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ular phones and for investigating fraudulent use of cellular services.
Methods for radio position determination make use of techniques for
measuring the propagation delay of a radio signal which is assumed to travel in
25  astraight line from a transmitter to a receiver. A radio delay measurement in
- combination with an angle measurement provided by a directive antenna is the
fundamental principle of radar. Radar location is frequently augmented by use
of a transponder in the mobile vehicle rather than relying entirely on the s1gnal
reflected by the mobile vehicle.
30 Alternatively, multiple time delay measurements can be made using
multiple transmitters and/or receivers to form a so-called tri-lateration system.
The Loran system is an example of a system which transmits a series of coded
pulses from base stations at know and fixed locations to mobile receivers. The
mobile receiver compares the times of arrival of signals from the different
35 transmitters to determine hyperbolic lines of position. Similarly, the global
~ positioning system (GPS) provides transmission from a set of 24 earth orbiting
satellites. Mobile receivers can determine their position by using knowledge of
the satellites' locations and the time delay differences between signals received
from four or more satellites.
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The present invention may make use of the existing capabilities of
mobile unit cellular telephones operating in the AMPS service (or similar
service) to provide a new service of position location without modifying the
millions of already existing AMPS mobile unit cellular telephones. In the

30 AMPS service, the mobile units transmit at UHF frequencies between
824-849 MHz and base stations transmit at frequencnes between 869-894 MHz.
The frequency bands are divided into two sets of 832 channel pairs evenly
spaced 30 kHz apart. A set of 416 channel pan‘s is licensed to each of two
'service providers in a given area. -

35 The AMPS system uses analog FM modulation to transmit telephone
speech. The mobile unit and base stations transmit simultaneously using full
duplex techniques so that the user perceives a contmuous link in both
directions at all times. ' '
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When the AMPS system was originally being defined, it was
contemplated that the mobile units’ positions could be located by measuring the
phase difference between the forward link SAT tone and the SAT tone received
25 by the base station from the mobile unit. This would permit a round trip time
delay measurement which would locate the mobile unit on a circle around the
base station. It was seen that this technique would introduce the need for a
specification controlling the phase shift of the returned SAT tone in order to
provide consistent measurements. Because of this added complexity, this
30. approach was dropped from the specification.

SUMMARY OF THE INVENTION

When the system desires to locate a particular mobile unit, the mobile

35 unit is commanded to go to a predetermined and dedicated channel and
transmit an audio tone over it's FM transmitter for a short interval, say one to

ten milliseconds. The audio tone's frequency should be above the speech
spectrum, e.g. greater than 4 kHz. At the end of the tone burst, the mobile unit
returns to whatever it was doing previously, e.g., continuing its call, idle mode,
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desired prdddpgt meas xfference It a third base station reports a
phase measurement, then two more hyperbolas are determined. The
intersection of the hyperbolas determines a solutron for the mobile unit's

25  location.

' The precision requxred for the phase measurement is on the order of one
degree. For example, 100 meter precision (300 ft) ‘requires about 300 nsec.
precision. If the tone burst were 6 kHz in frequency, then about one-half degree
resolution in the phase measurement would yield the desired precision. Note

30 that this order of precision should be easily obtainable if the S/N is high
enough :

It is possxble to use the SAT srgnal (supervisory audio tones) for the

- above purposes. In the AMPS system, each base station transmits on the

forward channel a tone of either 5980, 6000, or 6030 Hz. The mobile unit

35 receives this tone and retransmits it on the reverse channel.

' One could perform position determmatron of any standard AMPS phone
by the followmg method

()
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20 from one base station to another and the proper measurement must be made
for each case. Also, the possibility of co-channel interference from mobile units
in nearby co-channel cells can degrade the measurement accuracy. If, at any
time during a call, a more accurate position is needed, the mobile unit can be
commanded to the dedicated measurement frequency.

25 The S/N required to achieve the desired accuracy is determined by the
received S/N and the averaging time. A half-degree resolution corresponds to
seven bits of resolution. Each bit of resolution requires an additional 6 dB of
S/N so that the total S/N is required to be 42 dB. If the received signal has
a20dB S/N in a 4 kHz bandwidth, then the bandwidth must be

30 narrowed 22 dB. This would appear to require a four millisecond measuring
time.

