromagnetic sensors, Which are ?xed in the 
external reference frame. Sensor circuits are provided, 
Which determine the six-dimensional position and orienta 
tion of the transponder in relation to the external reference 
frame, using the signals received by the sensors. 

[0013] In a preferred embodiment of the present invention, 
the transponder comprises three coils, Which de?ne three 
independent axes and are preferably orthogonal. The tran 
sponder coils are coupled to respective electrical circuits, 
Which generate electromagnetic signals With different, char 
acteristic frequencies When excited. 

[0014] Furthermore, in a preferred embodiment of the 
present invention, the three coils in the transponder are 
Wound around a common center. preferably a ferromagnetic 
core. It Will be appreciated, hoWever, that the axes of the 
transponder may be de?ned by other means, such as anten 
nae, that are capable of receiving and transmitting electro 
magnetic ?elds With a preferred direction. Other aspects of 
the present invention described herein in relation to tran 
sponder coils may equally be applied to transponder anten 
nae of other types. 

[0015] In a preferred embodiment of the present invention, 
the electrical circuits in the transponder are passive resonant 
circuits. These resonant circuits may be formed by connect 
ing each of the transponder coils to a respective capacitor, 
the capacitors being chosen so that each of the circuits thus 
formed has a different, knoWn resonant frequency. The 
electromagnetic ?eld generators generate time-varying 
?elds, having components at the resonant frequencies of the 
transponder circuits, Which cause these circuits to resonate. 
The signal generated by each of the coils may then be 
identi?ed and distinguished from other signals by its respec 
tive resonant frequency. 

[0016] Another preferred embodiment of the present 
invention provides that multiple objects, each With its oWn 
transponder, may be tracked simultaneously Without confu 
sion, providing that every one of the coils in the various 
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transponders to be tracked is coupled to an electrical circuit 
having a unique, known resonant frequency. 

[0017] In a preferred embodiment of the present invention, 
the electromagnetic ?eld generators and sensors comprise 
coils Which are coupled to appropriate electrical source and 
sensor circuits, respectively. More generally, hoWever, ?eld 
generation and/or sensing may be accomplished by other 
types of antennae, Which are knoWn in the art. Other aspects 
of the present invention described herein in relation to ?eld 
generator and sensor coils may equally be applied to ?eld 
generator and sensor antennae of other types. 

[0018] Preferred embodiments of the present invention 
provide that a total of only four ?eld generator and sensor 
coils be used. One such embodiment uses three ?eld gen 
erator coils and one sensor coil; another such embodiment 
uses one ?eld generator coil and three sensor coils; and still 
another such embodiment uses tWo ?eld generator coils and 
tWo sensor coils. Such embodiments can be used to track siX 
degrees of motion of one or multiple objects. Other preferred 
embodiments may have a total of ?ve, siX or more ?eld 
generator and sensor coils. Where more than four sensors are 
used, the additional sensors provide redundancy and 
improved signal-to-noise ratio. 

[0019] In a preferred embodiment of the invention, one or 
more coils may function as both electromagnetic ?eld gen 
erators and sensors. In this embodiment, both source and 
sensor circuits are coupled to the coil. Source circuits 
provide an electrical pulse to the coil, or else the source 
electrical current to the coil is rapidly switched off or on. 
Sensor circuits then detect the electromagnetic signals that 
are subsequently generated by the transponder and received 
by the sensors. 

[0020] In, preferred embodiments of the present invention, 
?eld generator and sensor coils or antennae are formed of 
different coils, preferably constructed according to pre 
scribed geometrical criteria, so that the signal levels received 
by the sensor coils remain Within a limited, prescribed range, 
independent of the position of the transponder Within the 
region of interest. Such embodiments permit the sensor 
circuits to determine the position and orientation of the 
transponders With equal accuracy and Without ambiguity 
throughout the region of interest. 

[0021] Source circuits used to drive the ?eld generators 
may provide continuous or pulsed alternating current signals 
at the resonant frequencies of the transponders. The sensor 
circuits then receive signals from both the ?eld generators 
and the transponders. These signals can be easily distin 
guished, hoWever, since they are 90° out of phase. It should 
be understood in this regard that a single ?eld generator may 
be driven by a multi-frequency signal. 

[0022] One aspect of preferred embodiments of the 
present invention, having tWo or three ?eld generator coils, 
is that the signal processing and computation circuits are 
capable of distinguishing among the signals generated by the 
transponder coils in response to the respective ?eld genera 
tor coils. Where pulsed sources are used, each of the ?eld 
generator coils is coupled to a respective pulse generating 
circuit, and these circuits are mutually timed so that pulses 
are applied to each of the coils in sequence, at knoWn, 
mutually eXclusive, times. The sensor circuits are synchro 
niZed With the times of the pulses, so that they receive and 
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process signals generated by the transponders synchro 
nously With the ?eld generator pulses. The sensor circuits 
thus differentiate betWeen signals received from the tran 
sponders according to the sequence of applying pulses to the 
respective ?eld generator coils. In order to alloW for more 
continuous monitoring, hoWever, in a preferred embodiment 
of the invention, only one ?eld generator is used and at least 
three sensors are used. 

