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The present invention relates generally to the 
field of mobile _cellular telephone systems (including both 

5 analog and diqital cellular systems) and more particularly 
relates to a system for automatically locating mobile 
cellular telephones operating within a prescribed qeoqraphic 
area. 
BACJtGllOUllD 01' RB IBvBftIOR 

10 Prior to the invention disclosed herein, there has 
been no known system for automatically tracking mobile 
cellular telephones. Although related technologies (radio 
navigation systems such as direction finding and LORAN, 
emergency location devices for aircraft,. satellite tracking 

15 and surveillance, ~d the like) have ~e~ extant for many 
years, none ·of thes~.technologies has been._appli~.to 
automatically locate cellular telephones as described herein. 
Accord~ngly, the background information most pertinent to 
_gaining an understanding of the present invention relates to 

20 a cellular telephone system itself, as opposed to the 
peripherally related radio navigation and location 
technologies. The following discussion refer~ to Figures lA­

lC_: ,in providing an overview of a cellular telephone 
technology. In addition, it should be noted that the 

25 inventive concepts disclosed herein are applicable to both 
J ••• 

analog and diqi~al ·(for example, TDMA) cellular systems that 
-~· · .; . ~. • • I • ' r • "lo • , 

employ analoq· contr~~ cnann,ls~ ... r·· r -""'i< •.. • .... 
~.. . . .. . l . . ~ ... ~. 

cel;Lular ·telephone,:! systeas ;typ.~ca?..lYI ipPlt\lde many 
cell sites and· a. centr~lly-located cellul~r ~wit:cn·;· called a 

30 Mobile 2'elephone sw1tching OZZice (MTSO). There are 

.i :s·', :.:.. ,. .... ·~· .. 
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typically sixty to one hundred cell sites in large cities and 
fifteen to thirty cell sites in smaller cities. Cell sites 
are usually spaced at distances of one-half to twenty miles. 
Each.cell site generally comprises one or more antennas 

5 mounted on a triangular platform. The platform is placed on 
a tower or atop a tall building, preferably fifty to three 
hundred feet above the surrounding terrain. 

The fundamental idea behind a cellular system is 
frequency reuse. This concept of frequency reuse is 

10 implemented by employing a pattern of overlapping cells, with 
each cell conceptually viewed as a hexagon. This concept is 
illustrated in Fiqure lA, which depicts a layout for a 
cellular system employing seven distinct sets of frequencies. 
In this f iqure, each shading pattern represents a unique 

15 frequency set. Fiqure lC schematically depicts the main 
components and arrangement of cellular telephone system. As 
discussed above, frequency reuse allows the cellular system 
to employ a limited· number of radio channels to serve many 
users. For example, FiqUre 1A depicts an area served by 14 

20 cells, divided into two clusters. Each cluster contains 
seven cells. A separate set of channels is assigned to each 
cell in a cluster. However, the sets used in one cluster are 
reassigned in the other cluster, thus reusing the avai~able 
spectrum. The signals radiated from a cell in channels 

25 assigned to that cell are powerful enough to provide a usable 
siqnal to a mobile cellular telephone within that cell, but 
preferably not powerful enough to interfere with co-channel 
signals in distant cells. All cellular telephones can tune 
to any of the channels. 

30 The Federal Communications Commission (FCC) has 
· allocated a 25 MHz spectrum for use by cellular systems. 
This spectrum is divided into two 12.5 MHz bands, one of 
which is available to wire line comm.on carriers only and the 
other of which is ava~lable '.to non-wire line common carriers 

35 only. In any given~y.st~, the non-wir~Jlfjne ... :t1eryice 
....... .. ... .. ~ . : ;.. ..,. 

provider operates within the "A side" of the S}>ect~wn and the 
wire line provider operates within the "B side" Qf the 
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spectrum. Cellular channels are 30 KHz wide and include 
control channels and voice channels. In particular, the 
twenty-one control channels for "A" systems are numbered 313 
through 333 and occupy a 30 KHz band of frequencies from 

5 834. 390 MHz to 834. 990 MHz. The control channels for "B" 
systems are numbered 334 throuqh 354 and occupy 835.020 MHz 
to 835.620 MHz. Each cell site (or, where a cell site is 
"sectored" as described below, each sector of that cell site) 
uses only a sinqle control channel. The control channel from 

10 a cell site to a mobile unit is called the "forward" control 
channel and the control channel from_ the cellular telephone 
to the cell site is called the "reverse" control channel. 
Siqnals are continuously broadcast over a forward control 
channel by each cell site. In contrast, signals are 

15 discontinuously (periodically) broadcast by the cellular 
telephones over a reverse control channel. If the cell sites 

·are so close to one another that control channels using the 
same frequency int~rfere with each other, the control channel 
at each cell site is further qualified by a diqital color 

20 code ranqinq from zero to three. This allows each cell site. 
to be uniquely identified, for example, within a ranqe of 
twenty to thirty miles. 

Directional cell site antennas may be used to 
reduce co-channel and adjacent-channel interference.· Figure 

25 18 illustrates how· sectored antennas may be used to reduce 
such interference. The circles represent cell sites and the 
broken lines represent the azimuthal edqes·o~ the front lobes 
of 120° directional antennas. The labels "A", "B", and "C" 
refer to channel sets, cells, and cell sites simultaneously. 

30 The labels "1", "2", and "3" refer to directional antennas 
and sectors of cells simultaneously. Thus, for example, if a 
particular channel is assiqned to sector 1 of cell B and 
adjacent channels are assiqned to cells A and c, these 
adjacent channels should be ;assiqned to sector 1 in cells A 

35 and c. 
When a cellular telephone is first turned on, it 

scans all forward control channels, listening fo~ the channel 

... r 
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with the strongest signal. The telephone then selects the 
forward control channel with the strongest signal and listens 
for system overhead messages that are broadcast periodically, 
for example, every 0.8 seconds. These overhead messages 

5 contain information regarding the access parameters to the 
cellular system. One such access parameter is the frequency 
of registration, which refers to how often a given telephone 
must inform the system that the telephone is within the 
system's geographic confines. Registration frequencies 

10 typically range from once per minute to once per thirty 
minutes. 

The overhead messages also contain busy/idle bits 
that provide information about the current availability of 
the reverse control channel for that cell. When the reverse 

15 contro~ channel becomes free, as indicated by the busy/idle 
bit, the cellular telephone attempts to register itself by 
seizing the reverse control channel. Cellular telephones re­
register themselves at the rate determined by the cellular 
system. Registration parameter requirements are determined 

20 by each cellular system. For example, the options include 
(1) 7-digit NXX-XXXX, (2) 3-digit NPA, and (3) 32-bit 
electronic serial number. Each of these options constitutes 
a digital word. Because of sync bits and error correction 
techniques, each digital word is 240 bits long. With an 

25 initial 48-bit sync s~ream, each cellular telephone 
transmission is a minimum of 288 bits long, and as long as 
1488 bits. Moreover, each discontinuous transmission by a 
cellular telephone includes a period of unmodulated carrier. 
Therefore, an average transmission on the reverse control 

30 channel lasts about 100 milliseconds. Cellular telephones 
also transmit in response to pages by the cellular system, as 
well as in response to user-initiated calls. The term 
"paging" is used to describe the process of determining a 
mobile telephone's availability to receive an incoming call. 

35 The complementary function of initiating a call by the mobile 
telephone is called "access." The paging and access 
functions occur on the control channels. 
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When turned on but not in active use, a mobile 
cellular telephone periodically scans the control channels 
assigned to the system and marks for use the strongest 
carrier found. With the mobile receiver tuned to this 

5 strongest carrier, the cellular telephone continuously 
decodes a digital modulating data stream, looking for 
incoming calls. Any call to a mobile terminal is initiated 
like a normal telephone call. A seven- or ten-digit number 
is dialed and the telephone network routes the call to a 

10 central computer. The number is broadcast on the control 
channels of every cell in the system. When a called 

. telephone detects its number in the incoming data stream, it 
sends its identification back to the system. The system uses 
a digital message on the control channel to designate a 

15 channel. for the telephone to use. The telephone tunes to 
this channel and the user is then alerted to the incoming 
call. A similar sequence is involved when a cellular 
telephone user originates a call. The user dials the desired 
telephone number into a register in the telephone. This 

20 number is transmitted over the control channel to the nearest 
cell (i.e., the. cell with the strongest carrier). The system 
computer then designates a channel for the call and the 
mobile unit is automatically tuned to that channel. 

The. cellular telephone industry has enjoyed 
25 widespread succesa in its relatively brief lifetime. New 

subscribers, apparently recognizing the many advantages in 
being able to initiate and receive calls while away from 
home, are being enrolled in ever-increasing numbers. Indeed, 
in many cities, the competition between the A and B sides to 

30 enlist new subscribers is fierce. Accordingly, there is a 
great need for new services to off er current and potential 
subscribers. The present invention sprang from the 
recognition that mobility, the main advantage offered by a 
cellular system, is also a d~sadvantage in certain 

35 situations. For example, a lost or stolen cellular telephone 
is difficult to recover. Thus, a system that could 
automatically locate the telephone would be quit~ beneficial 
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to users. In addition, if the cellular telephone were in an 

automobile and the automobile were stolen, a system that 

could locate the telephone would also be able to locate the 

automobile, thus providing a valuable service to users. 

5 Moreover, there are situations where the user of a cellular 

telephone may become lost. An example of such a situation is 

where the user is driving in an unknown area at night with 

his telephone in the car. Again, it would be a great 

advantage for the system to be able to automatically locate 

10 the telephone and, upon request, inform the user of his 

location. Similarly, a cellular telephone user experiencing 

a medical emergency who.dials an emergency telephone number 

(for example, 911) may not be able to tell the dispatcher his 

location. Prior art systems are unable to trace a call from 

15 ·a cellular telephone. Therefore, a ·cellular telephone user 

in such a situation would be in a dire predicament. Once 

again, it would be highly advantageous for the system to be 

able to ascertain the user's location and provide this 

information to emergency medical personnel. There would be 

20 numerous other applications for a system that could 

automatically locate a cellular telephone. 

SUllllDY 01' DB %BVBll'!%0R 

The present invention provides a cellular telephone 

location system for determining the locations of multiple 

25 mobile cellµlar telephones each initiating periodic signal 

transmissions over one of. a prescribed set of control 

channels. The invention may be embodied in a·system that 

employs much of the existing infrastructure of a cellular 

system. For example, as described below in greater detail, a 

30 cellular telephone location system in accordance with the 

present invention may employ the cellular system's towers and 

cell site enclosures. In this sense, the cellular telephone 

location system may be overlaid on the cellular _system. 

There are numerousradvantages provided by 

35 monitoring control channels to _track the locations of 

cellular telephones. First, a voice channel is an expensive 

and relatively scarce resource. Cellular syst~ typically 
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· require approximately six to eight seconds to allocate a 
voice channel to a specific telephone. If voice channels 
were employed for location tracking, the cellular telephone 
would have to be called and commanded to initiate a voice 

s channel call every time a location sample were to be taken. 
This would be both expensive and time consuming. Thus, it 
would be extremely inefficient for a location system to 
require the telephone to initiate periodic voice channel 
transmissions. second, each voice channel transmission adds 

10 a call record in an associated billing system. Therefore, a 
large burden would be placed on the billing system if the 
location system were to require periodic voice channel 
transmissions~ In contrast, control channel transmissions · 
already occur periodically in cellular systems. Thus, the 

15 present invention is compatible with existing cellular 
telephone protocols and would not require the cellular system 
or the individual cellular telephones to be modified. Third, 
since the frequency of control channel transmissions is 
software controllable,· a location system in accordance with 

20 the present invention could control the frequency of control 
channel transmissions and offer~different subscribers 
different location information update rates.: Fourth, another 
advantage afforded by monitoring control channel. 
transmissions is in-connection-with. energy.efficiency. 

25 Control channel transmissions are very abort and require 
little power in comparison to voice channel transmissions. 
Accordingly, requiring periodic voice channel transmissions 
would cause a significant battery drain in the individual 
cellular telephones. Tbis is avoided by monitoring control 

30 chann~ls. 

Accordingly, there are significant advantages 
afforded by monitoring periodic control channel transmissions 
to automatically locate mobile cellular telephones. However, 
monitoring control channels 'equires detection of such weak, 

35 short duration signals that have travelled large distances 
(for example, twenty-five miles). The pr·esent inventors have 
developed highly sophisticated signal processing ~ethods and 
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apparatus to detect extremely brief, low power control 

channel signals. Both the concept of monitorinq periodic 

control channel transmissions, as opposed to voice channel 

transmissions, and the particular way in which this function 

5 is carried out represent siqnif icant technoloqical 

advancements. 
An exemplary embodiment of the present invention 

comprises at least three cell site systems and a central site 

system. Each cell site system comprises an elevated qround-

10 based antenna; a baseband convertor for receivinq cellular 

telephone siqnals transmitted by the cellular telephones and 

providinq baseband siqnals derived from the cellular 

telephone siqnals; a timinq siqnal receiver for receivinq a 

timinq siqnal common to all cell sites; and a samplinq 

15 subsystem for samplinq the baseband signal and f ormattinq the 

sampled siqnal into frames of diqital dat-. Each frame 

includes a prescribed number of data bits and time stamp 

bits, wherein the time stamp bits represent the time at which 

the cellular telephone siqnals were received. The central 

20 site system comprises means for processinq the frames of data 

from the cell site systems· to qenerate a table identifyinq 

individual cellular telephone siqnals and the differences in 

times of arrival of the cellular telephone signals amonq the 

cell site systems; and means for determininq, on the basis of 

25 the times of arrival, the locations of the cellular 
telephones responsible for the cellular telephone signals. 

In one pref erred embodiment of the invention, the 

·central site system comprises a correlator for cross­

correlatinq the data bits of each frame from one cell site 

30 with the correspondinq data bits of each other cell site. In 

addition, this preferred embodiment comprises a database for 

storinq location data identifyinq the cellular telephones and 

their respective locations, and.means for providing access to 

the database to subscribers at remote locations. The system 

35 also comprises means for providinq location data to a 

specific cellular telephone user upon req\iest by usinq, for 

example, CPDP without settinq up a voice call ("CPDP" 
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represents the Cellular Packet Data Protocol, which involves 
sendinq data over voice channels when the voice channels 
would not otherwise be in use). The latter feature is 
especially useful in connection with laptop or handheld 

· 5 computers havinq cellular modems and mappinq software. 
Embodiments of the invention may also 

advantaqeously include means for merqinq the location data 
with billinq data f~r the cellular telephones and qenerating 
modified billinq data. In this embodiment, the billing data 

10 indicates the.cost for each telephone call made by the 
cellular telephones within a certain time period, the cost · 
beinq based upon one or more predetermined billinq rates, and 
the modified billing data is based upon a different rate .for 
calls made from one or more prescribed locations. For 

15 example, the system may apply a lower billinq rate for 
telephone calls made from a user's home or office or other 
qeographic locale. 

Embodiments of the invention may also 
advantaqeously include means for transmittinq a siqnal to a 

20 selected cellular telephone to cause the.selected telephone 
to transmit a siqnal over a control channel. such capability 
would allow the system to immediately locate that telephone 
without waitinq for one of its. periodic control channel 
transmissions. . . 

25 In addition, embodiments of the invention may 
comprise means for automatically sendinq location information 
to a prescribed receivinq station in response to receivinq a 
distress siqnal from a cellular telephone. With this 
capability, emergency assistance may be provided to a user in 

30 distress. For example, when a user dials "911" the system 
would automatically tell an.emerqency dispatcher the user's 
location. 

Another elemen~ of a pref erred embodiment is a 
means for comparing the curr~nt location of a qiven telephone 

3 5 with a prescribed ranqe of locations and indicatinq an alarm 
condition when the current location is not within the 
prescribed ranqe. such an element could be used,. for 



----------------------------------------------

5 

WO '4127160 PCT/USM/00816 

- 10 -

example, to notify a parent when the child, who borrowed the 
parent's car and cellular telephone to "go to the mall," has 
in fact gone somewhere else. Of course, many other 
applications of such an alarm function are possible. 

Yet another element of a preferred embodiment is a 
means for detecting a lack of signal transmissions by a given 
telephone and in response thereto automatically paging the 
given telephone to cause it to initiate a signal 
transmission. This would allow the system to locate a 

10 telephone that has failed to register itself with the 
cellular system. such a lack-of-signal-transmission 
detection feature could be used, for example, to qenerate an 
alarm for subscribers at remote locations. 

In addition, preferred embodiments may also include 
15 means for estimatinq a time of arrival of a qiven telephone 

at a prespecified location. This would be useful, for 
example, in connection with a public transportation system to 
provide quasi-continuous estimated times of arrival of busses 
alonq established routes. Of course, many other applications 

20 of this feature are also possible. 
Embodiments of the present invention may also 

comprise means for continuously trackinq a qiven telephone by 
receivinq voice ~ignals transmitted by the qiven telephone 
over a voice channel and determininq the location of the 

25 qiven telephone on the basis of the voice signals. This 
voice channel tracking could be used as an adjunct to control 
channel trackinq. This feature would require the location 
system to track the channel assignment of each telephone 
whose location is to be determined. The trackinq of channel 

30 assiqmnents by the location system could employ the dynamic 
channel assiqmnent protocol employed by the cellular system. 

The present invention also provides methods for 
determininq the location of one or more mobile cellular 
telephones. such methods co~prise the steps of: (a) 

35 receiving the signals at at least three geoqraphically­
separated cell sites; (b) processinq the signals at each cell 
site to produce frames of data, each frame compri.sinq a 

·!Thi• 1lf i~ llii1Ml1f ii"" 
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prescribed number of data bits and time stamp bits, the time 
stamp bits representing the time at which the frames were 
produced at each cell site; (c) processing the frames of data 
to identify individual cellular telephone signals and the 

5 differences in times of arrival of the cellular telephone 
signals among the cell sites; and (d) determining, on the 
basis of the times of arrival, the locations of the cellular 
telephones responsible for the cellular telephone signals. 