Note that mobile unit terminal motion should not significantly affect the

measurement. Consider that in four milliseconds, a mobile unit moving
- at 100 ft/sec will travel only 0.4 feet, significantly less than the measurement
35 resolution. _

Note also that the SAT tone frequency of 6 KHz is adequate to support
unambiguous positioning in typically sized cellular telephone systems. The
ambiguity distance for this tone frequency is about 50 kilometers con'espondmg
to one complete cycle of the waveform or 166.7 microseconds. -
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DETAI LED DESCRI PTION CF THE P RRED

EMBODI MENTS An overal | bl ock di agram of the systemis shown in Figure 1.
The cel | ul ar systelDE!AHrﬁDQE RIFFION.OPF THEPREFERRED and

possi bl ygmany additi onal base sta?mﬁm \ controller & swtch 20,
also known in the 20 cellular industry a bi-l e Tel ephone Swi t chi ng
Ofice (MISO. The -system subscriber nobile un| ts-are depicted as both car

tel eph 10 Ifngnd
el ephones andri bvesall Hekedias 6f0fl{@ em a&%ﬁﬁr{ | Zes@%&f?h Thé

13. The disc¢losed position deter tlon sy Q
orbiting saF%l? '@F‘ {$eomp, 0Pand passibly many) 2

and 203 as addfhonai dase stativrecard systeﬁhemnér &rswftble 20816 v iR the
conpri Sﬁfj Otelfular industry as the Mobile Telephone Switching Office (MTSO).  The
system subscriber mobile units are depicted as both car telephones 10 and 1

and pocket sized portable cellular telephones 12and 13.
The disclosed position determination system also utilizes earth orbiting
satellites of the Global Positioning System (GPS) 200, 201, 202 and 203 as a
25 means of precise synchronization. The GPS system is comprised of a
constellation of 24 satellites arranged in orbits so that four or more satellites are
visible any place on earth at all times. These satelhtes transmit signals that
allow precise differences in time of arrival of s1gna]s from the satellites in view
to be measured by GPS system receivers. The satellites are synchronized to
30 Universal Coordinated Time (UTC) which allows precise time of day and
frequencies to be obtained at GPS receivers. This capability of the GPS is
utilized as a means for generatmg precisely synchromzed reference tones at

each base station.

The cellular system can provide up to abc.)'utE fifty-seven simultaneous
35 telephone calls to mobile units within each base station's 'coverege area.
Normally, each base station is assigned 57 radio frequency channel pairs which
are not used in any surrounding base station. Base stations located farther
- away may reuse the channels in a techmque known as frequency reuse.
Frequency reuse allows a city to be covered by many hundreds of base stations
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ggte ;?:n' ggts | gﬁr La?r(rl) %‘Bph@‘{@@?s recelver I;Srogr?des a n;:)eraltnst for d?ssﬂ'l Iu%rc]m of a
common frequency and time reference to the base stations in the network. The
Global Positioning System (GPS) consists of a network of 24 satellites in circular
inclined orbits around the earth so that every point on the earth has four or

25 more of the satellites continuously in view. The satellites transmit a radio
signal modulated by a spread spectrum waveform that allows very precise time
measurements to be performed on the received signals. The GPS receivers
acquire and synchronize to four or more of the downlink signals from the
satellites. Then, the differences in time of arrival between the sighals from the

30 different satellites are measured. Together with knowledge of the orbital
parameters, which are continuously transmitted on a data link from the
satellites, the GPS receiver can solve for its position in three dimensional space
and, as a by product, obtains very accurate time of day which is synchronized
to universal coordinated time (UTC). If each base station in the system is so