[0023] In accordance With preferred embodiments of the 
present invention, the sensor circuits comprise signal pro 
cessing and computation circuits, coupled to the sensor 
coils, Which determine the three-dimensional position and 
three-dimensional rotational orientation of the transponder 
or transponders, based on the signals received by the sensor 
coils. The signals received by the sensor coils are typically 
ampli?ed and then separated into their respective frequency 
components, by ?ltering methods knoWn in the distinguish 
betWeen the respective signal amplitudes (and phases, Where 
appropriate) received from the transponder coils. 

[0024] A preferred embodiment of the present invention 
further provides computational circuitry, Which applies one 
or more matriX transformations to the measured signal 
amplitudes so as to compute the position and/or rotational 
orientation of the transponder. Other mathematical opera 
tions, Which are knoWn per se in the art, may also be used 
to compute the transponder’s position and/or orientation. 

[0025] The transponders of the present invention may also 
be attached to game pieces or toy ?gures for use in inter 
active computer games, such as those described in PCT 
patent application number PCT/US95/10096, ?led Jul. 25, 
1995, and titled “Computerized Game Board,” Which is 
incorporated herein by reference. 

[0026] Transponders in accordance With the present inven 
tion may also be fastened to a person’s hand or to movable 
control objects, for use in actuating remote systems by 
sensing the motion of the hand or control objects. 

[0027] The present invention may be usefully applied to 
cockpit avionics systems, in Which the position of the pilot’s 
helmet is tracked in relation to the cockpit in order to 
appropriately adjust a helmet-mounted display or Weapons 
sighting apparatus. 

[0028] In a similar application, the transponder of the 
present invention may be coupled to a helmet or other 
head-mounted apparatus to provide a determination of the 
position and orientation of the head for use in virtual reality 
displays, simulation training and games. 

[0029] It Will be appreciated that these applications are 
presented here only by Way of example, and that the present 
invention Will be useful in a Wide range of other applica 
tions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The present invention Will be understood and 
appreciated more fully from the folloWing detailed descrip 
tion, taken in conjunction With the draWings, in Which: 

[0031] FIG. 1 is a schematic illustration of a general 
preferred embodiment of the present invention; 

[0032] FIG. 2 is a schematic illustration of a transponder 
in accordance With preferred embodiments of the present 
invention; 
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[0033] FIG. 3 is a schematic illustration of a preferred 
transponder in accordance With preferred embodiments of 
the present invention; 

[0034] FIG. 4 is a preferred embodiment of the present 
invention having one ?eld generator and four sensor coils; 

[0035] FIG. 5A is a schematic illustration of tWo sensor 
array useful in accordance With the preferred embodiment of 
the present invention shoWn in FIG. 4; 

[0036] FIG. 5B is an exploded, explanatory illustration 
shoWing the construction of the sensor array of FIG. 5A; 

[0037] FIGS. 6A and 6B are schematic graphs of sensor 
signals, not necessarily exact, produced by the sensor array 
of FIG. 5A; 

[0038] FIG. 7A is a schematic illustration of a preferred 
?eld generator coil for the embodiment of FIG. 4; 

[0039] FIG. 7B is an exploded, explanatory illustration 
shoWing the construction of the excitation coil of FIG. 7A; 

[0040] FIG. 7C is a schematic illustration of an alternative 
preferred ?eld generator coil for the embodiment of FIG. 4; 

[0041] FIG. 7D is an exploded, explanatory illustration 
shoWing the construction of the excitation coil of FIG. 7C; 

[0042] FIG. 8A is a schematic block diagram of circuitry 
useful for operating preferred embodiments of the present 
invention; 
[0043] FIG. 8B is a schematic block diagram shoWing 
details of the sensor circuitry of FIG. 8A; 

[0044] FIGS. 9A-9D are schematic graphs of signals, not 
necessarily exact, generated by the circuitry of FIG. 8; 

[0045] FIG. 10 is a schematic block diagram shoWing of 
circuitry useful for operating other preferred embodiments 
of the present invention; 

[0046] FIG. 11 is a schematic illustration of a coil that 
serves as both a ?eld generator and a sensor; 

[0047] FIG. 12 is a schematic illustration of a preferred 
embodiment of the invention having multiple ?eld generator 
coils; 
[0048] FIG. 13 is a schematic illustration of a preferred 
embodiment of the present invention for use in helmet 
tracking. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0049] Reference is noW made to FIG. 1, Which illustrates 
schematically a preferred embodiment of the present inven 
tion, comprising electromagnetic ?eld generators 20, freely 
moving object 22 and sensors 24. Field generators 20 are 
coupled to ?eld generator source circuits 26; similarly, 
sensors 24 are coupled to sensor circuits 28. A transponder 
30 is mounted inside or on the surface of object 22. Object 
22 is free to rotate about any of its axes and move anyWhere 
Within a region of interest, in the presence of electromag 
netic ?elds generated by ?eld generators 20. 