One preferred embodiment of the inventive method 
10 comprises estimating the location of a cellular telephone by 

performing the following steps: (1) creating a grid of 
theoretical points covering a prescribed geographic area, the 
theoretical points being spaced at prescribed increments of 
latitude and longitude; (2) calculating theoretical values of 

15 time delay for a plurality of pairs of cell sites; (3) 
calculating a least squares difference (LSD) value based on 
the theoretical time delays and measured time delays for a 
plurality of pairs of cell sites; (4) searching the entire 
grid of theoretical points and determining the best 

20 theoretical latitude and. longitude for which the value of LSD 
is minimized; and (5) starting at the best theoretical 
latitude and longitude, performing another linearized­
weighted-least-squares iteration to resolve the actual 
latitude and longitude to within a prescribed number of 

25 degrees or fraction of a degree. Preferably, th• calculating 
step (2) comprises accoun~ing for any known site biases 
caused by mechanical, electrical, or environmental factors, 
the site biases determined by periodically calculating the 
positions of reference cellular transmitters at known 

30 locations. 
In addition, the least squares difference is 

preferably given by: 
2 LSD = [Q12 (Delay_T12-Delay_o12) + Q13 (Delay_T13-

2 2 Delay_o13);-. + ••• Qxy(Delay_ Txy-Delay_oxv> ] 
3 5 l!fhe~e, Delay_ Txy represents the theoretical delay between 

cell sites x and y, x and y being indices representative of 
cell sites; Delay_Oxy represents the observed delay between 
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cell sites x and y; Qxy represents a quality factor for the 

delay measurement between cell sites x and y, the quality 

factor being an estimated measure of the degree to which 

mult~path or other anomalies may have affected a particular 

s delay measurement. 
Further, the inventive method may advantageously 

inclu~e detectinq a first leading edge of a cellular 

telephone signal and rejecting subsequent leading edges of 

the cellular telephone signal. This allows the system to 

10 reduce the effects of multipath. 
In addition, preferred embodiments include 

estimating the velocity (speed and direction) of a cellular 

telephone by performi~g steps similar to those performed.for 

location estimation, including: (1) creating a grid of 

15 theoretical points covering a prescribed range of velocities, 

the theoretical points being spaced at prescribed increments; 

(2) calculating theoretical values of frequency difference 

for a plurality of pairs of cell sites; (3) calculating a· 

least squares difference (LSD) value based on the theoretical· 

20 frequency differences and measured frequency differences for 

a plurality of pairs of. cell sites; (4) searching the entire 

grid of theoretical points and determining the best 

theoretical velocity for which the value of LSD is minimized; 

and (5) starting at the best theoretical velocity, performing 

25 another linearized-weighted-least-squares iteration to 

resolve the actual velocity to within a prescribed tolerance. 

Other features of the present invention are 

described below. 
BllIBJ' DB8CRIP~IOB O~ '!BB DBAWIBGS . 

30 Figure lA is a depiction of an exemplary frequency 

reuse pattern employed in a cellular telephone system. 

Figure lB is a schematic depiction of an exemplary 

channel assignment pattern where cell sectoring is employed. 

Figure lC is a sch•matic depiction of the basic 

35 components of a cellular telephone system. 
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Figure 2 is a schematic diaqram of a cellular 
telephone location system in accordance with the present 
invention. 

Figure 3 is a block diaqram of one preferred 
s embodiment of a cell site system 12. 

10 

Figure 4 is a block diagram of one preferred 
embodiment of a baseband converter 12-3. 

Figure ·s is a schematic diagram o( the data format 
provided by a format block 12-5. 

Figure 6 is a block diagram of one pref erred 
embodiment of a central site system 16. 

Figure 6A is block diagram of a correlator for use 
in the central site system 16. 

Figure 7 is a simplified flowchart of a preferred 
15 operating sequence of the central site system. 

Figure 7A is a block diagram depicting exemplary 
embodiments of cell site systems employed in a location 
system which performs cross-correlations at the cell sites. 

Figures 8A-8E are a flowchart of the operation of 
20 the cell site system 16 in obtaining correlation data, time 

delay and frequency difference (TDOA, FDOA) data, and 
calculating the location of a cellular telephone on the basis 
of such data. 

Figure 9 is a schematic diagram of a process for 
25 generating a modified billing tape in accordance with the 

present invention. 
DftULllJ) DBSCll:tPT:tOll 01' PllUBRRBD DBODDIBllTS 
overvi-

Preferr.ed embodiments of the present invention 
JO comprise a network of receivers located at multiple cell 

sites in a cellular system. These receivers listen to the 
mobile control channel co~ands/responses normally occurring 
in the cellula~ system and estimate the physical location of 
each cellular telephone oper~ting within the system. Based . 

35 upon the known identity of each telephone, obtained from 
listening to the control channel, and the estimated physical 
location of the telephone, the system provides a continuous, 

lThi•1if Ul1ii1i1I1illiUi 



WO '4127160 PCTIUS94/00816 

- 14 -

. real time data stream to a database. The database may be 
collocated with the cellular switch or may be in some other 

· convenient location. The data stream provided to the 
database· comprises a set of numbers, the first number being 

s the telephone number of the telephone, the second number 
being the estimated latitude, lonqitude, and altitude of the 
transmitter, and the third number beinq the time stamp of the 
measurement. The database software that processes the data 
stream may be maintained by th~ operator of the location 

10 system rather than the operator of the cellular telephone 
system, if the two are not the same. 

The location system operates by usinq the 
frequencies assigned to the control channels of the cellular 
system. Cellular telephones use these control channels to 

15 maintai_n regular contact with the cellular system, with the 
time between each contact being typically no more than thirty 
minutes and generally about ten minutes •. Each control 
channel comprises a 10 kbps Manchester encoded data stream. 
There is only one control channel used per cellular sector or 

2 o omni cell site. The location system is capable of 
functioning by listening only to the control.channel 
broadcasts of the cellular telephones; it does not depend on 
control channel broadcasts from the cell sites. The location 
system preferably comprises equipment that is located atop 

25 cellular towers (althouqh the equipment may be located on 
other tall structures), in the equipment enclosure at cells 
sites, and at the central switch site(s). 

Referring now to Fiqur* 2, a cellular telephone 
location system in accordance with the present invention 

30 comprises at least three, and preferably more, cell site 
systems 12a, 12b, 12c, 12d. (It should be noted that this 
figure, as well as the other figures, is simplified in that 
some elements and interconnections have been omitted. 
However, the instant specifipation and attached drawinqs are 

35 sufficient to enable one skilled in the art to make and use 
the invention disclosed herein.) Each cell site system may 
be located at a cell site of the cellular telephone system; 
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however, this is not required since additional antenna and 
receiving equipment could be deployed at locations not well 
covered by cell sites. Figure 2 also shows a user with a 
cellular telephone 1oa. As described below, each cell site· 

s system includes an antenna that may be mounted on the same 
tower or building as the antenna employed by the cellular 
telephone system. In addition, each cell site system 
includes equipment (described below) that may be housed in 
the equipment enclosure of the. corresponding cell site. In 

10 this manner, tjle cellular telephone location system may be 
overlaid on the cellular telephone system and thus may be 
implemented inexpensively. The cell site systems 12a, 12b, 
12c, 12d are coupled via communication links 14a, 14b, 14c, 
14d (for example, Tl communication links) to a central site 

15 16. The central site 16 may ~e collocated with the cellular 
telephone system's MTSO. The central site 16 may include a 
disk storage device 18. 

The central site 16 is further coupled to a 
database 20, which may be remotely located from the central 

20 site and made available to subscribers. For example, Figure 
2 depicts a first terminal 22 coupled via a modem (not shown) 
and telephone line to the da~abase 20; a second terminal 24 
in radio communication with the database 20; and a third, 
handheld terminal 26, which-is carried.by a user who also has 

25 a cellular telephone lOb, in radio communication with the 
database. The user with the cellular telephone ·lOb and 
handheld terminal 26 may determine his own location by 
accessing the database. The handheld terminal 26 may include 
special mapping software for displaying the user's location, 

30 for example, on a map, on the terminal 26. Moreover, the 
cellular telephone and handheld terminal could be combined 
into one unit. 
Call Sita systems 

Figure 3 is a block:- diagram of one presently 
35 preferred embodiment of a cell site system 12. Before 

discussing the exemplary cell site system depicted in this 
figure, it should be noted that there are two al~ernative 

This Sheet- Has Been Replace~ 
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preferred embodiments for the equipment at each cell site, 
with the particular embodiment for a particular cellular 
system dependent upon desired cost. 

The first eiibodiment is the most preferred 
5 embodiment, and comprises (1) an antenna suited for receiving 

signals in the cellular frequency band; (2) a low delay 
bandpass filter with a bandwidth of 630 KHz located within 
ten to fifteen feet of the cellular antenna for removing 
adjacent channel interference.; (3) an amplifier of sufficient 

10 gain to compensate for cable loss in the distance from the 
amplifier to the next filter, which is typically the height 
of the antenna tower plus any horizontal distance over which 
the cable is routed; (4) a set of twenty-one individual low 
delay bandpass filters, each with a bandwidth of 30 KHz 

15 centered about one of the twenty-one control channels; and 
(5) a set of twenty-one automatic gain control circuits with 
a dynamic range of 70 dB (note that not all of these 
components are depicted in Figure 3). This embodiment is 
preferred because of its superior interference discrimination 

20 and rejection. 
The second embodiment comprises (1) an antenna 

suited for receiving signals in the cellular frequency band; 
(2) a low delay bandpass filter of bandwidth 630 KHz located 
within ten to fifteen feet of the cellular antenna for 

25 removing adjacent channel interference; (3) an amplifier of 
sufficient qain to compensate for·cable loss in the distance 
from the amplifier to the next filter, which is typically the 
height of the antenna tower plus any horizontal distances 
over which the cable is routed; (4) a second low delay 

30 bandpass filter of bandwidth 630 I<Hz; and (5) an automatic 
gain control circuit with a dynamic range of 70 dB. 

Referring now to Figure 3, one exemplary embodiment 
of a cell site system 12 includes a first antenna 12-1 that 
is mounted at an elevated lo~ation, preferably on the same 

35 structure employed by the cellular telephone system to mount 
a cell site antenna. The first antenna 12-1 may be 
independent of the cellular system or may be the antenna 
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employed by the cellular system; i.e., the location system 
may take a fraction of the siqnal from the cellular system's 
antenna. A filter/AGC element 12-12 could advantaqeously be 
located near the antenna 12-1. This would reduce cable 

5 losses caused by conducting the RF siqnal over coaxial cable 
from the antenna to the cell site receivinq equipment. The 
cell site system 12 further includes an amplifier 12-2 (as 
discussed above, the amplifier 12-2 may advantageously 
include sets of filtering and AGC circuits, one for each 

10 control channel); a baseband converter 12-3; a sample block 
12-4, which includes an upper sideband sampler and a lower 
sideband sampler; a format block 12-5 (which may be 
implemented in software); a second antenna 12-6, used to 
receive timinq data, for example, from a qlobal positioninq 

15 system (GPS); an amplifier 12-7; a timinq siqnal (for 
example, GPS) receiver 12-8; an automatic qain control 
(AGC)/control block 12-9; a 5 MHz oscillator 12-10; and a 
computer 12-11. The cell site system 12 is coupled-to the 
central site 16 (Fiqure 2) via a communications line 14. 

20 The cell site system 12 receives one or more 
cellular telephone siqnals.transmitted over a control channel 
from one or more cellular telephones, converts these signals 
to baseband siqnals, samples the baseband siqnals. (wherein 
the samplinq frequency. is determin•d by a clock siqnal 

25 provided by AGC/control block 12-9); and formats the sampled 
siqnals into frames of data of a prescribed format. The 
format of the data frames is described below with reference 
to Fiqure 5. The data frames are processed at the central 
site as described below. 

30 The 5 MHz oscillator 12-10 provides a common 
reference frequency for all cell site equipment. Its 
frequency is controlled by the controller 12-9 based on 
measurements made by the controller of the time interval 
between reception of the one;second mark siqnal from the 

35 timinq siqnal receiver 12-8 and an internally generated one 
second mark siqnal. 
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The computer 12-11 performs three distinct 
functions concurrently: 

(1) It reads the output of square law 
detectors 54 and 60 inside the baseband convertor 12-3 (see 

5 Fiq. 4 and discussion below) and then calculates the proper 
control siqnals to be sent to filter boards 48 and 50 (Fiq. 
4) to adjust the qain and attenuation on these boards with 
the qoal of maintaininq their output power at a constant 
level. 

10 (2) It receives a siqnal at each occurrence 
of a one second mark siqnal from timinq siqnal receiver 12-s. 
At this time, it reads from controller 12-9 the difference in 
times of arrival of the one second mark siqnal from the 
timinq siqnal receiver 12-8 and a correspondinq one second 

15 mark siqnal internal to controller 12-9. The one second mark 
siqnal internal to the controller 12-9 is qenerated from the 
5 MHz oscillator 12-10. The computer then calculates a 
siqnal to be sent back to the 5 MHz oscillator to alter its 
frequency of oscillation with the qoal of causing the timinq 

20 receiver's one second mark signal and the internally 
qenerated one second mark siqnal to occur simultaneously. 

(3) It calculates the information to be 
encoded in the status bits (see Fiq. 5) and sends that 
information to the controller 12-9. 

25 Referring to Piqure 4, one preferred embodiment of 
the baseband convertor 12-3 includes an RF input connector 30 
to which the elevated ground-based antenna 12-1 (Fig. 3) is 
connected (via amplifier 12-2 and filter/AGC 12-12), followed 
by an attenuator 32 and bandpass filter 34, which sets the 

30 level and restricts the frequency response of the baseband 
convertor. The filter 34 is followed by a single sideband 
mixer 36 that mixes the RF frequency down to a first IF 
frequency by action of a local oscillator signal from buffer 
amplifier 38. The IF freque~cy in the preferred embodiment 

35 is in the vicinity of 10 MHz. The output of the buffer 
amplifier 38, in addition to being directed to mixer 36, is 
also directed to the divider 42, where it is compared with a 



WO '41271'8 PCT/US94/00816 

- 19 -

s MHz reference frequency from the controller 12-9 (Fig. 3). 
The output of divider 42 is used to control the frequency of 
an oscillator 40 so that the collective action of oscillator 
40, divider 42, and buffer amplifier 38 provides a local 

5 oscillator siqnal that is phase locked to the 5 MHz reference 
frequency from the controller 12-9. The siqnal at the first 
IF frequency is then directed to single sideband mixer 44, 
where it is mixed down to a baseband frequency by the action 
of a computer controlled synthesizer 46. Synthesizer 46 is 

10 also phase locked to the 5 MHz signal from the controller. 
The upper sideband (USB) output of mixer 44 is then directed 
to filter/automatic qain control (AGC) amplifier 48, where it 
is filtered and its power is continually adjusted to a 
nominal value. The·lower sideband (LSB) output of mixer 44 

15 is similarly acted upon by filter/AGC amplifier so. The 
output of the filter/AGC amplifier 48 includes a 375 KHz 
siqnal at o dBm directed to the upper sideband sampler (which 
is part of sample block 12-4) on wire 52, a separate output 
at -22 dBm· directed to a square law detector 54, and a 

20 separate output directed to a front panel monitor (not 
shown). The output of the filter/AGC amplifier 50 includes a 
375 KHz signal at o dBm directed to the lower sideband 
sampler on wire 64, a separate output at -22 dBm directed to 
a square law detector. 60, and .. at separate output directed to 

25 the front panel monitor. The. baseband converter .12-3 also 
includes a power distribution board 57 that provides power to 
the filter/AGC circuits 48, 50. 

Fiqure 5 depicts a presently preferred format of 
the data provided by the format block 12-5 to the central 

30 site 16 (Figure 2) via the communications line 14. As shown, 
the format block 12-5 provides approximately 1.536 Mbps of 
data to the communications line. Each frame includes 64 sync 
bits, 48 status bits, 60 kb of sample data (1.5 Mbs· divided 
by 25 frames per second), al)d approximately 3.6 kb of 

35 "filler" data. The 1. 5 Mb of sample data represent the upper 
sideband and lower side siqnal samples. The status bits 
include a time stamp representinq the exact time.the frame of 
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data was created (which is essentially the same as the time 
the RF signal was received at the cell site in question). 
Central Site Syat .. 

Fiqure 6 is a block diagram of the central site 
5 system 16. In one preferred embodiment, the central site 

system includes sixteen data inputs each connected to a Tl 
channel from one of the cell sites. Each data input is 
connected to interface/deformatting circuitry 16-1 (for 
example, a Tl CSU) which receives the bipolar Tl signal and 

10 outputs data bits and a clock signal. The data bits from 
each channel are clocked into a FIFO 16-2 by the clock signal 
from that channel. A computer 16-8 selects two of the 
channel FIFOs through a "select 2 of N" switch 16-3. A 
sample read clock 16-4 is controlled by the computer 16-8 and 

15 a RAM control 16-5 to read s~mple bits from the previously 
selected FIFOs. The output of one selected channel FIFO is 
called "DATA A," and t_he output of the other selected channel 
FIFO is called "DATA B. 11 For the DATA B samples, a 
quadrature channel is calculated by means of an approximate 

20 Hilbert transform in the quadrature channel generator 16-6, 
resulting in in-phase output Bl and quadrature phase output 
B2. A complex correlator 16-7 is then used to calculate the 
correlation coefficient of the DATA A and DATA Bl signals, 
and the DATA A and DATA 82 signals, as a function of the time 

25 delay introduced between the DATA A, DATA Bl and DATA A, DATA 
82, respectively. The complex correlator may be implemented 
in hardware or software, or a combination of hardware and 
software, although hardware is presently preferred because it 
provides greater processing speed. (One exemplary embodiment 

30 of the complex correlator is described below with reference 
to Figure 6A.) The computer 16-8 is used to read the 
resulting correlations periodically. The correlation 
process, comprising switching the select 2 of ~ switch, 
reading the FIFOs, generatiJN quadrature samples, and 

35 correlation, is fast enough that a single complex correlator 
16-7 can be used to sequentialiy process all pairs among the 
sixteen data input channels. 
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Because cellular siqnals are qenerally weak (e.q., 
as weak as 6 mW at the cellular telephone)1 a reliable and 
accurate method is required to detect the siqnal at as many 
cell sites as possible, and then to accurately time the same 

5 edqe of the received siqnal at each cell site. This ability 
to accurately time the arrival of the siqnal is critical to 
calculatinq the delays between pairs of cell sites, and 
therefore to calculate position. 