35 equipped, then they can all be synchronized very accurately. Note that for the
purpose of the position determination functions, synchronization to UTC is not
required, merely synchronization of all base stations to a.common reference is
required. | -
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Hz squar e resulting srgna.?:s converte into a FM transmit si Y ce.
transrmtter 317. A predetermmed 30 kHz channel in the 869-894 MHz band is
dedicated for the purpose of position determmatton. In principle, any of the
25 channels that can be used for a normal telephone call can be used for this
purpose. The resulting FM srgnal is then radiated by the cellular transmit
antenna 316. Cellular transmitter 317 with summer 318 is an ordinary cellular
base station transmitter with only the additional function of accepting the
reference 6 kHz srgnal from synthesrzer 302 for the SAT tone.
30 Only one of the base stations in the system w1ll transm1t to the mobxle
unit at one time. The surroundmg base stations wrll however, normally be
capable of receiving the sxgnal and makmg measurements on it.
The mobile unit will receive the srgnal demodulate the SAT tone and
 sum it with its own baseband transmit audio and retransrmt it. These functions
35 of the mobile unit are the ordmary functions of an AMPS mobile unit during
the course of an ordmary cellular telephone call. 'I'hus, no speaal mobile unit
equipment is required to provide the desired services of position
determination. Added equipment for position location is installed only in base
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station recei vdilters that the SAT tone signal, 346, be out put to bandpass

filter 312. The output of the filter 312 is input to phase detector 314 along with the

' reference 6 kHz signal from frequency synthesizer 302. The phase detector

25 measures the difference i in phase between the reference 6 kHz signal and the

received SAT tone. The phase difference will be proportional to the distance

between the mobile unit being received and the base station. There are certain

phase shifts in the SAT tone which are fixed and may be determined in advance

such as the effective phase shift between the input to cellular transmitter 317

30 and the transmit antenna 316. Phase shift is caused both by the respbnse of

filters and equalization circuits in the transmitter as well as physical delays of

transporting the signal from one place to another. Likewise, there will be

additional phase shifts in the cellular receiver 311 and bandpass filter 312.

These phase shifts can be measured and calibrated out of the system as they are

35 fixed. .

| An additional source of phase shift is caused by the circuits in the mobile

unit. The precise value of this phase shift will vary from telephone to

telephone, however the general range of phase shift can be determined and



The SAT tone signal added to the nobile unit's transmtted signal is
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FM denodul ation are known in the art. TheygSAT tone signal at 6 kHz is
separated fromthe speech signal by bandpass filter -312. This filter m ght
normal |y hacﬂlbaatedrm thrtuha@y,elrl‘el positioning atcuréey of she )d,lsdlmdnsystuwer

t he bandw t Eﬁlsﬁﬂ oise ratio -
of the SAT tone %&EP%RBIOAI{ﬁ{ lIli{-}"ét‘gr ‘e %ﬁe re ui re?ih?or tﬁﬁ{snrreasur ement
of the phase of Thefipal saurce phphaseshift, andithe s meQIt%ﬂtrﬂ!\er isqhamtocthe

PLOPﬁLB "on h*lﬁcél*'@elbggi\g di%l;lgﬁ:ﬁefdl I thrdig g;rg?gfebemééiﬁtﬁé %Igbileféﬁ]
frequenf:r’y aggg t‘ﬂﬁ‘e g‘ecﬂt' sg\‘ﬂ &Wé%'&é’ f@nce

I E phazef ]lgemmw thélbaseﬁahensésﬁn bh-:taﬁtw sitmiuhd oetam tteote&h'ﬁretplmel The
phase diffepe | i S tween i ile
uni t being %@égﬂ%sﬁggfﬁgg%ggg%q reﬁg % er lb%gé@l@éﬁ? s in
the SAT t orstatibns s u'ansrmttmg tmtlltermpbﬂe tnntemthls dse sinlftasmet implortant,t he
effective smtter 317 30.  and
t he transmp%k%éﬁ enna %ﬂ%@eﬂ‘%?&t usedwbt&f:tﬂ{% ‘t he response of
filterdland equaArlzlackdqaeram@ftasphasettr\etectcarmmterslwvnenr Figure)By dihea|

del ays ‘of tip gm Bigirial ROF®8 shiuftfler cireT8 28D BRATRI! CTH/YedBhee b mﬁ:
there wll d onal ase s |n t he cell r recel ¥er 311 d .
bandpass fllﬁtfé to t esmeg ‘ﬁBH§9 oo%n‘i’réﬂ e dnPuh @t Phase s out
of the systereuit 382e ey h&,resﬁxfeeectuoﬁﬁt aﬁﬂstﬂerplmseowme GMWaéﬁremreft i's