[0050] For simplicity, FIG. 1 shoWs tWo ?eld generators 
20, ?xed at right angles to one another, and tWo sensors 24, 
similarly ?xed at right angles to one another. It Will be 
appreciated, hoWever, that in preferred embodiments of the 
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present invention, one, tWo, three or more ?eld generators 20 
may be used, and similarly, one, tWo, three or more sensors 
24 may be used. Field generators 20 and sensors 24 may be 
?xed in any desired mutual orientations. The only require 
ment is that no tWo ?eld generators or sensors be identical. 

[0051] In operation, ?eld generators 20 generate electro 
magnetic ?elds in a region of interest. In response to these 
electromagnetic ?elds, transponder 30 generates electro 
magnetic signals, in the form of electromagnetic ?elds, 
Which are detected by sensors 24. These signals are analyZed 
by sensor circuits 28 so as to determine the three-dimen 
sional translational position and three-dimensional rota 
tional orientation of the object. 

[0052] FIG. 2 shoWs a preferred embodiment of transpon 
der 30, comprising three coils 32, 34 and 36, mutually 
oriented so as to de?ne respective k, l and m axes in the 
frame of reference of object 22, to Which they are ?xed. As 
FIG. 2 shoWs, the coils are preferably mutually orthogonal, 
because this con?guration generally alloWs the position and 
orientation of the transponder to be determined With the 
greatest accuracy. It Will be appreciated that in some 
embodiments of the invention, hoWever, these coils may be 
oriented in Whatever directions are convenient, so long as 
the axes of the coils de?ne a set of linearly independent 
directions, so that a unique set of Cartesian axes k,l,m may 
be thereby de?ned. 

[0053] Coils 32, 34 and 36 are coupled to electrical 
circuits 38, 40 and 42, respectively. The coils function as 
antennas, receiving electromagnetic energy from the ?elds 
generated by ?eld generators 20, and conveying this energy 
to circuits 38, 40 and 42. Each of these circuits responds by 
generating signal currents, Which ?oW through coils 32, 34 
and 36. The coils then function as antennas to transmit these 
signals, in the form of electromagnetic ?elds, Which are 
received by sensors 24. 

[0054] In essence, the circuits formed by the respective 
coils and capacitors are driven by the electromagnetic ?elds 
generated by the ?eld generators. The current in the coils, 
Which is either continuous or decaving, depending on the 
form of the electromagnetic ?elds, generates a signal elec 
tromagnetic ?eld, Which is detected by the sensors. 

[0055] In a preferred embodiment of the present invention, 
each circuit 38, 40 and 42 generates signals With a different 
characteristic frequency. Thus, When these signals are 
received by sensors 24, it is possible for sensor circuits 28 
to distinguish them one from another on the basis of their 
frequencies. 

[0056] Preferably the amplitude of the signal generated in 
each of coils 32, 34 and 36 by circuits 38, 40 and 42 is 
proportional to the amplitude of a component of the elec 
tromagnetic vector ?eld h produced by ?eld generators 20 
along the axis of the respective coil. Similarly, the response 
of sensors 24 to the signal ?elds generated by transponder 
coils 32, 34 and 36 is preferably a linear function of the 
vector amplitudes of the signals, Which may be described by 
a vector ?eld r. For the sake of clarity, We note that there is 
an electromagnetic vector ?eld hJ- produced by each one of 
multiple ?eld generators 20, and a response vector ?eld r] 
relating to each sensor 24. 

[0057] Transponder coils 32, 34, and 36 de?ne a coordi 
nate system, With axes marked k,l, and m in FIG. 2, Which 
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translates and rotates according to the translation and rota 
tion of object 22 relative to the external frame of reference. 
The translation of the moving coordinate frame, k,l,m, 
relative to the ?xed coordinate frame, Which We shall refer 
to as x,y,Z, may be determined using the methods Which Will 
be described With reference to equation (4), beloW. 