Referrinq now to Figure 6A, the predetection cross-
10 correlation method employed in pref erred embodiments of the 

present invention involves inputtinq a sampled stronq 
cellular siqnal from a first cell site to an input 72 and 
inputtinq a delayed sampled cellular siqnal from any of 
second, third, fourth, etc., cell sites to an· input 70. The 

15 correlator may be embodied in either hardware or software, as 
economics dictate for a particular system. The correlator 
preferably includes sixteen channels of shift reqisters 74; 
two-bit multipliers 76, and counters 78. Multiple 
correlators may be used in .series, with each correlator 

20 passinq bits throuqh its shift reqister to the next 
correlator, creatinq multiple delay channels. 

The sampled cellular siqnai from a second cell site 
is input ·to the chained shift registers 74. The. outputs from 
the reqisters are then applied simultaneously to ali two-bit 

25 multipliers. For each delay channel, the siqnal input at 70 
delayed by a prescribed n\lllber of sample periods is applied 
to each multiplier along with the sampled cellular siqnal 
input at 72. The outputs of the multipliers 76 are input to 
summation circuitry, comprisinq twenty-four-bit counters 78. 

30 The output of each counter is proportional to the strenqth of 
the cross-correlation for a particular relative delay. 

By usinq a plurality of delays, or correlation 
channels, a larqe range of relative delays can be measured 
simultaneously. The numberrof "laqs" required is based upon 