ShiTeowi| ) TR0 deBbes Qr”’rf{é}hﬁ% opSpuf bk phASE shiff! 382 1t icPlne Mebnf"50°

phase S8 f tingpant ofermlétlphar 33l zﬁntcmts for shiftibgithe phase of a sinusoid by 90

'I[Dﬁ-er/ glsgg{ gse yst em ES not qge en o#ﬁ?%gse s@?iﬂt\lggﬁ{se %&&y Of

mobi | e uni tfrequency symih w%&rpreéuﬁeéwefowaﬁo%mefr@ TSREE ¢
i mport ant  aat ate90lde tshﬁtemmspmde dF\eudfip héeas@ﬁfrommm

OO0 A b ol ot T ol e AR PR Bl i
| nport 2  tthepothe output 1$Je6yrus'é'he hrmtpeita,t 335 anich 886 5 bi fthei twormualtiplien n
oo 14 el S BB S tnpO ik 5ol cheds Sapesiy.

e combiner's output signal is equal to the arc tangent function o the ratio of
inputs. This phase detector circuit will ﬁ_x_nctlon_ over a phase difference range
of 180 degrees. Note that ratio A/B becomes undefined when input B is equal

25  to zero which will happen at two points 180 degrees apart in phase difference.

' Normally, the fixed values of phase shifts will be adjusted so that the phase
detector circuits active range will lie between these two undeﬁned values. The
operatmg range of 180 degrees will correspond to a range variation of 25 km
or 15.5 statue mxles This will be adequate for most applications of the

30 - technique to AMPS cellular telephone systems.

o Referring again to Figure 2, the output of the phase detector circuit 314is
averaged by low pass filter 315 to produce the desired signal to noise ratio. The
filtered output is then dlgmzed and passed on to the controller 320. The
controller forwards the phase difference rneasurement along with the RSSI

35 measurement to the MTSO where the posmon of the mobile unit is calculated.

' A desirable enhancement for the filters would be to reset the
filters 312 and 315 at the begmmng of the measurement process so as to prevent
~ noise s1gnals received pnor to the measurement from affecting the result.




except to aybakhésip the operating range of phase detector 31$CTAB95/03479 A
bl ock di agram of a phase detector circuit is shown in Figure 3. The input
sjgnal is fed to nultiplier circuits 330 and 331. The reference 6 kHz
signal is fed to the second input of nultiplier 330 and to the input of
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PCT/ US95/ 03479 11 T ere are ?ﬁerefnet rreetﬁncfs |rrp enent | ngl phase
det ect or ci r cutiRingsigMalyi | | be apparent to those Skl lled in the art. An

attractive inpl enent4yt fhen nveasuiielents ateocdllected it thel MTSO andnéhe Position
fromcellular recei vgcrl' 31dl and then to performall of the functions of.

bandpass fiter
' 5) the mobile unit is commanded (by transmxttmg a normal control

25 message) to return to its previous frequency to continue any call in may have in
progress. '

The MTSO will signal all the base stations in the system that the
measurement is taking place and all base stations will attempt to make a phase
measurement at the indicated time. Most of the base stations will be out of

30 range of the mobile unit and will not make a meaningful measurement. The
RSSI signal from such receivers will indicate a weak signal and the MTSO will
_ignore phase measurements from these base stations. Normally, only the
closest neighbor base stations to the base station communicating with the
mobile unit will make a meaningful measurement. The MTSO processing may
35 in addition to ignoring phase measurements from receivers with low RSSI may
also choose to ignore measurements from base stations not close to the
communicating base station. _

The position is determined as follows: phase measurements from pairs

of base stations will define hyperbolic lines of position between the stations.