[0058] Rotation of the k,l,m coordinate frame With respect 
to the x,y,Z frame may generally be described by methods 
knoWn per se in the art as a 3 by 3 Euler transformation 
matrix T. The signal S received by each one of n sensors 24 
and detected by sensor circuits 28 may be separated into k,l 
and m components, sk, s1 and srn (in accordance With their 
frequencies), corresponding respectively to the signals gen 
erated by transponder coils 32, 34 and 36, according to the 
matrix transformations: 

100 (1) 

s5- : pzjT'dkThi dk = 000 
000 

000 

sf]. = pl'jT'dlThi d, = [010] 
000 

[0059] Where p is a constant characteristic of the system. 
The n sets of equations (1) may be solved using methods 
knoWn in the art to ?nd all the elements of matrix T, and 
thereby fully determine the rotational orientation of the k,l,m 
axes ?xed to object 30, relative to x,y,Z axes in the ?xed 
coordinate frame, given that the x,y,Z position of the tran 
sponder is knoWn from equation (4) if the values of r and h 
are knoWn. 

[0060] In a preferred embodiment of the invention, r and 
h may be mapped as a function of the transponder position 
and orientation for each of the ?eld generators 20 and 
sensors 24, and stored in polynomial or other numerical 
form. In a preferred method of mapping r and h, transponder 
30 is held in a ?xed, knoWn x,y,Z position and orientation 
Within the region of interest. An electromagnetic ?eld is 
generated by one of ?eld generators 20, thereby causing a 
voltage to be developed in transponder coils 32, 34 and 36. 
The voltage in the transponder coils is measured and used to 
determine the vector components of hj at the position of the 
transponder, using methods knoWn in the art. The signals 
received from the transponder by sensors 24 are similarly 
measured and used to determine a respective non-normal 
iZed response vector rj‘ for each of the sensors at the given 
x,y,Z location of the transponder. The response vectors for all 
the sensors are then normaliZed to the measured voltage to 
determine respective rj vectors for all of them. 

[0061] This measurement is made for the full range of x, 
y and Z, preferably by measuring the signals as the tran 
sponder is moved from one knoWn location to another 
Within the region of interest, While the rotational orientation 
of the transponder is kept constant. 

[0062] In an alternative preferred method of mapping r 
and h, transponder 30 is held in a ?xed, knoWn x,y,Z position 
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and orientation Within the region of interest. Field generator 
circuits 26 are disconnected from ?eld generators 20, or are 
otherWise inactivated. Sensor circuits are temporarily con 
nected to ?eld generators 20, as Well as to sensors 24. 
Electromagnetic signals are generated by transponder coils 
32, 34 and 36, by coupling active current-generating cir 
cuits, of types knoWn in the art, to the coils. The signals 
received from the transponder by sensors 24 and by ?eld 
generators 20 are measured and used to determine respective 
non-normaliZed vectors hj‘ for each of the ?eld generators 
and rj for each of the sensors at the given x,y,Z location of 
the transponder. The electromagnetic ?eld vectors for all the 
?eld generators and response vectors for all the sensors are 
then normaliZed to the transponder drive current to deter 
mine respective hj and rj vectors for all of them. 

[0063] Once h and r vector ?elds have been mapped in the 
region of interest, the constant p in equation (1) may be 
determined by operating the tracking system to measure the 
signals sk, s1 and s““, While the transponder is held in a knoWn 
location. p is then calculated by inserting the measured 
values of S, r and h in equation (4), beloW. 

[0064] In alternative embodiments of the invention, r and 
h are calculated theoretically, based on the geometrical and 
electrical characteristics of electromagnetic ?eld generators 
20 and sensors 24. 

[0065] In other preferred embodiments of the invention 
having three or more sensors 24, r and h may be mapped as 
functions of the signals SJ- due to the respective sensors, 
rather than in terms of x, y and Z coordinates, using the 
relationships: 

[0066] Coordinates x, y and Z may also be mapped as 
single-valued functions of the sensor signals S1 to Sn: 

x (3) 

[y] = fXyASI Sn) 
Z 

[0067] The functions fr, fh and ?gyz may be stored in 
polynomial or other numerical form. Maps generated 
according to equations (2) and (3) may then be used in 
operation of the tracking system to determine the transpon 
der’s rotational orientation and translational position. 

[0068] To determine the translational position of the tran 
sponder, signals received from the k,l,m transponder coils 
32, 34, 36 are summed, in accordance With equation (1): 

[0069] The sum of signals sk, s1 and s““, S, is thus invariant 
to rotations of the transponder, and is a function only of its 
translational position. In preferred embodiments of the 
present invention, r and h have been determined either 
theoretically or empirically, using equation (2), throughout 
the region of interest for at least four ?eld generator and 
sensor coils, Which give at least three generator-sensor coil 
pairs. Sensor circuits 28 determine a value S for each such 
pair, and tree such values are used by the computer to 