35 the geoqraphic area to be searched, in terms of position 
determination, the speed of liqht, and the bandwidth of the 
received signal beinq applied to the correlator. , For 

~~~~~~~~~-
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example, in the embodiment described above, the control 
channels are qrouped into an upper and lower sideband, each 
with a bandwidth of 375 KHz. This siqnal must be sampled at 
the ~inimum Nyquist rate or qreater, for example, 750 Kbps. 

5 If an area of 100 kilometers is to be searched, the number of 
laqs required is 

2 x 100 kilometers x 750 , 000 s-1 = soo lags 
3 x 105 kilometers/sec 

As discussed above, another embodiment employs 
individual receivers for each cellular control channel. If 
this siqnal were sampled at 71.428 KHz, the number of laqs 

10 required would be: 

2 x 100 kilometers x 71,428 s-1 = 
3 x 105 kilometers/sec 

Location syat .. Operation 
1. overview 

48 lags 

Fiqure 7 is a simplified flowchart of the 
processinq performed by the central site system 16. (A 

15 detailed flowchart of the siqnal processinq is provided by 
Figures 8A-8E.) First, this system receives a frame of data 
from each of the cell sites. Next, each frame from a qiven 
cell site (or the sampled siqnal portion of each frame) is 
cross-correlated with ~ach correspondinq frame (or the sample 

20 portion of each other frame) from the other cell sites. (The 
term "correspondinq" refers to frames.beinq associated with 
the same interval of time). Next, the system qenerates a 
table of data identifyinq the individual siqnals received by 
the cellular telephone location system durinq the interval of 

25 time represented by the frames of data currently beinq 
processed, the individual siqnals beinq represented by the 
letters "A", "B", "C" in Figure 7. The table further 
identifies the times of arrival of the siqnals at each cell 
site. These times of arrival are represented by the 

30 subscripts "Tl", "T2", "TJ". The system therefore identifies 
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the signals received from one or more cellular telephones 
during a certain interval of time, and further identifies the 
time that such signals arrived at the respective cell sites. 
This information is then used to calculate time difference of 

5 arrival (TDOA) and frequency difference of arrival (FDOA) 
data, the latter being employed to estimate velocity. This 
data is then filtered to remove points the system judges to 
be erroneous. Next, the filtered TDOA data is employed to 
calculate the location (for example, in terms of latitude and 

10 lonqitude) of the individual cellular telephone responsible 
for each signal A, B, c. Next, the system decodes the 
telephone number correspondinq to each cellular telephone 
whose location has been determined. The decoding of the 
telephone number may be accomplished with software in 

15 computer 16-8 or in hardware (not shown) located at the cell 
sites. The system employs the strongest sample (highest 
power) of each siqnal ~o determine its telephone number. 
Thereafter, the location and telephone number data for each 
telephone is written to the database 20 or stored locally via 

20 the local disk storaqe device 18 (Fiqure 2). Finally, the 
data may be provided to a user, dispatcher, or billinq 
system. The fields (data) sent to the user, dispatcher, or 
billinq system would preferably include the data bits· 
representinq the-dialed diqits,-the·status bits, ·and ·the 

25 message type from the standard cellular control channel· 
messaqe. The data bits could be used by the user or a 
dispatcher to send coded messaqes to a display terminal. 
Thus, in addition to the location services, the location 
system could provide a limited form of messaqinq at no 

30 incremental cost. 
It should be noted that the expression "time 

difference of arrival," or TDOA, may refer to the time of 
arrival of a cellular telephone siqnal at one cell site (for 
example, cell site A) as determined by a clock reading at 

35 that cell site minus the time of arrival of the same cellular 
telephone siqnal at a second cell site (cell site B) as 
determined by a clock_ readinq at the second cell site. This 
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analysis would be carried out for all pairs of cell sites A, 
B. However, the individual times of arrival need not be 

measured; only the diZZerence between the signals' times of 

arrival at the cell sites of a given pair is required. In 
5 addition, frequency difference of arrival, ·or FDOA, refers to 

the frequency of the cellular signal at a_first cell site 
(cell site A), measured by comparison (effectively) with the 
cell site's 5 MHz oscillator signal, minus the same quantity 
~or another site (cell site B).. The TDOA data may be used to 

10 estimate the latitude and longitude of the cellular telephone 
by calculating that latitude and longitude for which the sum 
of the squares of the difference between the observed TDOA 
and the TDOA calculated on the basis of the cell site 
geometry and the assumed cellular_ telephone location is an 

15 absolute minimum, where the search of trial latitudes and 
longitudes extends over the entire service area of the 
system. The FDOA data may be used to measure the velocity 
(speed and direction of motion) of the cellular telephone. 
The velocity estimation may be carried out in manner similar 

2 o to the location estimation. 
2. control Channel Signal Detection 

The inventive method for detecting extremely weak 
control channel signals has two preferred embodiments, the 

selection of which is dependent on the desired capital and 
25 operating costs for implementing any particular system. Both 

methods compensate for the variability of a particular 
cellular signal. That is, a transmission on the control 
channel is comprised of multiple fields, such as the cellular 
telephone number, the electronic serial number, any dialed 

3 o digits, the message type, and status and other bi ts, which 
make a cellular signal variable. Therefore, the signal 
cannot be compared against any stored signal because each 

transmission is potentially unique. 
In method one, the~cell site systems are of higher 

35 capital cost, but the communication links are of lower speed, 
for example, 56 Kbps, and therefore lower operational cost. 
FiC)Ure 7A schematically depicts this method by illustrating 
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the functional components of the cell site systems. In this 
method, cross-correlations are performed at the cell sites in 
the following manner. For each "strong" signal (e.g., siqnal 
"A") received on a particular control channel at a particular 

5 first cell site (where "stronq" is at least several dB above 
the noise level), that strong signal is first applied to a 
signal decoder, such as that used by the cellular system 
itself. This decoder demodulates the cellular signal to 
produce the oriqinal digital ~it stream which had been 

10 modulated to produce the cellular siqnal. If the decoder 
cannot demodulate the digital stream within allowable error 
thresholds, this stronq signal is rejected as a starting 
point for the remaininq part of this process. This diqital 
bit stream is then modulated by the cell site system to 

15 recons~ruct the oriqinal signal waveform as it was first 
transmitted by the cellular telephone. This reconstructed 
signal waveform is cross-correlated aqainst the received 
siqnal at the first cel.l site. The cross-correlation 
produces a peak from which an exact time of arrival can be 

20 calculated from a predetermined point on the peak. 
The first cell site system. then sends the 

demodulated digital bit stream and the exact time of arrival 
to the central site over the communications line. The 
central site then distributes the.demodulated digital bit 

25 stream and the exact time of arrival to other cell sites 
likely to have also received the cellular transmission. At 
each of these other second, third, fourth, etc., cell sites, 
the digital bit stream is modulated by the cell site system 
to reconstruct the oriqinal signal waveform as it was first 

30 transmitted by the cellular telephone. This reconstructed 
signal waveform is cross-correlated against the signal 
received at each cell site during the same time interval. In 
this case, the same time interval refers to a period spanninq 
several hundred to several ~ousand microseconds of time in 

35 either direction from the time of arrival of the strong 
siqnal at the first cell site. The cross-correlation may or 
may not produce a peak; if a· peak is produced, an exact time 

I. 
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of arrival can be calculated from a predetermined point on 
the peak. This exact time of arrival is then sent via the 
communications line to the central site, from which a delay 
difference for a particular pair of cell sites can be 

5 calculated. This method permits the cell site systems to 
extract time of arrival information from an extremely weak 
signal reception, where the weak signal may be above or below 
the noise level. In addition, cross-correlating at cell 
sites enables the cell site systems to detect a first leading 

10 edge of a cellular telephone signal and to reject subsequent 
leading edges caused by multipath. The value of this 
technique for reducing the effects of multipath will be 
appreciated by those skilled in the art. This method is 
applied iteratively to sufficient pairs of cell sites for 

15 each strong signal received at each cell site for each sample 
period. .For any given telephone transmission, this method is 
only applied once. The results of the delay pairs for each 
signal are then directed to the location calculation 
algorithm. 

20 In method two, the cell site systems are of 
relatively low cost, as they are primarily responsible for 
sampling each of the control channels and sending the sampled 
information back to the central site. However, because no 
correlation is performed at the cell site, all sampled data 

25 must be sent back to the central site. This requires a high 
speed communications line, for example, a Tl line. The 
·central site receives data from all cell sites over identical 
communications lines, where the. data has been sampled and 
time stamped using the same time reference (derived from 

30 timing receiver). This method is applied iteratively to 
sufficient pairs of cell sites for each strong signal 
received at each cell site for each sample period. This 
method is only applied once for any given telephone 
transmission. The results of the delay pairs for each signal 

35 are then directed to the location calculation algorithm 
described below. 
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3. Location calculation 
A preferred alqoritbm used for calculatinq the 

location of a cellular telephone is an iterative process. 
The first step of the process involves creatinq a qrid of 

5 theoretical points coverinq the qeoqraphic area of the 
cellular telephone system. These points may be, for example, 
at % minute increments or some otjler increment of latitude 
and lonqitude. From each of these theoretical points, the 
theoretical values· of delay are calculated for each relevant 

10 pair of cell sites. In calculatinq the theoretical values of 
delay, any known site biases are incorporated into the 
calculation. Known site biases can be caused by any number 
of mechanical, electrical, or environment factors and may 
vary from time to time. The site biases are determined by 

15 periodically locatinq the positions of reference cellular 
transmitters. Since the reference transmitters are, by 
definition, at known locations, any variance in the 
calculated position of the transmitter from the known 
position is assumed to have been caused by permanent or 

20 temporary site biases. These site biases are assumed to also 
affect the measurements of the unknown positions of cellular 
telephones. 

Once the theoretica~.delays. are calculated fr~m 
·each theoretical paint on the qrid, a. least squares 

25 difference calculation-is performed between-the theoretical 
delays and the actual observed delays for each pair of cell 
sites for which delays could be determined by correlation. 
The least squares calculation takes into consideratio~ a 
quality factor for each actual delay measurement. The 

30 quality factor is an estimated measure of the deqree to which 
multipath or other anomalies may have.affected that 
particular delay.measurement. (This quality factor is 
described below.) Therefore, the least squares difference 
equation takes the form: ,. · 

35 LSD = [Q12 (Delay_T12-Delay_o1.2)
2 + Q13 (Delay_T13-

z . 2 Delay_o13 ) + ••• Qxy(Delay_ Txy-Delay_Oxy> ] 
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where, Delay_Txy is the theoretical delay between cell sites 
x and Yi Delay_oxy is the observed delay between cell sites x 
and Yi Qxy is the quality factor for the delay measurement 
between ·cell sites x and Yi and LSD is the least squares 

5 difference value that is absol~tely minimized over the 
cellular system's geoqraphic area. 

The algorithm searches the entire grid of 
theoretical points and determines the best theoretical point 
for which the value of LSD is minimized. Starting at this 

10 best theoretical latitude-longitude, the algorithm then 
performs another linearized-weighted-least-squares iteration 
similar to the above-described process to resolve the actual 
latitude-longitude to within 0.0001 degrees, or any other 
chosen resolution. By performing the calculation of 

15 latitude-longitude in two steps, the amount of processing 
required may be qreatly reduced over other approaches • 

. Those familiar with the art will note that this 
iterative method of determining position automatically 
incorporates geometric dilution of precision (GOOP) 

20 considerations into the calculation of the position of the 
cellular telephone. That·is, no separate.GOOP table is 
required since both iterations in the calculation of the grid 
of theoretical delay values also calculate error values. 

Cellular telephone signals are subject to multipath 
25 and other impairments in travelling from the cellular 

telephone to the various cell sites. Therefore, the methods 
described herein incorporate compensation for multipath. As 
described above, the symbol rate of the digital bit stream of 
the cellular control channel is 10 Kbps, which has a bit time 

30 of 100 microseconds. Published multipath studies have shown 
typical multipath delays of 5 to 25 microseconds in urban and 
suburban settings. The present inventors have discovered 
that the typical effect of multipath in this case would be to 
lenqthen the bit times of tne digital data streams and that 

35 the_ correlation algorithms described abo~e can determine the 
degree to which a particular transmission has been impaired. 
As mentioned above, when a cross-correlation is performed, a 
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quality factor Qxy may be calculated based upon the size of 
the peak generated by the cross-correlation and the width of 
the peak, where Qxy is the quality factor for a particular 
delay.value measurement for a particular pair of cell sites. 

5 This quality factor is useful to weight the least squares 
calculation used in position determination and thereby 
mitigate the effects of multipath. 

Figures 8A-8E are, collectively, a flowchart of the 
signal processing employed by the location system to (1) 

10 obtain correlation data, (2) obtain time delay and frequency 
difference data, and (3) calculate location data. Referring 
now to Figure SA, which depicts the processing employed to 
obtain correlation data, the processing begins by making.a 
determination whether the received power is above a 

15 prescribed threshold at any cell site. If so, the complex 
correlator inputs are set to process that cell site's data as 
ari autocorrelation, ·i.e., with both inputs set to receive the 
data from the same cell site. The system then waits until 
the correlator is finished computing the autocorrelation 

20 data. Thereafter, the autocorrelation data is Fourier 
transformed to obtain power spectrum data. Next, the system 
determines which signal channels have transmissions and saves 
the results. Next, a time index is cleared, and then the 
system sets the correlator input "B" to receive data from 

25 another cell site, leaving the "A" input unchanged. The 
system then waits until the correlator is finished, and then 
saves the correlation results. Thereafter, the system makes 
a determination whether there is a "B" cell site that has not 
been processed yet. If so, the processing branches back as 

30 shown to process the data from that cell site. If not, the 
system determines whether power is still being received; if 
not, this part of the processing is finished; if so, the time 
index· is incremented and the "B" channel cell site signals 
are processed again, as show,n. 

35 The processing performed to obtain time delay and 
frequency difference data is depicted in Figure 88. The 
system first sets a first index to a site index for the site 
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at which power was detected. Thereafter, a second index is 
set to another site. The time index is then set to a first 
time. The correlation data is then stored in a row of a two­
dimensional array, where the row number corresponds to the 

5 time index. Next, the system determines whether another time 
sample is to be processed; if so, the time index is 
incremented and the system branches back as shown. If not, 
the data in the two-dimensional array is Fourier transformed. 
The transformed data is then searched for the highest 

10 amplitude. An interpolation is then performed to estimate 
the peak of the transformed data. The time delay and 
frequency difference results are then saved. The system then 
determines whether the second index is to be incremented and, 
if so, branches back as shown. 

15 Fiqures SC-SE depict the location estimation 
process. Referrinq to Fiqure sc, the system first retrieves 
the observed delays and frequencies. The correspondinq 
telephone information is then retrieved. Thereafter, the 
latitude and lonqitude are set to startinq latitude, 

20 lonqitude values. Given the startinq values, the system then 
calculates theoretical values of delays, takinq account of 
site biases, if any. The system then obtains the sum of 
squares of the observed delays minus the computed delays. 
This is denoted •x•. The system then determines·whether this 

25 is the smallest "X" obtained thus far. If not, the system 
branches forward as shown to increment the starting lonqitude 
value. If this is the smallest "X", the latitude is saved in 
"BEST_LAT" and the longitude is· saved in "BEST_LON". The 
system then determines whethe~ another lonqitude and latitude 

30 should be tested. If not, the system performs a linearized­
weighted-least-squares iteration step, starting at BEST_LAT 
and BEST_LON, to determine correction values "LAT_CORRECTION" 
and "LON CORRECTION". 

Referring now to Fiqure SD, the location 
35 determination process is continued by determininq whether the 

maqnitude of LAT_CORRECTION is less than 0.0001 degrees. 
Similarly, the system determines whether LON_CORRECTION is 
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less than 0.0001 degree. If either of these tests yields a 
negative result, the value of LAT CORRECTION is added to 
BEST_LAT and the value of LON_CORRECTION is added to 
BEST LON, and the processing branches back to perform another 

5 linearized-weighted-least-squares iteration step (Figure SC). 
Once the magnitudes of LAT_CORRECTION and LON_CORRECTION are 
less than 0.0001, the system proceeds with the velocity 
calculation by setting a speed variable to zero and a 
direction variable to zero (i.e., North). Given these 

10 starting values of speed and direction, the system calculates 
theoretical values of frequencies, taking account of any site 
bias. The system then computes the sum of the squares of 
observed frequencies minus computed frequencies. This sum is 
denoted "Y". The system then determines whether this value 

15 of "Y" is the smallest obtained thus far. If so, the speed 
is saved in "BEST_SPEED" and the direction is saved in 
"BEST_DIRECTION". The system then determines whether another 
direction should be tested. If so, the direction is 
incremented and the processing branches back as shown. 

20 Similarly, the system determines whether another speed should 
be tried and, if so, increments the speed and branches back 
as shown. If the system decides not to try another direction 
or speed, it performs a linearized-weighted-least-squares 
calculation, starting at BEST SPEED and BEST DIRECTION, to 

. - -
·25 determine correction values "SPEED CORRECTION" and 

"DIRECTION CORRECTION". Thereafter, the system determines 
whether the magnitude of SPEED_CORRECTION is less than a 
specified value, e.g., one mile per hour. If so, the system 
determines w~ether the maqnitude of DIRECTION_CORRECTION is 

30 less than 1°. If either of these tests results in an 
affirmative answer, the system adds SPEED CORRECTION to 
BEST_SPEED and adds DIRECTION_CORRECTION to BEST_DIRECTION, 
and the processing branches back as shown to perform another 
linearized-weiqhted-least-sqUares calculation. If 

35 SPEED_CORRECTION is less than ·1 mile per hour and 
DIRECTION CORRECTION is less than 1°, the system outputs the 
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telephone information, BEST_LAT, BEST_LON, BEST_SPEED, and 
-BEST_DIRECTION. 
Application• 

There are a·variety of commercially valuable 
5 applications of the inventive technology disclosed herein. 

For example, in addition to the basic function of tracking 
the location of a mobile cellular telephone, the present 
invention may be employed to offer subscribers billing rates 
that vary on the basis of the location from which a call was 

10 made. As depicted in Figure 9, a location tape, containing a 
record over time of the locations of the subscribers' 
cellular telephones, may be merged with a billing tape to 
produce a modified billing tape. The billing tape contains 
data indicating the cost for each telephone call made by the 

15 cellular telephones within a certain time period. This cost 
is based upon one or more predetermined billing rates. The 
modified billing data is based upon a different rate for 
calls made from certain specified locations. For example, 
the system may apply a lower billing rate for telephone calls 

2 O made from a user's home or off ice. 
The invention may also be employed to provide 

emergency assistance, for example, in response to a 11911" 
call. In this application, the location system includ~s 
means for automatically sending location information to a 

25 specified receiving station in response to receiving a "911 11 

signal from a cellular telephone. 
Further, the invention may be employed in 

connection with an alarm service. In this applicatio~, a . 
means is provided for comparing the current location of a 

30 given telephone with a specified range of locations and 
indicating an alarm condition when the current location is 
not within the prescribed range. 

Yet another application involves detecting a lack 
of signal transmissions by «given telephone and in re~ponse· 

35 thereto automatically paging the telephone to cause it to 
initiate a signal transmission. This allows the system to 
locate a telephone that has failed to register itself with 

IThi•1 if~U iii1i1iDrmrced 
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the cellular system. such a feature could be used, for 

example, to qenerate an alarm for subscribers at remote 

locations. 
Still another application involves estimatinq a 

5 time of arrival of a qiven telephone at a specified location. 

This application is useful, for example, in connection with a 

public transportation system to provide estimated times of 

arrival of busses alonq established routes. Many other 

applications of this feature are also possible. 

10 conclusion 
Finally, the true scope the present invention is 

not limited to the presently preferred embodiments disclosed 

herein. For example, it is not necessary that all or even 

any of the "cell site systems" be collocated with actual cell 

15 sites of an associated cellular telephone system. Moreover, 

communication links other than Tl links may be employed to 

couple the cell site •ystems to the central site system. In 

addition, the timinq siqnal receiver need not be a GPS 

receiver, as other means for providinq a common timinq siqnal 

20 to all cell site systems will be apparent to those skilled in 

the art. Furthermore, the present invention may· be employed 

in connection with many applications not specifically 

mentioned above.· These include stolen vehicle recovery, 

fleet manaqement; · ·cell system· dia911ostics, and hiqhway 

25 manaqement. Accordinqly, except as they may be expressly so 

li~ited, the scope of protection of the·followinCJ claims is 

not intended to be limited to the ·particularities described 