5 phase detector 314 and | ow pass filter 315 in digital circuits. This

woul d alWB®RREd0 synt hesi zer 302 output to be used di rectI)PqﬂliS%!ﬁ?(ﬂﬂl rst
converting this signal to analog form These processing steps could al so be,
performed by a suitable digital signal pi?cessor (DSP) circuit. The
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relative phase measurements then the position of all mobile units with calls in
progress can be determined at the same time. The only sxgmflcant additional
problem with this is that there will likely be co-channel interference present due
to the frequency reuse process normally employed by cellular systems.
: It should be clear that the coverage area of each base station must be
25 somewhat greater than that required for basic cellular service. Normally, a
mobile unit needs be able to communicate with a base station to a point just a
little past the nudpomt between two base stations. For the positioning service
to operate, the mobile unit must be capable of commumcatron with neighboring
base station from a point adjacent to the primary base station. Thus, the range
30 which the mobile unit is capable of commumcatron in posmon location
| operation must be about twice as great as that for normal operatlon This will
not be a problem in most cellular systems as cells have been split into coverage
areas much smaller than that requu'ed for basic coverage in order to increase
the capacity of the system to meet the demand for service. Hence, mobrle units
35 should normally be capable of commumcatron wrth the necessary three base
stations almost anywhere in the system's: coverage area.
The prevrous description of the preferred embodiments is provrded to
enable any person skilled in the art to make or use the present invention. The
various modifications to thése embodiments will be readily apparent to those -



12 For exaryomsngsepose the phase difference measurenents forpdmsssasadi ons
400 and 401 of Figure 4 differ by 10 degrees, .e.g., base station 400
npasures -49 degrees relative to the reference and base station 401
nmeasures -59 degrees. Thus, portable unit-418is about 1 mle closer to
base station 4Q4if SandRbi : NS hbdoin ;
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' Suppose we al s@é’?ﬁﬁ“&?ﬁl‘mﬁﬁ%‘"@?‘&#w use ohthesinventive fagie ;‘gﬁr the present
-39 degrees reljavengonh &5 hdeifik@idddrbe littitsl tobeletibedinidrits dAwichelbin but is

. degrees, or. about, 1 m:le,closer .0 402 than .tp 400 . . port.able -unit .412
e Tbout 2 m 1 &b bf atepiadl SRS widkat Bgons Connbtent witl Hhe Fribkiplercand ot
. hyper bol as. 5Whefeatureegisclused heeeinon a map is the location of the nobile
L unit. Algorithqﬁcgg&hﬁonputing position based on ting differences given the
. knowl edge of the base station locations is well known in the art. In fact
. the conputation process is identical to that used in the Loran positioning
system except that the neasurenents and conputations are perforned at the
. 15 base stations and MISO instead of at the nobile unit. On conpletion of
~the nmeasurenent process, the MISOw ||l conmmand the nobile unit and base
.station to return to a regular (non-positioning) channel of the systemto
free up the positioning channel for another nobile unit to use. Cearly, if
~all base station receivers are equi pped to make the disclosed 20 relative
phase neasurenents then the position of all nobile units with calls in
progress can be determned at the sane tinme. The only significant
additional problemwith this is that there will l|ikely be co-channel
“interference present due to the frequency reuse process normally enpl oyed
by cellular systens. It should be clear that the coverage area of each base
station nust be 25 sonmewhat greater than that required for basic cellular
service. Nornmally, a nobile unit needs be able to comunicate with a base
station to a point just a little past the m dpoint between two base
stations. For the positioning service to operate, the nobile unit nust be
capabl e of communi cati on with nei ghboring base station froma point
~adjacent to the primary base station. Thus, the range 30 which the nobile
unit is capable of comrunication in position |ocation operation nust be
;about twice as great as that for normal operation. This wi'll not be a
"problemin nost cellular systens as cells have been split into coverage
rareas much smaller than that required for basic coverage in order to
i ncrease the capacity of the systemto neet the demand for service. Hence,
nobile units 35 should normally be capable of comrunication with the
necessary three base stations al nost anywhere in the system's coverage
area. The previous description of the preferred enbodinents is provided to
“enabl e any person skilled in the art to nake or use the present invention.
The - :




various nodifications to these enbodinents will be readily apparent to
those WO¥/$81026510 PCT/US95/03479
PCT/ US95/ 03479 13 skilled in the art, and the generic principles defined R
herein may be applied to other enbodinenigs wthout the use of the inventive

facul t nt invention |s not i.ntended to be limted to the
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24 resolving based on intersection of said first location curve, said second
location curve, and said third location curve said current location of said mobile
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2. The method of claim 1 further comprising the step of measuring at each
2 of said base stations a signal quality index of said received signal and wherein

said signal quality index corresponding to said first base station, said second
4  Dbase station, and said third base station indicates a good signal quality.

3. The method claim 1 further comprising the steps of:
2 establishing bi-directional communication between said mobile umt and
said first base station on a communication channel; and
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