above. 
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We claim: 
l. A cellular telephone location system for 

determininq the locations of multiple mobile cellular 
telephones each initiatinq periodic siqnal transmissions over 
one of a prescribed set of reverse control channels, 

5 comprisinq: 
(a) at least three cell site systems, each cell 

site system comprisinq: an elevated qround-based antenna; a 
baseband convertor operatively coupled to said antenna for 
receivinq cellular telephone siqnals transmitted over a 

10 reverse control channel by said cellular telephones and 
providinq baseband siqnals derived from the cellular 
telephone siqnals; a timinq siqnal receiver for receivinq a 
timinq siqnal common to all cell sites; and a samplinq 
subsystem operatively coupled to said timinq siqnal receiver 

15 and said baseband converter for samplinq said baseband siqnal 
at a prescribed samplinq frequency and f ormattinq the sampled 
siqnal into frames of diqital data, each frame comprisinq a 
prescribed number of data bits and time stamp bits, said time 
stamp bits representinq the time at which said cellular 

20 telephone siqnals were received; and 
{b) a central site system operatively coupled to 

said cell site systems, comprisinq: means for processinq said 
frames of data from said cell site systems to qenerate a 
table identifyinq individual cellular telephone siqnals and 

25 the differences in times of arrival of said cellular 
telephone siqnals amonq said cell site systems; and means for 
determininq, on the basis of said times ~f arrival 
differences, the locations of the cellular telephones 
responsible for said cellular telephone siqnals. 

30 2. A cellular telephone location system as 
recited in claim l, wherein~said timinq siqnal receiver 
comprises a qlobal positioninq system (GPS) receiver. 
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3. A cellular telephone location system as 
recited in claim 1, wherein said central site system 
comprises a correlator for cross-correlatinq the data bits of 
a frame from one cell site system with correspondinq data 

5 bits from each other cell site system. 

4. A cellular telephone location system as 
recited in claim 3, wherein said central site system further 
comprises: 

a plurality of data inputs ports each connected to 
10 receive a signal from one of said cell site systems; 

interface/deformatting circuits for receivinq the 
siqnals from said input ports and outputtinq data bits and a 
clock siqnal; 

. a plurality of FIFO reqisters each coupled to an 
15 interface/deformattinq circuit to receive the data bits and 

clock siqnal from that circuit; 
a switch comprising a plurality of input ports, 

each input port coupled to an output of one of said FIFO 
registers, and a· first output port (A) and a second output 

20 port (B), said first output port coupled to an input port of 
said correlator; 

25 

a computer operatively coupled to said switch to 
select two of the inputs to said switch to be output on the 
output ports of said switch; 

a RAM control circuit coupled to said computer and 
said FIFO registers; 

a sample read clock controlled by said computer and 
said RAM control to read sample bits from previously selected 
FIFO registers; and 

30 a quadrature channel generator comprising an input 
port coupled to said second output port of said switch and a 
first output port (Bl) and a second output port (B2), and 
means for outputtinq an in-phase siqnal on said first output 
port (Bl) and a quadrature signal on said second output port 

35 (82); 



5 

WO 94127160 111111111111111111111111111111 PCT/US94/00816 
* C L M S * 

- 3& -

wherein said correlator calculates a first 
correlation coefficient for said DATA A and DATA Bl siqnals, 
and a second correlation coefficient for said DATA A and DATA · 
B2 siqnals. 

5 .. A cellular telephone location system as 
recited in claim 1, wherein said baseband converters each 
comprise: a first mixer providing an intermediate frequency 
(IF) siqnal; a synthesizer providing a local oscillator (LO) 
signal; a single sideband mixer operatively coupled to said 

10 first mixer and said synthesizer for converting said IF 
signal to an upper sideband signal and a lower sideband 
signal; and means for filterinq said upper sideband and lower 
sideband signals and providing said baseband siqnals on the 
basis of the filtered upper and lower sideband signals. 

15 6. A cellular telephone location system as 
recited in claim 1, comprising: 

first receiver means at a first cell site for 
receiving a cellular telephone signal; 

demodulator means at said first cell site for 
20 demodulating the received cellular telephone signal at said 

first cell site to produce a demodulated digital bit stream; 
first modulator means at said first cell site 

for modulating the demodulated digital bit stream to 
reconstruct the cellular .telephone siqnal as it was 

25 originally transmitted, whereby a first reconstructed 
cellular telephone signal is produced; 

first cross-correlator means at said first 
cell site for cross-correlating· said reconstructed signal 
against the cellular telephone siqnal received at said first 

30 cell site to produce a first peak indicative of a time of 
arrival of the cellular telephone signal at the first cell 
site; 

means for determining the time of arrival of 
the cellular telephone siqnal at the first cell site on the 
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basis of said first peak and producing first time of arrival 
data indicative thereof; 

means for sending the demodulated digital bit 
stre~m and first time of arrival data from the first cell 

5 site to the central site; 
means for distributing the demodulated digital 

bit stream and first time of arrival data to a second cell 
site; 

second modulator means at said second cell 
10 site for modulating the demodulated digital bit stream at the 

second cell site to reconstruct the cellular telephone signal 
as it was first transmitted by the cellular telephone, 
whereby a second reconstructed cellular telephone signal is 
produced; 

15 second receiver means at said second cell site 
for receiving said cellular telephone signal; 

second cross-correlator means at said second 
cell site for cross-correlating the second reconstructed 
signal against the cellular telephone signal received at the 

20 second cell site to produce a second peak indicative of a 
time of arrival of the cellular telephone signal at the 
second cell site; 

means for determining the time of arrival of 
the cellular telephone.·signal at the second cell site on the 

25 basis of said second peak and producing second time of 
arrival data indicative thereof; 

means for sending said second time of arrival 
data from the second cell site to the central site; a~d 

means at said central site for determining 
30 time difference of arrival data on the basis of said first 

and second time of arrival data. 

7. A cellular telephone location system as 
recited in claim 1, comprising location estimation means for: 

(1) creating a grid of theoretical points covering 
35 a prescribed geographic area, said theoretical points being 

spaced at prescribed increments of latitude and longitude; 
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(2) calculating theoretical values of time delay 

for a plurality of pairs of cell sites; 

(3) calculating a least squares difference (LSD) 

value based on the theoretical time delays and measured time 

5 delays for a plurality of pairs of cell sites; 

(4) searching the entire grid of theoretical 

points and determining the best theoretical latitude and 

longitude for which the value of LSD is minimized; and 

(5) starting at the best theoretical latitude and 

10 longitude, performing another linearized-weighted-least­

squares iteration to resolve the actual latitude and 

longitude to within a prescribed number of degrees or 

fraction of a degree. 

8. A cellular telephone location system as 

15 recited in claim 7, wherein said calculating step (2) 

comprises accounting for any known site biases caused by 

mechanical, electrical, or environmental factors, said site 

biases determined by periodically calculating the positions 

of reference cellular transmitters at known locations. 

20 9. A cellular telephone location system as 

recited in claim 7, wherein said least squares difference is 

given by: 
2 

LSD = [Q12 (Delay_T12-Delay_o12 ) + Q13 (Delay_T13-
2 2 

Delay_o13) + ••• Qxy(Delay_ Txy-Delay_ox,> ] 

25 where, Delay_Txy represents the theoretical delay between 

cell sites x and y, x and y being indices representative of 

cell sites; Delay_oxy represents the observed delay between 

cell· sites x and y; Qxy represents a quality factor for the 

delay measurement between cell sites x and y, said quality 

30 factor being an estimated measure of the degree to which 

multipath or other anomalies may have affected a particular 

delay measurement. 

10. A cellular telephone location system as 

recited in claim 7, further comprising means for·. detecting a 
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first leadinq edqe of a cellular telephone signal and 
· rejecting subsequent leadinq edges of said cellular telephone 
signal, whereby the effects o~ multipath may be reduced. 

11. A cellular telephone location system as 
5 recited in claim 1, comprising velocity estimation means for: 

(1) creating a grid of theoretical points covering 
a prescribed range.of velocities, said theoretical points 
being spaced ~t prescribed increments; 

(2) calculating theoretical values of frequency 
10 difference for a plurality of pairs of cell sites; 

15 

(3) calculating a least squares difference (LSD) 
value based on the theoretical frequency differences and· 
measured frequency differences for a plurality of pairs of 
cell sites; 

(4) searching the entire grid of theoretical 
points and determining the best theoretical velocity for 
which the value of LSD is minimized; and 

(5) starting at the best theoretical velocity, 
performing another linearized-weighted-least-squares 

20 iteration to resolve the actual velocity to within a 
prescribed tolerance. 

12. A cellular telephone location system as 
recited in claim 1, further comprising a database for storing 
location data identifying the cellular telephones and their 

25 respective locations, and means for providing access to said 
database to subscribers at remote locations. 

13. A cellular telephone location system as 
recited in claim 12, further comprising means for providing 
location data to a specific one of said cellular telephones 

30 upon request by the specific telephone. 
,. 
i 

14. A cellular telephone location system as 
recited in claim 12, further comprisinq means for merqinq 
said location data with billing data for said cellular 

This1ili1 iU1i1Ul11Micec 
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telephones and qeneratinq modified billinq data, wherein said 

billinq data indicates the cost for each telephone call made 

by said cellular telephones within a certain time period, 

said cost beinq based upon one or more predetermined billinq 

5 rates, and said modified billinq data is based upon a 

different rate for calls made from one or more prescribed 

locations. 

15. A cellular telephone location system as 

recited in claim 14, wherein the system applies a lower 

10 billinq rate for telephone calls made from a user's home. 

16. A cellular telephone location system as 

recited in claim 1, further comprisinq means for transmittinq 

a siqnal to a selected cellQlar telephone to cause said 

selected telephone to transmit a siqnal over a control 

15 channel. 

17. A cellular telephone location system as 

recited in claim 1, further comprisinq means for 

automatically sendinq location information to a prescribed 

receivinq station in response to receiving a distress siqnal 

20 from a cellular telephone, whereby emerqency assistance may 

be provided to a user in distress. 

18. A cellular telephone location system as 

recited in claim 1, further comprisinq means for comparinq 

the current location of a qiven telephone with a prescribed 

25 ranqe of locations and indicatinq an alarm condition when 

said current location is not within said prescribed·ranqe. 

19. A cellular telephone location system as 

recited in claim 1, further comprising means for detecting a 

lack of signal transmission• by a given telephone and in 

30 response thereto automatically paging said given telephone to 

cause said qiven telephone to initiate a signal transmission 

and means for indicating an alarm condition. 
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20. A cellular telephone location system as 
recited in claim 1, further comprising means for estimating a 
time of arrival of a given telephone at a prespecified 
location. 

21. A cellular telephone location system as 
recited in claim 1, further comprising means for continuously 
tracking a given telephone by receiving voice signals 
transmitted by said given telephone over a voice channel and 
determining the location of said given telephone on the basis 

10 of said voice siqnals. 

22. A qround-based cellular telephone system 
serving a plurality of subscribers possessing mobile cellular 
telephones, comprising: 

(a) at least three cell sites equipped to receive 
15 siqnals sent by multiple mobile cellular telephones each 

initiating periodic signal transmissions over one of a 
prescribed set of reverse control channels; 

(b) locating •eans for automatically determining 
the locations of said cellular telephones by receiving and 

20 processing siqnals emitted during said periodic reverse 
control channel transmissions; and 

(c) database means for storing location data 
identifying the cellular telephones and their respective 

· locations, and for providing access to said database to 
25 subscribers at remote locations. 

23. A qround-based cellular telephone system as 
recited in claim 22, further comprising means for providing 

· location data to a specific one of said cellular telephones 
upon request by the specific telephone. 

,. . 
' 

30 24. A ground-based cellular telephone system as 
recited in claim 22, further comprising means for merging 
said location data with billing data for said cellular 
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telephones and generating modified billing data, wherein said 
billing data indicates the cost for each telephone call made 
by said cellular telephones within a certain time period, 
sai~ cost being based upon one or more predetermined billing 

5 rates, and said modified billing data is based upon a 
different rate for calls made from one or more prescribed 
locations. 

25. A ground-based cellular telephone system as 
recited· in claim 22, further comprising means for 

10 transmitting a signal to a selected cellular telephone to 
cause said selected telephone to transmit a signal over a 
control channel. 

26. A ground-based cellular telephone system as 
recited in claim 22, further comprising means for 

15 automatically sending location information to a prescribed 
receiving station in respo~se to receiving a distress siqnal 
from a cellular telephone, whereby emergency assistance may 
be provided to a subscriber in distress. 

27. A ground-based cellular telephone system as 
20 recited in claim 22, further comprising means for com~aring . 

the current location of a given telephone with a prescribed 
range of locations and indicating an alarm condition when 
said current location is not within said prescribed range. 

28. A ground-based cellular telephone syst~ as 
25 recited in claim 22, further comprising means for detecting a 

lack of siqnal transmissio~s by a given telephone and in 
response thereto automatically paging said given telephone to 
cause said given telephone to initiate a signal transmission. 

29. A ground-based cellular telephone system as 
30 recited in claim 22, further comprising means for estimating 

a time of arrival of a given telephone at a prespecified 
location. 
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JO. A qround-based cellular telephone system as 
recited in claim 22, further comprisinq means for 
continuously trackinq a qiven telephone by receivinq voice 
siqnals transmitted by said qiven telephone over a voice 

5 channel and determininq the location of said qiven telephone 
on the basis of said voice siqnals. 

31. A method for determininq the location(s) of 
one or more mobile cellular telephones periodically 
transmittinq siqnals over one of a prescribed set of reverse 

· 10 control channels, comprisinq the steps of: 
(a) receivinq said reverse control channel siqnals 

at at least three qeoqraphically-separated cell sites; 
(b) processinq said siqnals at each cell site to 

produce frames of data,- each frame comprisinq a prescribed 
15 number of data bits and time stamp bits, said time stamp bits 

representing the time ~t which said frames were produced at 
each cell site; 

(c) processing said frames of data to identify 
individual cellular telephone siqnals and the differences in· 

20 times of arrival of said cellular telephone siqnals amonq 
said cell sites; ·and 

25 

(d) determining, on the basis of said times of 
arrival differences, the locations of" the cellular telephones 
responsible for said cellular telephone siqnals. 

32. A method as recited ln claim 31, further 
comprising the steps of storing; in a database, location data 
identifyinq the cellular telephones and their respective 
locations, and providinq access to said database to 
subscribers at remote locations. 

30 33. A method as recited in claim 31, further 
comprising merqinq said location data with billinq data for 
said cellular telephones and qenerating modlf ied billinq 
data, wherein said billinq data indicates the cost for each 
telephone call made by said cellular telephones within a 
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certain time period, said cost beinq based upon one or more 
predetermined billing rates, and said modified billinq data 
is based upon a different rate for calls made from one or 
more prescribed locations. 

34. A method as recited in claim 31, further 
comprisinq transmittinq a signal to a selected cellular 
telephone to cause said selected telephone to transmit a 
siqnal over a control channel .• 

35. A method as recited in claim 31, further 
10· comprisinq automatically sendinq location information to a 

prescribed receivinq station in response to receiving a 
distress siqnal from a cellular telephone, whereby emergency 
assis~ance may be provided to a subscriber in distress. 

36. A method as recited in claim 31, further 
15 comprising comparinq the current location of a given 

telephone with a prescribed range of locations and indicatinq 
an alarm condition when said current location is not within 
said prescribed ranqe. 

37. A method as recited in claim 31, further 

20 comprising detecting a lack of signal transmissions by a 
given telephone and in response thereto automatically paging 
said given telephone to cause said given telephone to 
initiate a siqnal transmission. 

38. A method as recited in claim ·31, further 
25 comprising estimating a·time of arrival of a given telephone 

at a prespecif ied location. 

39. A method as recited in claim 31, further 
comprising continuously tra~kinq a given telephone by 
receiving voice siqnals transmitted by said qiven telephone 

30 over a voic~ channel and determining the location of said 

given telephone on the basis of said voice sign~ls. 
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40. A method as recited in claim 31, comprising 

the steps of: 
receiving a cellular telephone signal at a 

first cell site; 
demodulating the received cellular telephone 

signal at said first cell site to produce a demodulated 

digital bit stream; 
modulating the demodulated digital bit stream 

to reconstruct the cellular telephone signal as it was 

10 originally transmitted, thereby producing a first 

reconstructed cellular telephone signal; 

cross-correlatinq said reconstructed signal 

aqainst the cellular telephone siqnal received at said first 

cell site to produce a first peak indicative of a time of 

15 arrival of the cellular telephone siqnal at the first cell 

site; 
determining the time of arrival of the 

cellular telephone siqnal at the first cell site on the basis 

of said first peak and producing first time of arrival data 

20 indicative thereof; 
sending the demodulated digital bit stream and 

first time of arrival data from the first cell site to a 

central site; 
distributinq the demodulated diqital bit 

25 stream and first time of arrival data to a second cell site; 

modulatinq the demodulated diqital bit stream 

at the second cell site to reconstruct the cellular telephone 

siqnal as it was first transmitted by the cellular telephone, 

thereby producing a second reconstructed cellular telephone 

30 siqnal; 
receiving said cellular telephone siqnal at 

said· second cell site; 
cross-correlating the second reconstructed 

siqnal aqainst the cellular;telephone siqnal received at the 

35 second cell site to produce a second peak indicative of a 

time of arrival of the cellular telephone siqnal at the 

second cell site; 
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cellular telephone siqnal at the second cell site on the 
basis of ~aid second peak and producinq second time of 
arrival data indicative thereof; 

5 sendinq said second time of arrival data from 
the second cell site to the central site; and 

determininq time difference of arrival data on 
the basis of said first and second time of arrival data. 

41. A method as recited in claim 31, comprising 
10 estimatinq the location of a cellular telephone by performinq 

· .: ·· the followinq steps: 
(1) creatinq a qrid of theoretical points coverinq 

a prescribed geographic area, said theoretical points being 
spaced at prescribed increments of latitude and lonqitude; 

15 (2) calculatinq theoretical values of time delay 
for a plurality of pairs of cell sites; 

(3) calculatinq a least squares difference (LSD) 
value based on the theoretical time delays and measured time 
delays for a plurality of pairs of cell sites; 

20 (4) searchinq the entire qrid of theoretical 
points and determininq the best theoretical latitu~! and 
lonqitude for which the value of LSD is minimized; and 

(5) startinq at the best theoretical latitude and 
lonqitude, performinq another linearized-weiqhted-least-

25 squares iteration to resolve the actual latitude and 
lonqitude to within a prescribed number of deqrees or 
fraction of a deqree. · 

42. A method as recited in claim 41, wherein sai~ 
calculatinq step (2) comprises accountinq for any known site 

30 ·biases caused by mechanical, electrical, or environmental 
factors, said site biases determined by periodically 
calculatinq the positions of reference cellular transmitters. 
at known locations. 
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43. A method as recited in claim 41, wherein said 
least squares difference is given by: 

LSD = [Q,2(Delay_T,z-Delay_0,2) 2 + Q,3(Delay_T,3-
2 2 Delay_o13) + ••• Qxy(Delay_ Txy-Delay_oxv> ] 

5 where, Delay_Txy represents the theoretical delay between 
cell sites x and y, x and y being indices representative of 
cell sites; Delay_Oxy represents the observed delay between 
cell sites x and y; Qxv represents a quality factor for the 
delay measurement between cell sites x and y, said quality 

10 factor being an estimated measure of the degree to which 
multipath or other anomalies may have affected a particular 
delay measurement. 

44. A method as recited in claim 40, further 
comprising detecting a first leading edge of a cellular 

15 telephone signal and rejecting subsequent leading edges of 
said cellular telephone signal. 

45. A method as recited in claim 31, comprising 
·estimating the velocity of a cellular telephone by performing 
t~e following steps: 

20 (1) creating a grid of theoretical points covering 
a prescribed 
being spaced 

(2) 

range of velocities, said theoretical poi.nts 
at prescribed increments; 

calculating theoretical values of frequency 
difference for a plurality of pairs of cell sites; 

25 (3) calculating a least squares difference (LSD) 
value based on the theoretical frequency differences.and 
measured frequency differences for a plurality of pairs of 
cell· sites; 

(4) searching the entire grid of theoretical 
30 points and determining the best theoretical velocity for 

which the value of LSD is minimized; and 
(5) starting at the best theoretical velocity, 

performing another linearized-weighted-least-squares 
iteration to resolve the actual velocity to within a 

35 prescribed tolerance. 
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The present invention relates generally to the 

field of mobile ceilular telephone systems (including both 

analog and digital cellular sy•tems) and more particularly 

relates to a system .for automatically locating mobile 

cellular telephones operating within a prescribed geographic 

ar·ea. 
BACKGROOllD 01' 'ID IJIVDITIOB 

Prior to the invention disclosed herein, there has 

been no known system for automatically tracking mobile 

cellular telephones. Although related technologies (radio 

navigation systems such as direction· finding and LORAN, . 
emergency location devices for aircraft,. satellite ;racking 

and surveillance, &;nd the.like) have ~e~ extant for many 

years, none ·of these.technoloqies has been .applied.to 
. . ... . ... - .· ,, 

automatically locate cellular telephones as described herein. 

Accordingly, the background information most pertinent to 

gaining an understandinq of the present invention relates to 
. . 

a cellular.telephone system itself, as opposed to the 

peripherally related radio navigation and location 

technologies. The following discussion refer~ to Figures lA­

lC in providing an overview of a cellular telephone 

technology. In addition,· it should be noted that the 

inventive concepts disclosed h~rein are applicable to both 

analog and digital (for exampl~, TDMA) ·cellular systems that 

employ analoq control channels. 
Cellular telephone systems typically include many 

cell sites and a centrally-located cellular switch, called a 

Hobile Telephone SWitchi~g OLLice (MTSO). There are 
._.; ·. ~. 

. .... :, 
~ . 

. ;-. .. . 
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typically sixty to one hundred cell sites in larqe cities and 

fifteen to thirty cell sites in smaller cities. Cell sites 

are usually spaced at distances of one-half to twenty miles. 

Each cell site generally comprises one or more ant~nnas 

mounted on a triangular platform. The platform is placed on 

a tower or atop a tall buildinq, preferably fifty to three 

hundred feet above the surrounding terrain. 

The fundamental idea behind a cellular system·is 

frequency reuse. This concept of frequency reuse is 

implemented by employing a pattern of ~verlapping cells, with 

each cell conceptually viewed as a hexagon. This concept is 

illus~rated in Figure lA, which ~epicts a layout.for a 

cellular system employing seven distinct sets of ·frequencies. 

In this fiq\lre, each shadinq pattern represents a unique 

frequency set. Figure lC schematically depicts the main 

components and arrangement of cellular telephone system. As 

discussed above, frequency reuse allows the cellular system 

.to employ a limited number Of radio channels to serve ~any 

users. For example, Figure 1A depicts an area served by 14 

cells, divided into two clusters. Each cluster contains 

· seven cells. A separate set of channels is assigned to each 

cell in a cluster. However, the sets·used in one cluster are 

reassigned in the other cluster, thus reusing the available 

spectrum. The signals radiated from a cell in Cha~els 

assigned to that cell are poWerful enough to provide a usable 

signal to a mobile cellular telephone within that cell, but 

preferably not powerful enough to interfere with co-channel 

siqnals in distant.cells. All cellular telephones can tune 

to any ·of the channels. 

~he Federal COllimunications Commission (FCC) has 

allocated a 25 MHz spectrum for use by cellular systems. 

This spectrum is divided _into two 12,.5 MHz bands, one of 
. . . . 

which is available to wire line common carriers only and the 

other of which is available to non-wire line common carriers 

only. In any given system, the non-wire line s~rvice 

provider operates within the "A side" of the spectrum and the 

wire line provider operates within the "B side" of the 

1 s JUl ~996 
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spectrum. Cellular channels are 30 KHz wide and include 
control channels and voice channels. In particular, the 
twenty-one control channels for "A" systems are numbered 313 
th%-ouqh 333 and occupy a 30 KHz band of frequencies from 
834.390 MHz to 834.990 MHz. The control channels for "B" 
systems are numbered 334 throuqh 354 and occupy 835.020 MHz 
to 835.620 MHz. Each cell site (or, where a cell site is 
"sectored" as described below, each sector of that cell site) 
uses only a sinqle control channel. The control channel from 
a cell site to a mobile unit is called the ·11forward" control 
channel and the .control channel from the cellular telephone 
to the cell site is called the "reverse" control channel. 
sic;nals are continuously broadcast over a forward control 
channel by each cell site. In contrast, signals are 
discontinuously .(periodically) broadcast by the cellular 
telephones over a reverse control channel. If the cell sites 
are so close to one an~ther that control channels using the 
same frequency int~rferewith each other, the control channel 
at each cell site is further qualified by a digital color 
code ranqinq from zero to three. This allows each cell site. 
to be uniquely identified, for example, within a range of 
twenty to thirty miles. 

Directional cell ·site antennas may·be used to 
reduce co-channel and adjacent-channel interference.· Fiqure 
lB illustrates how· sectored antennas may.· be used to reduce 
such interference. The circles represent cell sites and the 
broken lines represent the azimuthal ed9es··of the front lobes 
of 120° directional antennas. The labels "A", "B", and "C" 
refer to channel sets, cells, ana cell sites simultaneously. 
The labels "111 , 11211 , and "3" refer to directional antennas 
and sectors of cells simultaneously. Thus, for example, if a 
particular channel is assigned to sector 1 of cell B and 
adjacent channels are assigned to cells A and c, these 
adjacent channels. should.be assiqned to sector l in cells A 
and c. 

When a cellular telephone is first turned on, it 
scans all forward control channels, listening for the channel 

Thi& is the replacement sheet 
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with the strongest.signal. The telephone then selects the 
forward control channel with the strongest signal and listens 
for system overhead messages that are broadc~st periodically, 
for example, every a.a seconds. These overhead messages 
contain information regarding the access parameters to.the 
cellular system. one such access parameter is the frequency 
of registration, which refers to bow often a given telephone 
must inform the system that the telephone is within the 
system's qeoqraphic confines. Registration frequencies 
typically range from once per minute to once per thirty 
minutes. 

The overhead messages also contain busy/idle bits 
that provide information about the current availability of 
the reverse control channel for that cell. When the reverse 
contro~ channel becomes free, as indicated by the busy/idle 
bit, the .cellu~ar telephone attempts to reqister itself by 
seizing the reverse control channel. Cellular telephones re-

. . 
register themselves at the rate determined by the cellular 
system. Registration parameter requirements are determined 
by each cellular system. For example, the options include · 
(1) 7-digit NXX-XXXX, (2) 3-diqit NPA, and (3) 32-bit 
electronic serial number. Each of these options .constitutes 
a digital word. Because of sync bits and error correction 
techniques, each digital word is 240 bits long. With an 
initial 48-ait sync s~ream, each cellular telephone 
transmission is a minimum of 288 bits long, and as long as 
1488 bits. Moreover, each discontinuous transmission by a 
cellular telephone includes a period of unmodulated carrier. 
Therefore, an average transmission on the reverse control 
ch•nnel lasts about 100 milliseconds. Cellular telephones 
also transmit in response to pages by the cellular system, as 
.well as in response to user-initiated calls. The term.· 
"paqing" is used to describe the process of det~rmininq a 

. mobile telephone's availability to receive an incominq call. 
The complementary function of initiatinq a call by the mobile 
telephone is called "access." The paging and access 
functions occur on the control channels. 

jThisl ii1ii11lliif1D11iliace 
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When turned on but not in active use, a mobile 
cellular telephone periodically scans the control channels 
assigned to the system and marks for use the strongest 
carrier found. With the mobile receiver tuned to this 
strongest carrier, the cellular telephone continuously 
decodes a digital modulating data stream, looking for 
incoming calls. Any call to a mobile terminal is initiated 
like a normal telephone call. A seven- or ten-digit number 
is dialed and the telephone ne~work routes the call to a 
central computer. The number is broadcast on the control 
channels of every cell in the system. When a called 

. telephone detects its.number in the incoming data stream, it 
sends its identification back to the system. The system uses 
a digital message on the control channel to designate a 
channel_ for ·the telephone to use. The telephone tunes to 
this channel_ and_the ~ser is then alerted to the incoming 
call. A similar.sequence is involved when a cellular 
telephone user originates a call. The· user dials the desired 
telephone number into a register in the telephone. This 
number is transmitted over the control channel to the nearest 
cell (i.e. , the cell . with. the strongest carrier) • The system 
c~mputer then designates a channel for the call and the 
mobile unit is automatically tuned to that channel~ 

The. cellular telephone industry has enjoyed 
widespread success in its relatively brief lifetime. New 
subscribers, apparently recognizinq ~e many advantages in 
being able to initiate and receive calls while away from 
home, are being enrolled in.ever-increasing numbers. Indeed, 
in many cities, the competition· 'between the A and B sides to 
enlist new subscribers is fierce.· Acco~dingly, there is a 
great need for new services to 'Off er current and potential 
subscribers. The present invention sprang from the 
recognition that mobility, the main advantage offered by a 
cellular system, is also a disadvantage in certain 
situations. For example, a lost or st~len cellular telephone 
is difficult to recover. Thus, a system that could 
automatically locate the telephone would be quite beneficial 
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to users. In addition, if the cellular ·telephone were in an 
automobile and the automobile were stolen, a system that 
could locate the telephone would also be able to locate the 
automobile, thus providinq a valuable service to users. 

· Moreover, there are situations where the user of a cellular 
telephone may b~come lost. An example of such a situation is 
where the user is driving in an unknown area at niqht with 
his telephone i~ the car. Aqain,. it would be a qreat 
advantaqe for the system to be able to automatically locate · 
the telephone and, upon request, inform the user of his 
location. Similarly, a cellular telephone user experiencing 
a medical emerqency who dials an emergency telephone number 
(for example, 911) may not be a~le to tell the dispatcher his 
location. Prior art ·systems are unable to trace a call from 
a cellular telephone. Therefore, a ·cellular telephone user 
in .such a situation would ·b.e in a dire predicament. Once 
again, it would be highly advantageous for the system to be 
able to ascertain the· user's location and provide this 
information to emergency medical personnel. There would be 
numerous other applications for a system that could 
automatically locate a ceilular telephone. 
SlJWY OP TD lJIVDl'!ZOll 

The present inven~ion provides a cellular telephone 
location system for determininq the locations of multiple 
mobile cellµlar telephones each initiatinq periodic signal 
transm~ssions over one of a prescribed set of control 
channels. The invention may be embodied in a·system that 
employs much of the existing infrastructure of a cellular 
system. For example, as described below in greater detail, a 
cellular telephone location system in accordance with the 
present invention may employ the cellular system's towers and 
cell site enclosures. In this sense, the cellular telephone 

. location system may be overlaid ~n-the cellular system. 
There are numerous advantaqes provided by 

monitoring control channels to track the locations of 
cellular telephones. First, a voice channel is an expensive 
and relatively scarce resource. Cellular systems typically 
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require approximately six to eight seconds to allocate a 
voice channel to a specific telephone. If voice channels 
were employed for location tracking, the cellular telephone 
would have to be called and commanded to initiate a voice 
channel call every time a location sample were to be taken. 
This would be both expensive and time consuming. Thus, it 
would be extremely inefficient for a location system to 
require the telephone to initiate periodic voice chann~l· 
transmissions. Second, each voice chann~l transmission adds 
a call record in an associated billin~ system. Therefore, a 
larqe burden would be placed on the billing system if the 
location system were to require periodic voice channel 
transmi_ssions. In contrast, control channel transmissions 
already occur periodically ;n cellular"systems. Thus, the 
present invention is compatible with. existing cellular . 
telephone protocols and would not require the cellular system 
or the individual cellular telephones to be modifie~. Third, 
since the frequency of control channel transmissions is 
software controllable,·· a location system in accordance ·with 
the present invention could control the frequency o~ control 
channel transmissions and .offer~different subscrlbers 
different location information update rates.: Fourth, anoth~r 
advantage afforded by mon-itoring control channel, 
transmissions is in. -connection· with energy. efficiency. 
Control channel transmissions are very short and require 

. . . 
little power in comparison to voice channel transmissions. 
Accordingly, requiring periodic voice channel transmissions 
would cause a significant battery drain in the individual 
cellular telephones. This is avoided by monitoring control 
chann~ls. 

Accordinqly, there are significant advantaqes 
af~orded by monitorinq periodic control channel transmissions 

·to automatically locate mobile cellular telephones. However, 
monitoring control channels requires detection of such weak, 
short duration siqnals that have travelled large distances 
{for example, twenty-five miles).· The present inventors have 
developed highly sophisticated signal processing methods and 
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apparatus to detect extremely brief, low power control 
channel siqnals. Both the concept of monitorinq periodic 
contr.ol channel transmissions, as opposed to voice channel 
transmissions, and the particular way in which this function 
is carried out represent siqnif icant technoloqical · 
advancements. 

An exemplary embodiment of the present invention 
comprises at least ~ee cell site systems and a central site 
system. Each cell site system comprises. an.elevated qround­
based antenna; a baseband conv.ertor for receivinq cellular 
telephone siqnals transmitted by the cellular telephones and 
providinq baseband siqnals derived from the cellular · 
telephone siqnals; a timinq siqnal receiver for receivinq a 
timinq siqnal common to all cell sites; and a samplinq 
subsystem for samplinq.the baseband siqnal arid formattinq the 
sampled signal into fr~es of digital data. Each frame 
includes a prescribed number of data bits and time stamp . . 
bits, wherein the time stamp bits represent the time at which 
the cellular telephone siqnals were received. The central 
site system comprises means for processinq the frames Of data 
from the cell site systems· to qenerate a table identifyinq 
individual cellular telephone siqnals and t~e differences in 
times of arrival of the cellular telephone siqnals amonq the 
cell site systems; and means for determininq, on the basis of 
the times of arrival, the locations of .the cellular 
telephones responsible for the cellular telephone siqnals. 

In one preferred embodiment of the invention, the 
central site system comprises a ~orrelator for cross- . 
correlatlnq the data bits of eaCh frame from-one cell site 
with the correspondinq data bits of each other cell site. In 
addition, t~is preferred embodiment comprises a database for 
storinq location data identifyinq the cellular telephones and 
their respective locations, and.means for providinq access to 

· the database to subscribers at· remote locations. The ~ystem 
also comprises means for p~ovidinq location data to a 
specific cellular telephone user upon request by usinq, for 
example, .cPDP without settinq up a·voice·call ("CPDP" 

' 
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-represents the Cellular Packet Data Protocol, ·Which involves 

sendinq data over voice channels when the voice channels 
would not otherwise be in iuse). The latter feature is 
especially useful in connection with laptop or hanclheld 
computers havinq cellular modems and mappinq software. 

Embodiments of the invention may also 
advantaqeously include means for merqinq the location data 
with billinq data fpr the cellular telephones and qeneratinq 
modified billinq data. In this embodiment, the billinq data 
indicates the.cost for each telephone call made by the 
cellular telephones within a certain time period, the cost · 
beinq based upon one or more predetermined billinq rates, and 
the modified billinq data is based upon a different rate .for 
'.calls made from one or mor~ prescribed locations. For 
example, the system may apply a lower billinq rate for 
telephone.calls made.from a user's home or office or other 
qeoqraphic locale. 

Embodiments of the invention may also 
advantaqeously include means for transmittinq a siqnal to a 
selected cellular telephone to cause the.selected telephone· 
to transmit a signal over a control chan~el. . Such capability .. 
would ~llow the system to immediately locate that telephone 
without waiting for one of it~ periodic control channel 
transmissions. . .. 

In addition, embodiments of the. invention may 
comprise means for automatically sendinq location information 
to a prescribed receivinq station in response to receiving a 
distress siqnal from a cellular telephone. With this 
capability, emerqency assistance may be provided to a user in 
distress. For example, when a user dials "911" the system 
would automatically tell an emergency dispatcher the us.er' s 
location. 

Another element of a pref erred embodiment is a 
means for comparing the current location of a.qiven telephone 

-~~ with a prescribed range of locations and· indicatinq an ala:t'lll 
·. condition when the current location is not within the 

prescribed ranqe. such an element could be used, for 

. This l~iiil iii1IT!1il1iii~ 
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example, to notify a parent when the child, who borrowed the 

parent's car and cellular telephone to "got~ the mall," has 

in fact gone somewhere else. Of course, many other 

applications of such. an alarm function are possible. 

Yet another element of a pref erred embodiment is a 

means for detecting a lack of signal transmissions by a qiven 

telephone and in response thereto automatically paging the 

given telephone to cause it to initiate a siCJDal 

transmission. This would allow the system to locate a 

telephone that has failed to reqister itself with the 

cellular system. Such a lack-of-siqnal-transmission 

detection feature couid.be used, for example, to qenerate an 

alarm for subscribers at remote locations. 
In_addition, preferred embodiments may also include 

means for estimatinq a time of arrival of a qiven telephone 

at a prespecif ie~ location. This would be useful, for 

example, in connection.with a public transportation system to 

provide quasi-continuous estimated times of arrival of busses 

alonq established routes. Of course, many other applications 

of this feature are also possible. 
Embodiments of the present invention may also 

comprise means for continuously trackinq a qiven telephone by 

receiving voice siCJDals transmitte~ by the qiven telephone 

over a voice channel and determininq the location of the 

q"i ven telephone on the basis of the voice signals. This 

voice channel tracking could be used.•s an adjunct to control 

channel trackinq. This feature would require the location 

system to track the channel assignment of each telephone 

whose location is to be determined. The tracking of channel 

assiqnments by the location system could employ the dynamic 

channel assiqnment protocol emi>loyed by the cellular system. 

The present invention also provides methods ·tor 

determininq the location of ·one or more mobile cellular 

telephones. such methods comprise the steps of: (a) 

receiving the signals at at least thr~e qeoqraphically­

separated cell sites; (b) processinq the siCJDals at each cell 

site to produce frames of data, each frame comprising a 

1 6 JUL~ 
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prescribed number of data bits and time stamp bits, the time 

stamp bits representing the time at which the frames were 

produced at each cell site; (c) processing the frames of data 

to identify individual cellular telephone signals and the 

differences in times of arrival of the cellular telephone 

signals among the cell sites; and (d) determining, on the 

basis of the times of arrival, the locations of the cellular 

telephones respo~sible for the cellular telephone signals. 

One preferred embodiment of the inventive method 

comprises estimating the location of a cellular telephone by 

performing the following steps: (1) creating a qrid of 

theoretical points covering a prescribed geographic area·, the 

theoretical points being spaced ~t prescribed increments of 

latitude and longitud~; (2) calculating theoretical values of 

time delay for a plurality of pairs of cell sites; (3) 

calculating a least_ squares difference (LSD) value based on 

the theoretical time delays and measured time delays for a 

plurality of pairs of ·cell sites; _(4) searchi'1CJ the entire 

grid of theoretical points and determining the best 

theoretical latitude and longitude for which the value ot LSD 

. is minimized; and (5) starting at the .best theoretical 

latitude and longitude, performing· another linearized­

weighted-least-squares iteration to resolve the actual 

latitude and lonqitude to within a prescri~ed number of 

A degrees or fraction of a degree. Prefer~bly, th~ calculating 

step (2) comprises accounting for any known site biases 

caused by mechanical, electrical, or environmental factors, 

the site biases determined by periodically calculating the 

positions of reference cellular transmitters at known 

locations. 
In addition, the least ·squares difference is 

preferably given by: 
2 LSD = [Q12 (Delay_T12-Delay_012) + Q13 (Delay_T13-

z . 2 
Delay_o13) + ~ •• <2xy(Delay_ Txy-Delay_oxy> ] 

whe~e, Delay_Txy represents the theoretical delay between 

cell sites x .and y, x and y being indices representative of 

cell sites; Delay_oxy·repr~sents the observed delay between 
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cell sites x and y; Oxy represents a quality factor for the 
delay measurement between cell sites x and y, the quality 
factor beinq an estimated measure of the deqre• to which 
multipath or other anomalies may have ~ffected a.p~rticular 
delay measurement. 

Further, the inventive method may advantaqeously 
include detectinq a first leadinq edqe of a cellular 
telephone siqnal and rejectinq subsequent leadinq edqes of 
the cellular telephone siqnal. This allows the system to 
reduce the effects of multipath. 

In addition, preferred embodiments include 
estimatinq the velocity (speed a~d direction) of a cellular 
telephon~ by perf ormi~q steps similar to those performed for 
location estimation, including:· (1) creatinq a qrid of 
theoretical points c·overinq a prescribed ranqe of velocities, 
the theoretical points being spaced at prescribed increments; 
(2) -calculatinq theoretical values of frequency difference 

·for a plurality of pairs of cell sites; (3) calculatinq a 
least squares difference (LSD) value based on the theoretic~!· 
frequ•ncy differences and measured frequency di~ferences for 
a plurality of pairs of cell sites; (4) searching the entire 
grid of theoretical points and determining the best 
theoretical velocity for which the value of LSD is minimized; 
and (5) starting at the best theoretical velocity,_ performinq 
another lineari~ed-weighted-least~squares iteration to 
resolve the actual velocity to within a prescribed tolerance. 

Other features of the present invention are 
described below. 
BRIBI' DZSCRZPTIOK OP !'BB DRAWIKGS 

Fiqure lA is a depiction of an exemplary frequency 
reuse pattern employed in a cellular telephone system. 

Fiqure lB is a $C~emati~ depiction of an exemplary 
~annel assiCJDlllent pattern where cell sectoring is employed~ 

FigQ.re lC is a schematic depiction of the basic 
components of a cellular telephone system. 
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Fiqure 2 is a schematic diagram of a cellular 

telephone location system in a·ccordance with the present 

invention. 
Figure 3 is a block diagram of one pref erred 

embodiment of a cell site system 12. 

Figure 4 is a block diagram of one pref erred 

embodiment of a baseband converter 12-3. 

Figure 5 is a schematic diagram of the data format 

provided by a format block 12-5 •. 

Figure 6 is a block diagram of one preferred 

embodiment of a central.site system 16. 

Figure 6A is-block diagram of a correlator for use 

in the central site system 16. 
Fiqure 7 is a simplified flowchart of a preferred 

·operating sequence of the central site system. 

Figure 7A is a-block diagram depicting exemplary 

embodiments of cell site.systems employed in a location 
' . 

system which performs cross-correlations at the cell sites. 

Figures SA-SE are a flowchart of the operation of 

the cell site system 16 in obtaining correlation data,- time 

delay and frequency difference {TDOA, FDOA) data, and 

calculating the location of a ce,llular telephone on the basis 

of such data •. 
. Figure. 9 is a schematic diagram of a process for 

generating a modified billing tape in accordance with the 

present invention. 

DBTAZLBD DBSCRXPTIOB OP PRBPBRRBD BllBODXXB!l'lS 

overvi-
Pref erred embodiments of the present inventi~n 

comprise a network of receivers located at multiple cell 

sites in a cellular system. These receivers listen to the 

mobile control channel commands/responses normally occurring 

in the cellular system and estimate the physical location of 

each cellular telephone operating within the system. .Based . 

upon the known identity of each telephone, obtained from 

listening to the control channel, and the estimated physical 

~ocation. of the telephone, the system provides a continuous, 
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real time data stream to a database. The database may be 

collocated with the cellular switch or may be in some other 

convenient location. The data stream provided to the 

database comprises a set of numbers, the first number beinq 

the telephone number of the telephone, the second number 

beinq the estimated latitude, lonqitude, and altitude of the 

transmitter, and the third number beinq the time stamp of the 

measurement. The database software that processes the data 

stream may be maintained by the operator of the location 

system rather than the operator Of the cellular telephone 

system, if the two are not the same. 

The location system operates by usinq the 

frequencies assiqned to the control channels of the cellular 

system. Cellular telephones use these control channels to 

maintai_n reqular contact with the cellular system, with the 

time between each contact beinq typically no more than thirty 

minutes and generally about t•n minutes. Each control 

channel comprises a 10 kbps Manchester encoded data stream. 

There is only one control channel used per cellular sector or 

omni cell site. The location system is capable of 

functioninq by listeninq only to.the control.channel 

broadcasts of the cellular telephones; it does not depend.on 

control channel broadcasts from the cell sites. The location 

system pref e~ably comprises equipment that is located atop 

cellular towers (although the equipment may be located on 

other tall structures), in the ·equipment enclosure at cells 

sites, and at the central switch site($). 

Referrinq now to Fiqure 2, a cellular telephone 

location system in accordance with the present invention 

comprises at least three, and preferably more, cell site 

systems 12a, 12b, 12c, 12d. (It should be noted that this 

fiqure, as well as the other fiqures, is simplified in that 

some elements and interconnections have been omitted. 

, However, the instant specificati~n and attached drawinqs are 
. . 

sufficient to enable one skilled in the art to make and use 

.the invention disclosed herein.) Ea~h cell site system may 

be located at a cell site of the· cellular telephone system; 
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however, this is not required since additional antenna and 
receiving equipment could be deployed at locations not well 
covered by cell sites. 
cellular telephone ioa. 

Fiqure 2 also shows a user with a 
As described below, each cell site 

system includes an antenna that may be mounted on the same 
tower or building as the antenna employed by the cellular 
telephone.system. In addition, each cell site system 
includes equipment (described below) that may be housed in 
the equipment enclosure of the. corresponding cell site. In 
this manner, ~he cellular telephone location system may be 
;overlaid on ~e cellular telephone system and thus may be 
implemented inexpensively. The cell site systems 12a, 12b, 
12c, 12d ~re coupled via communication links 14a, 14b, 14c, 
14d (for example, Tl communication links) to a central site 
16. The central site 16 may be collocated with.the cellular 
telephone system's MTSO. The central site 16 may include a 
disk storage device 1s. 

The central site 16 is further coupled to a 
database 20, which may be remotely l.ocated from the central 
site and made availabl~ to subscribers. For example, Figure 
2 depicts a first terminal 22 coupled via a modem (not shown) 
and telephone line to the database 20; a second terminal 24 
in radio communication with the database 20; and a third, 
handheld terminal 26, which-is carried_by a.user who also has 
a cellular telephone lOb, in radio communication with the 
database. The user with the cellular.telephone 10b and 
handheld termina1·26 may determine his own location by 
accessing the database. The handheld terminal 26 may include 
special mapping software for ~isplaying the user's location, 
for example, on a map, on-the tex:minal 26. Moreover, the 
cellular telephone and handheld terminal could be combined 
into one unit. 
Call· Sit• systems 

Figure 3 is a block diagram of one.presently 
preferred embodiment of a cell site system 12. Before 
discussing the exemplary cell site system depicted in this 
fiqure, it should be noted that there are two alternative 
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preferred embodiments for the equipment· at each cell site, 
with the particular embodiment for a particular cellular 
system dependent upon desired cost. 

The first embodiment is the most preferred 
embodiment, and comprises (1) an antenna suited for receiving 
signals in the cellular frequency band; (2) a low delay 
bandpass filter with a bandwidth of 630 KHz located within 
ten to fifteen feet of the cellular antenna for removinq 
adjacent channel interference; (3) an amplifier of sufficient 
gain to compensate for cable loss in the·distance from the 
amplifier to the next filter, which is typically the height 
of the antenna tower plus any horizontal distance over which 
the cable is routed; (4) a set of twenty-one individual low 
delay bandpass filters, each with a bandwidth of 30 KHz 
ce~tered about one of th~ ~wenty-one control ch~nnels; and 
(5) a set of twenty-one automatic gain control.circuits with 
a dynamic range of 70 _dB (note that not all of these 
components are depicted in Figure 3). This embodiment is 
preferred because of its super-ior interference discrimination 
and .rejection. 

The second embodiment comprises (1) an antenna 
suited for receiving s~gnals in the cellular frequency band; 
(2) a low delay bandpass filter of bandwidth 630 KHz located 
within ten to fifteen feet of the cellular antenna for 
removing adjacent channel interference; (3) an amplifier of 
sufficient gain to compensate for cable loss in the distance 
from the amplifier to the-next filter, which is.typically 'the 
height of the antenna tower plus any horizontal distances 
over which the cable is routed; (4) a second low delay 
bandpass filter of bandwidth 630 KHz; and (5) an automatic 
gain control circuit with a dynamic range of 70 dB. 

Referring now to Figure ·3, one exemplary embodiment 
of a cell site system 12 includes a first antenna 12-1 that 
is mounted at an elevated location, preferably on the same 
structure employed by the cellular telephone system to mount 
a cell site antenna •. The first antenna 12-1 may be 

independent of the cellular system or aay be ·the antenna 
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employed by the cellular system; i.e., the location system 
may take a fraction of the signal from the cellular system's 
antenna. A filter/AGC element 12-12 could advantageously be 
located near the antenna 12-1. This would reduce ~abie 
losses caused by conducting the RF signal over coaxial cable 
from the antenna to the cell site receiving equipment. The 
cell site system 12 further includes an amplifier 12-2 (as 
discussed above, the amplifier 12-2 may advantageously 
inclµde sets of filtering and AGC circuits, one for each 
control channel); a baseband converter·12-3; a sample block 
12-4, which includes an upper sideband sampler and a lower 
sideband sampler; a format block 12-5 (which may be 
implemented in software); a second antenna 12-6, used to 
receive timing data, for example, from a global positioning . . 
·system (GPS); an amplifier 12-7; a timing signal (for 
example, GPS) receiver.12-8; an automatic gain control 
(AGC)/control block 12-9;. a 5 MHz oscillator 12-10; and a 
computer 12-11. The cell site system 12 is coupled-to :the 
central site 16 (Figure 2) via a communications· line 14. 

The cell site system 12 receives.one or.mor~ 
cellular telephone signals.transmitted over a control channel 
f~om one or more cellular telephones, converts these signals 
to baseband signals, samples the baseband signals (wherein 
the sampling frequency. is determin•d by a clock signal 
provided by AGC/control block 12-9), and formats the sampled 
signals into frames of data of a prescribed format. The 
format of the data frames is described below with reference 
to Figure s. The data frames are processed at the central 
site as described below. 

The 5 MHz oscillator 12-10 provides a common 
reference frequency for all cell site equipment. Its 
.frequency is controlled by. the co~troller 12-9 based on 
me~surements made by the controller of the time interval 
between reception of the one second mark signal from the 
timing siqnal·receiver 12-8 and an internally generated one 
second mark signal. 
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The computer 12-11 performs three distinct· 
functions concurrently: 

(1) It reads the output of square law 
detectors 54 and 60 inside the baseband converter 12-3 (see 
Fiq. 4 and discussion below) and then calculates the proper 
control siqnals to be sent to filter boards 48 and 50 (Fiq. 
4) to adjust the qain and attenuation on these boards with 
the qoal of maintaininq their output power at a constant 
level. 

(2) It receives a siqnal at each occurrence 
of a one second mark si"qnal from timinq siqnal receiver 1.2-8. 

At this time, it reads from controller 12-9 the difference in 
times of arrival of the one second mark s~qnal from the 
timinq siqnal receiver 12-8 and a correspondinq one second 
mark siqnal internal to controller 12-9. The one second mark 
siqnal internal to the controller 12-9 is qenerated from the 
5 MHz oscillator .12-10. ·The computer then calculates a 
siqnal to be sent back to the.5 MHz oscillator to alter its 
frequency of oscillation with the qoal of causinq the ~iming 
receiver's one second mark siqnal and the internally 
qenerated one second mark .siqnal to occur simultaneously. 

(3) It calculates the information to be 
encoded in the status bits (see Fig. 5) and sends that 
information to the controller 12-9. 

Referrinq to Figure 4, one preferred embodiment of 
the baseband converter 12-3 includes an RF input connector 30 
to which the elevated qround-based antenna 12-1 (Fig. 3) is 
connected (via amplifier· 12-2 a~d filter/AGC 12-12), followed 
by an attenuator 32 and ·bandpass filter 34, which sets the 
level and restricts the frequency response of the baseband 
converter •. The filter 34 is followed by a sinqle sideband 
mixer 36 that mixes the RF frequency down to a first IF 
frequency by action of a local. oscillator siqnal from buff er 
amplifier 38. The IF frequency in the preferred embodiment 
is in the vicinity of 10 MHz. The output of the buffer 
amplifier 38, in addition to beinq directed to mixer 36, is 
also directed to the divider 42, where it is compared with a 
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5 MHz reference frequency from the controller 12-9 (Fiq. 3). 
The output of divider 42 i~ used to control the frequency qf 
an oscillator 40 so that the collective.action of oscillator 
40, divider 42, and buffer amplifier 38 provides a local 
oscillator siqnal that is phase locked to the S MHz reference 
frequency from the controller 12-9. · The signal at the first 
IF frequency is then directed to _sinqle sideband mixer 44, 
where it is mixed down to a baseband frequency by the action 
of a computer controlled synthesizer 46. Synthesizer 46 is 

J, also phase locked to the s MHz siqnal from the controller. 
The upper sideband (USB) output of mixer 44 is then directed. 
to filter/automatic gain control (AGC) amplifier 48, where it 

·is filtered and its power is continually adjusted to a 
nominal value. The lower sideband (LSB) output of mixer 44 
is similarly acted upon by filter/AGC amplifier so. The 
output of the filter/AGC amplifier 48 includes a 375 KHz 
signal at o dBm directed to the upper sideband s·ampler (which 
is part of sample.block 12-4) on wire S2, a separate output 
at -22 dBm· directed to a square law detector 54, and a 

~ ·separate output directed to a front panel monitor (not 
shown). The output of the filter/AGC amplifier 50 includes a 
37S KHz siqnal- at o dBm directed to the lower sideband 
sampler on wire 64, a separate output at -22 dBm directed to 
a square law-detector. 60, and . ..-separate output directed to 
the front panel monitor. The baseband converter .. 12-3 also 
includes a power distribution board 57 that provides power to 
the filter/AGC circuits 48, so. 

Fiqure 5 depicts a. presently preferred format of 
the data provided by the format block 12-S to the central 
site 16 (Figure 2) via the communications line 14. As shown, 
the format block 12-S provides approximately 1.536 Mbps of 
data to the communications tine. Each frame includes 64 sync 
bits, 48 status bits, 60 kb of sample data (l.S.Mbs divided 
by 25 frames per second), and approximately 3,6 kb of 
"filler" data. The l.S Mb of sample data represent the upper 
sideband and lower side signal samples. The status bits 
include a time stamp representing the exact time the frame of 
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data was created (which is essentially the same as the time 
the RF siqnal was received at the cell site in question). 
central Sita system 

Fi_qure 6 is a block diaqram of the central site 
system 16. In one preferred embodiment, the central site 
system includes sixteen data inputs each connected to a Tl 
channel from one of the cell sites. Each data input is 
connected to interface/deformattinq circuitry 16-1 (for 
example, a Tl CSU) which receives the bipolar Tl siqnal and 
outputs data bits and a clock siqnal. The data bits from 
each channel are clocked into a FIFO 16-2 by the clock siqnal 
from that channel. A· computer 16-8 selects two of the 
channel FIFOs throuqh a "select 2 of N" switch 16-3. A 
sample read-clock 16-4 is controlled by the computer 16-8 and 
a RAM control 16-5 to read sample bits from the_previously· 
selected FIFOs. · The output of one selected channel FIFO is 
cal~ed "DATA A, •i and t.he output of the other selected channel 
FIFO is called "DATA B. 11 For the DATA B samples, a ' 
quadrature Channel is calculated by means Of an approximate 
Hilbert transform in tl_le quadrature·channel qenerator 16-6, 
resultinq in in-phase output Bl and quadrature phase output 
82. A complex correlator 16-7 is then used to calculate the 
correlation coefficient of the DATA A and DATA Bl siqnals, 
~nd the DATA A and DATA B2 signals, as a function of the time 
delay introduced between the DATA A, DATA Bl and DATA A, DATA 
B2, respectively. The·complex correlator may be implemented 
in hardware or software, or a comb·ination of hardware and 
software, althouqh hardware is.presently preferred because it 
provides qreater processinq s~eed. (One exemplary embodiment 
of the complex correlator is d~scribed.below with reference 
to Fiqure 6A.) The computer 16-8 is used to read the 
resultinq correlations peri~dically. The correlation 
process, comprisinq switchinq the select 2 of ~ switch, 
readinq the FIFOs, qeneratinq quadrature samples, and . . . . 

correlation, is fast enouqh that a sinqle complex correlator 
. 16-7 can be used to sequentialiy process all pairs amonq the 
sixteen data input channels. 
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Because cellular siqnals are qenerally weak (e.q., 

as weak as 6 mW at the cellular telephone), a reliable and 
accurate method is required to detect the siqnal at as many 
cell sites as possible, and then to accurately time the same 
edqe of the received siqnal at each cell site. This ability 
to accurately time the arrival of the siqnal is critical to 
calculatinq the delays between pairs of cell sites, and 
therefore to calculate position. 

Referrinq now to Fiqure 6A, the predetection cross­
correlation method employed in preferred·embodiments of the 
present invention involves inputtinq a sampled stronq 
cellular siqnal from a first cell site to an input 72 and 
inputtinq a delayed s~mpled cellular siqnal from any of 
second, third, fourth·, etc., cell sites to an input 70. The 
cor~elator may be ~odi•d.in ~ither hardware o: software, as 
economics dictate for a particular system. The correlator 
preferably includes si:xteen channels of shift reqisters 74, 
two-bit multipliers 76, and counters 78. Multiple 
correlators may be used in series, with each correlator 
passinq bits throuqh its shift reqister to the next . 
correlator, creating multiple delay channels. 

The sampled cellular siqnal. from a second cell site 
is input to the chained shift reqisters. 74. The. outputs. from 

· the reqisters are then applied simultaneously to ali two-bit 
multipliers. For each delay channel, the signal input at 70 
delayed by a prescribed number of sample periods is applied 
to each multiplier alonq with the sampled cellular siqnal · 
input at 72.· The outputs of the multipliers 76 are input to 
summation circuitry, comprisinq twenty-four-bit counters 78. 
The output of each counter is proportional to the strenqth of 
the cross-correlation for a particular relative delay. 

By using· a plurality of d~lays, or correlation 
channels, a larqe range of relative delays can be measured 
simultaneously. The number of "lags" required is based.upon 
the qeoqraphic area to be searched, in terms of position 
determination, the speed of li;ht, and th~ bandwidth of the 
received siqnal beinq appl·ied to the correlator. For 
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example, in the embodiment described above, the control 
channels are grouped into an upper and lower sideband, each 
with-a bandwidth of 375 KHz. This signal must be sampled at. 
the minimum Nyquist rate or greater, for example,_750 Kbps. 
If an area of 100 kilometers is to be searched, the number of 
lags required is 

2 x 100 kilometers x 750 , 000 s-1 = 500 lags 
3 x 105 kilometers/sec 

As discussed above, another embodiment employs 
individual receivers for each cellular control channel. If 
this signal were sampled at 71.428 KHz, the number of lags 
required would be: 

2 x.100 ki-lometers x 71,428 s-1 = 48 lags · 
3 x 105 kilometers/sec 

Location system Operation 
1. overview 

Figure 7 is a simplified flowchart of the · 
processing performed by the central site system 16.. (A 
detailed flowchart of the signal processing is provided by . . 

Figures BA-SE.) First, this system receives a frame of data 
from each of the cell sites. Next, each frame from a given 
cell site (or the sampled signal portion of each frame) is 
cross-correlated with each corresponding frame (or the sample 
portion of each other frame) from the other cell sites. (The 
term •correspondinq" refers to· frames b~ing assoc;:iated with 
the same interval of time). Next, the system generates a 
table of data identifying the individual signals received by 
the cellular telephone location system during the interval of· 
time represented by the frames o~ data currently being 
processed, the individual signals being represented by the 
·1etters "A", ·"B", "C" in Figure 7. The table further 
identifies the times of arrival of the signals at each cell 
site. These times of arrival are represented by the 
subscrtpts "Tl",. "T2", "T3". The system therefore identifies 

This iG ttie replacstnoot sheet. . . . 

1 6 JUL 1996 
.Date: 



- 23 -

the signals received from one or more cellular telephones 
during a certain interval of time, and further identifies the 
time· that such signals arrived at the respective cell sites •. 
This information is then used to calculate time difference of 
arrival (TDOA) and frequency difference of arrival (FDOA) 
data, the latter being employed to estimate velocity. This 
data is then filtered to remove points the system judges to 
be erroneous. Next, ·the filtered TDOA data is employed to 
calcl,llate the location (for example, in terms of latitude and 
longitude) of the individual cellular telephone responsible 
for each signal A, B, c. Next, the system decodes t~e 
telephone number corresponding to each cellular telephone 
whose location has been determined. The decoding of the 
telephone number may be accomplished with software in 
computer 16-8 or in hardware (not shown) located at the cell 
sites. The system employs the strongest sample (highest 
power) of each siqnal ~o· determine its telephone number. 
Thereafter, the location and telephone number data for each 
telephone is written to the database 20 or stored loc~lly via 
the local disk storage device 18 (Fiqure 2). Finally, the 
data may be pro~ided to a user, dispatcher, or billing 
system. The fields (data)" sent to the user; dispatcher, or 
billing system would preferably include the data bits· 
representing· .the- dialed digits, the status bits, ·and the 
message type from the standard cellular control channel 
message. The data bits could be used by_ the user or a 
dispatcher to send coded messages to a display terminal. 
Thus, in addition to the location services, the location 
system could provide a limited fo~ of messaging at no 
incremental cost. 

It· should.be noted that the expression "time 
difference of arrival," or TDOA, may refer to the time of 
arrival of a cellular telephone siqnal at one cell site (for 
example, cell site A) as determined by a clock reading· at 
that cell site minus the time of arrival of the same cellular 
telephone signal at a second cell site (cell site B) as 
~etermined by a clock reading at the second cell site. This 
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analysis would be carried out for all pairs of cell sites A, 
B. However, the individual times of arrival need not be 
m•asured; only the difference between the signals' times of 
arrival at the cell sites of a given pair is required. In 
addition, frequency difference of arrival, or FDOA, refers to 
the frequency of the cellular signal at a first cell site 
(cell site A), measured by comparison (effectively) with the 
cell site's 5 MHz oscillator signal, minus the same quantity 
~or another site (cell site B).. The TDOA data may be used to 
estimate the latitude and longitude of the cellular telephone 
by calculating that latitude and longitude for which the sum. 
of the squares of the difference between the observed TDOA 

· and the TDOA calculated· on the bas.is of the cell site 
geometry and the assumed cellular telephone location is an 
absolute minimum, where the search of trial latitudes and . . 

longitudes extends over the entire service area of the 
system. The FDOA data may be used to measure the velocity 
(speed and direction of motion) of the cellular telephone. 
The velocity estimation may be carried out in manner similar 
to the location estimation. 
2. . control Channel •ignal Detection 

The inventive method for detecting extremely weak 
control channel signals has two preferred embodiments, the 
selection of-which is dependent on the desired capital and 
operating costs for implementing any particular system. Both 
methods compensate tor the variability of a particular 
cellular signal. That is, a transmission on the control 
channel is comprised of multiple fields, ·such as the cellular 
telephone number, the electronic serial number; any dialed 
digits, the message type~ and status and other bits, which 
make a cellular signal variable. Therefore, the signal 
cannot. be ·.compared aga,inst . any stored signal because each 
transmission is potentially unique. 

In method one, the ce11·site systems. are of highe~ 
·. capital cost, but the communication links are of lower speed, 

for example, 56 Kbps,· and therefore lower operational cost. 
Figure 7A schematically depicts this method by illustratinq 

..... I 
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the functional components of the cell site systems. In this 

method, cross-correlations are performed at the cell sites in 

the following manner. For each "strong•~ signal (e.g., signal 
"A") received on a particular control channel at a particular 
first cell site (where "strong" is at least several dB above 

the noise level), that strong signal is first applied to a 
signal decoder, suc_h as that used by the cellular system 
itself. This decoder demodulates the cellular signal to 
produce the original digital ~it stream which had been 
modulated to produce the cellular signal. If the decoder 
cannot demodulate the digital stream within allowable error 
thresholds, this strong signal is rejected as a starting 
point for _the remaining part of this process. This digital 
bit stream is then modulated by the cell site system to 

recons~ruct the original signal waveform as it ~as first 
transmitted.by the cellular telephone. This reconstructed 
signal waveform.is cross-correlated against the received 
signal at the first cell site. The cross-correlation 
produces a peak from which an exact time of arrival can be 
calculated from a pred~termined point on the peak. 

The first_cell site system. then sends the 
demodulated digital bitstream and the exact time.of arrival 

to the central site over the communications line. The 
central site then distributes the demodulated diqital bit 
stream and the exact time of arrival to other cell sites 
likely to have also received the Cellular transmission. At 
each of these other second, third, fourth, etc., cell sites, 
the diqital bit stream is modulated by the cell site system 
to reconstruct the original signal waveform as it was first 

·transmitted by the ·cellular tele~hone. This reconstructed 
signal waveform is cross-correlated aqainst the signal 
received at each cell site ~uring the same time interval~ In 

this case, the same time interval refers to a period spanning 

s~veral hundred to several thousand micros~conds of time in 
either. direction from the time of arrival of the strong 
signal at the first cell site. The cross-correlation may or 

may not produce a peak; if ·a peak is producedf an exact time 

This I iii~ iU1i1Ml1iii~ 
Date: 1 6 JUL 1996 



~ 21 -

of arrival·can be calculated from a predetermined point on 
the peak. This exact time of arrival is then sent via the 
communications line to the central site, from which a delay 
difference for a particular pair of cell sites can be 
calculated. This method permits the cell site systems.to 
extract time of arrival information from an extremely weak 
siqnal reception, where the weak ~i.qna:l may be above or below 
the noise level. In addition, cross-correlatinq at cell 
sites enables the cell site systems to detect a first leadinq 
edqe of a cellular telephone siqnal and to reject subsequent 
leadinq edqes·caused by multipath. The value of this 
technique for reducinq the effects of multipath will be 
appreciated by those skilled in.the art. This method· is 
applied iteratively to sufficient pairs of cell sites for 
each stronq siqnal received at each cell site f~r each sample 
period. For any qiven telephone transmission,. this method is 
only applied once. The results of the delay pairs for each 
siqnal are then directed to the location calculation 
alqorithm. 

In method two, the cell site. systems are of. 
relatively low cost, as they are p~imarily responsible for 
samplinq each of the control channels and sendinq the sampled 
information back to the central site. However, because no 
correlation is performed.at the cell site, all sampled data 
must be sent back to the central site. This requires a hiqh 
speed communications line, for example, a Tl line. The 
central site receives data from all cell sites .over identical 
communications lines, where the data has been sampled and 
time stamped us~nq the same time reference (derived from 
timinq receiver). This method is applie~ iteratively to 
sufficient pairs of cell sites for each stronq siqnal 
received at each cell site for ea~h sample period. This 
metho~ is only applied once for·any qiv~n telephone 
transmission. The results of the delay pairs for each siqnal 
are then directed to the location calculation alqorithm 
described below. 
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3. Location calculation 
A preferred algorithm used for calculating the 

· location of a cellular telephone is an iterative process. 
The first step of the process involves creating a_grid of 
theoretical points covering the geographic area of the 
cellular telephone system. These points may be, for example, 
at ~ minute increments or some other increment of latitude 
and longitude. From each of these theoretical points,· the 
theoretical values of delay are calculated for each relevant 
pair of cell sites. In calculating the theoretical values of 
delay, any known site biases are incorporated into_ the 
calculation. Known site biases ~an be caused by any n'Umber 
of mechanical, electrical, or environment factors and may 
vary from time to time. Tne site biases are determined by 
periodically locating the positions of reference cellular 
transmitters. Since the reference transmitters are, by 
definition, at known locations, any variance in the 

. calculated position ·of the transmitter from the known . 
position is assumed to have been caused by permanent or 
temporary site biases. These site biases are assum~d to als9 
affect the measurements of the unknown positions of cellular 
~elephones. 

Once ·the theoretical.delays are calculated- from 
each theoretical point on the grid, a. least squares 
difference calculation.is performed b&tween·the theoretical . . 

delays and the actual observed delays for each pair of cell 
sites for which delays could be determined by· correlation. 
The least squares calculation takes into consideration a 
quality factor for each actual delay measurement~ The 
quality factor is an estimated measure of the degree to which 
multipath or other anomalies may have affected that 

. particular delay measureme~t. (~his quality factor is 
described below.) Therefore, the least squares difference 
equation take~ the 

LSD·= 

.. 
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where, Delay_Txy is the theoretical delay between cell sites 
x an~ y; Delay_oxy is the observed delay between cell sites x 
and y; Qxy is the quality factor for the delay measurement 
between ·cell sites x and y; and LSD is the least squares 
difference value that is absolutely minimized over the 
cellular system's qeoqraphic area. 

The algorithm searches the entire. qrid of 
theoretical points and determines the best theoretical point 
for which the value of LSD is minimized. Startinq at this 
best theoretical latitu~e-lonqitude, the alqorithm then 
performs another linearized-weiqhted-least-squares it_eration 
similar to the above-described process to resolve the actual 
latitude-lonqitude to within 0.0001 deqrees, or any other 
chosen resolution. By performinq the calculation of 
latitude-lonqitude ~n two st•ps, the amount of processinq 
required may be qreatly-~educed over other approaches. 

Those familiar with the art will note that this 
iterative method of determining position automatically 
incorporates geometric dilution of precision (GOOP) 
considerations into the calculation of the position of the 
cellular telephone. That·is, no separate GOOP table is 
required since both iterations in the calculation of the grid 
of theoretical delay values also calculate error values. 

Cellular telephone signals are subject to multipath 
and other impairments in travellinq from the cellular 
telephone to the various cell sites. '1,'herefore, the methods 
described herein incorporate compensation for multipath. As 
described above, the symbol rate of the diqital bit stream of 
the cellular control channel is 10 Kbps, which has a bit time 
of 100 microseconds. Published multipath studies have shown 
typical multipath delays of 5 to 25 microseconds in urban and 
suburban settings. The present inventors have discovered 
that the typical effect of multipath in this case would be to 
lenqthen the bit times of the diqital data streams and that 
the correlation alqorithms described above can determine the 
deqree to which a particular transmission has been impaired. 
·As mentioned above, when a cross-correlation is performed, a 
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quality factor Qxy may be calculated based Upon the size Of 
the peak qenerated by the cross-correlation and the width of 
~e peak, where Qxy is the quality factor for ·a particular 
delay value measurement for a particular pair of cell sites. 
This quality factor is useful to weight the least squares 
calculation used in position determination and thereby 
mitigate the effects of multipath. 

Fiqures SA-SE are, collectively, a flowchart of the 
siqnal processinq employed by ~e location system to (1) 
obtain correlation data, (2) obtain time delay and frequency 
difference data; and ( 3) calculate location data. ·Ref erring .. 
now to Fiqure SA, which depicts the processinq employed to 
'obtain correlation data, the processinq beqins by making.a 
determination whether the received power is above a 
prescribe~ threshold at any cell site. If so, the complex 
correlator inputs are set to process that cell site's data as 
an autocorrelation, i.e. , . with both inputs set t·o receive the 
data from tlie same cell site. The system then waits until 
the correlator is finished.computinq the autocorrelation 
data. Thereafter, the autocorr•lation data is Fourier 
transformed to obtain power spectrum data. Next, the system 
determines· whi"Ch siqnal channels have transmissions and saves 
the results. Next, a time index is cleared, and then the 
system sets the correlator input "B" to receive data from 
another cell site, leavinq the "A" input unchanqad. The 
system then waits until the correlator is finished, and then 
saves the correlation results. Thereafter, the system makes 
a determination whether there is a "B" cell site that has not 
been processed yet. If so, the processinq branches back as 
sho"wn to process the data from that cell. site. If not, the 
system dete_rmines whether power is still_. beinq received; if 
not, this part of the processinq is finished; if so, the time 
index is incremented and the "B" channel cell site signals 
are processed aqain, as shown. 

·. The processinq performed to obtain time delay and 
frequency difference data is depicted in Fiqure SB. The 
system first sets a first index to a site index for the site 
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at which power was detected. Thereafter, a second index is 

set to another site. The time index is then· set to a first 

time. The correlation data is theri stored in a row of a two­

dimensional array, where the row number corresponds to the 

time index. Next, the system determines whether another time 

sample is to be processed; if so, the time index is 

incremented and the. system branches back as shown. If not, 

the data in the two-dimensional array is Fourier transformed. 

The transformed data is then searched for the highest 

amplitude. An interpolation is then performed to estimate 

the peak of the transformed data. The time delay and 

frequency difference re·sults are then saved. The system then 

determine~ whether the second index is to be incremented and, 

if so, branches back as shown. 
Figures SC-SE depict the location estimation 

process. Referring t·o Figure sc, the system first retrieves 

the observed delays an~ frequencies. The corresponding 

telephone information is then retrieved. Thereafter, the 

latitude and longitude are set to starting latitude, 

longitude values. Given the starting values, the system then 

calculates theoretical values of delays, taking account of 

site biases, if any. The system then obtains the·sum of 

squares of the observed delays minus the computed delays. 

This is denoted "X". The sys~em then determines·whether this 

is the smallest "X" obtained thus far. If not, the system 

branches forward as shown to increment the starting lonqitude 

value. If this is the smallest "X", the latitude is saved in 

"BEST_LAT" and the longitude is· saved in "BEST_LON". The 

system then determines whether ·another longitude and latitude 

should be tested. If not, the. system performs a linearized­

weighted-least-squares iteration step, starting at BEST_LAT 

and BEST_LON, to determine correction values "LAT_CORRECTION" 

and "LON CORRECTION". 
. - .. 

. Referrinq now to Figure so, the location 
. . . 

determination process is continued by.determining whether the 

magnitude of LAT_CORRECTION is less than 0.0001 degrees. 

Similarly, the system determines whether LON_~ORRECTION is 
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less than 0.0001 deqree. If either of these tests yields a 

neqative result, the value of LAT CORRECTION is added to 

BEST LAT and the value of LON_CORRECTION is added to 

BEST_LON, and the processinq branches back to perform another 

: linearized-weiqhted-least-squares iteration step (Fiqure SC). 

. .. 

Once the maqnitudes of LAT_CORRECTION and LON_CORRECTION are 

less than 0.0001~ the system proceeds ~ith the velocity 

calculation by settinq a speed variable to zero and a 
direction variable to zero (i.e., North). Given these 

startinq values of speed and direction, the system calculates 

theoretical values of frequencies, takinq account of any site 

bias. The system then computes the sum of the squares of 

observed frequencies minus computed frequencies. This sum is 

denoted "Y". The system then determines whether this value 

of -"Y" is the smallest obtained thus far. If s~, the speed 

is saved in "BEST_SPEED" and the direction is saved in 

"BEST DIRECTION". The system then determines whether another 

direction should be tested. If so, the direction is 

incremented and the processinq branches back as shown. 

·- Similarly, the system determines whe~er another speed should 

be tried and, if so, increments the speed and branches back 

as shown. If the system decides not to try another direction 

or speed, it performs a linearized-weiqhted-least-squares 

calculation, startinq·at BEST_SPEED and BEST_DIRECTION, to 

~ determ:ine correction values "SPEED_ CORRECTION" and 

"DIRECTION_CORRECTION". Thereafter, the system determines 

whether the maqnitude of SPEED_CORRECTION is less than a 

. specified value, e.q., one mile per hour. If so, the system 

determines whether the maCJ!litude of DIRECTION_CORRECTION is 

less than 1°. If either of these tests ~esults in an 

·affirmative answer, the system adds SPEED_CORRECTION to 

BEST SPEED and adds DIRECTION CORRECTION to BEST DIRECTION, - . - . - . 

and th.e processinq branches bacx as sho~ to perform another 

linearized-weiqhted-least-square's calculation. If 

SPEED_CORRECTION is less than ·1 mile per hour and 

DIRECTION_CORRECTION·is less than 1°, the system outputs the 

Tht& is the rspl:acement ~hee1 

Date: 
· 1 6 JUL .1996 



- 32 -

telephone information, BEST_LAT, BEST_LON, BEST_SPEED, and 
BEST_DIRECTION. 
Applications 

There are a variety of commercially valuable 
applications of the inventive technoloqy disclosed herein. 
For example, in addition to the basic function of tracking 
the location of a mobile cellular telephone, the present· 
invention may be employed to offer subscribers billing'rates 
that vary on the basis of the location from which a call was 
made. As depicted in Fiqlire 9, a location tape, containing a 
record over time ·of the locations of the subscribers' 
cellular telephones, may be merged with a billing tape to 
produce • modified billing tape. The billing tape contains 
data indicating the cost for each telephone call made by the 
cellular telephones within a certain time period. This· cost 
is based upon one or more. predetermined billing rates. The 
modified billing data is based upon a different rate for 

··calls made from certain specified locations. For example, 
the system may apply a lower billing rate for telephone calls 
made from a user's home or office. 

The invention may also be employed to provide 
emergency assistance, for example, in response to a "911" 
call. In this application, the location system inciudes 
means for automatically sending location information to a 
specified receiving station in response to receiving a 11911" 
siqnal from a cellular telephone. 

Further, the invention may be employ•d in 
connection with an·a1arm service. In this application, a 
means is provided for comparing the current location of a 
given telephone with a specified range of locations and 
indicating an alarm condition when the current location is 
not within the prescribed range. . 

Yet another application involves detecting.a lack 
·of siqnal transmissions by a given telephone and in response 
thereto automatically paging the telephone to cause it to 
initiate a siqnal transmission.. This allows the system to 
locate.a teleph9ne that has failed to register itself with 
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the cellular system. Such a feature could be used, for 
example, to generate an alarm for subscribers at remote 
locations. 

Still another application involves estimating a 
time of arrival of a qiven telephone at a specified location. 
This application is useful, for example, in connection with a 
public transportation system to provide estimated times of 
arrival of busses along established route$. Many other 
applications of this feature are also possible. 
conclusion 

Finally, the true scope the present invent~on is 
not limited to the presently preferred embodiments disclosed 
herein. For example, it is not necessary that all or even 
any of the "cell site systems" be collocated with actual cell 
sites of an associa~ed cell~lar telephone system. Moreover, 
communication links other than Tl links may be employed to 
couple the cell site ~ystems to the central site system. In 
addition, the timinq siqnal receiver need not be a GPS 
receiver, as other means for providinq a common timing siqnal 
to all cell site systems will be apparent to those s·killed in 
the art. Furt~ermore, the present invention may· be employed 
in connection with many applications not specifically 
mentioned above. These include stolen vehicle recovery, 
fleet manaqement; . ·cell system· diaqnostics, and highway 
manaqement. Accordingly, except as they may be expressly so 
limited, the scope of protection of the followinq claims is 
not intended to be limited to the ·particularities described 
above. 
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We claim: 
l. A cellular telephone location system for 

d~termining the locations of multiple mobile.cellular 
telephones each initiating periodic signal transmissions over 
one of a prescribed set of reverse control channels, 

comprising: 
(a) at least three cell site systems, each cell 

site system comprising: an elevated ground-based antenna; a 
~aseband converter operatively coupled to said antenna for 
receiving cellular telephone signals transmitted over a 
reverse control channel by said cellular telephones and 
providing baseband signals derived from the cellular 

· telephone signals; a timing signal receiver for receiving a 
timing signal common to all cell sites;, and a sampling 
subsyste~ operatively coupled to said timing-signal receiver 
and said baseband converter for sampling said baseband signal 
at a prescribed sampling frequency and formatting the sampled 

siqnal into frames of digital data, each frame comprising a 
prescribed number of data bits and time stamp bits, said time 
stamp bits representing the time at which said cellular 
telephone signals were received; and 

( b) · - a central site system operatively coupled to 
said cell site systems, comprising: means for processing said 

frames of data from said c·ell site systems to generate a 

table identifying individual cellular telephone signals and 
the differences in times of arrival of said cellular 
telephone signals among· said ceil site system.s; and means for 
determining, on the basis of said times of arrival 
differences, the location's of the cellular telephones 

responsible for said cellular telephone signals. 

2. A cellular telephone location system as 
recited in claim 1, wherein said· timing- sign~l receiver 

·. comprises a global positioning system (GPS) receiver. 
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3. A cellular telephone location system as 

recited in claim 1, wherein said central site system 

comprises a correlator for cross-correlatinq the data bits of 

a frame from one cell site system with correspondinq data 

bits from each other cell site system. 

4. A cel~ular telephone location system as 

recited in claim 3, wherein said central site system further 

comprises: 
a plurality of data inputs ports each connected to 

receive a siqnal from one of said cell site systems; 

interface/deformatting circuits for receivinq the 

signals fr9m said input ports and outputting data bits and a 

clock signal·; 
. a plurality of FIFO reqisters each coupled to an 

interface/deformatting circuit to receive the data bits and 

clock signal from.that circuit; 

a switch comprising a plurality of i.nput ports, 

each input port coupled to an output ~f one of said FIFO 

reqisters, and a· first .output port (A) and a second output 

port {B),. said first output port coupled to an input port of 

said correlator; 
a computer operatively coupled to said switch to 

select two of the inputs to sa.id. switch to be . output on the 

output ports of said switch; 
a RAM control circuit coupled to said computer and 

said FIFO reqisters; 
a sample read clock controlled by said computer and 

said RAM control to read sample bits from previously selected 

FIFO reqisters; and 
a quadrature channel qenerator comprisinq an input 

po~ coupled to said second output port of said switch and a 

first output port (Bl) and a· second output port (B2); and 

means for outputtinq an in-phase siqnal on said first output 

port (Bl) and a quadrature signal on said second output port 

(B2); 
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wherein said correlator calculates a first 
correlation coefficient for sa . .id DATA A and DATA Bl signals, 
and a second correlation coefficient for said DATA A and DAT~ 
B2 siqnals. 

5. A cellular telephone location system as 
recited in claim 1, wherein said baseJ:?an:d convertors each . . 

comprise: a first mixer providing an intermediate frequency 
(IF) siqnal; a synthesizer providinq a local oscillator (LO) 
signal; a single sideband mixer operatively coupled to said 
first mixer and said synthesizer for converting said IF 
signal to an upper sideband signal and a lower sideband 
signal; and means fo~ filtering.said upper sideband and lower 
sideband signals and.providing said baseband signals on the 
ba$is_ of the filtered uppe~ and lower sideband ~iqnals. 

6.. A cellular telephone location system as 
recited in claim l, comprising: 

first ~eceiver means at a first cell site for 
rec~iving a cellular telephone signal; 

demodulator means at said first cell site for 
demodulating the received cellular telephone signal at said 
first cell site to produce a demodulated digital bit stream; 

first moQulator means at said first cell site 
for m~dulating the demodulated digital bit stream to 
reconstruct the cellular telephone signal as it was 
originally transmitted, whereby a first reconstructed 
cellular telephone signal is produced; 

first cross-correlator means at said first 
cell sit~ for cross-correlating said rec~nstructed signal 
against the cellular telephone signal received at said first 
cell site to produce a first peak _indicative of a time of 
arrival of the cellular telephone siqna~ at the first cell 
site; 

means for determining the time of arrival of 
the cellular telephone signal at the first cell site on the 
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basis of said first peak and producing first time of arrival 
data indicative thereof; 

means for sending the demodulated digital bit 
stream and first time of arrival data from the first cell 
site to the central site; 

means for distributing the demodulated ~igital 
bit stream and first time of arrival data to a second cell 
site; 

second modulator means at said second cell 
site for modulating the demodulated digital bit stream at the 
second cell site to reconstruct the cellular telephone signal 
as it was first transmitted by the cellular telephone, 
whereby ~ second reconstructed cellular telephone signal is 
produced; 

second receiver means at said second cell site 
for receiving said cellular telephone signal; 

second cross-correlator means at said. second 
cell site for cross-correlating the second reconstructed 
signal against the cellular teLephone signal received at the 
second cell site to produce a second peak indicative. of a 
ti~e of arrival of the cellular t~lephone signal at the 
second cell site; 

means for determining the time Of arrival of 
the cellular telephone·siqnal at the second cell site on the 
basis of said s~cond peak and producing second time of 
arrival data indicative thereof; 

means for sending said second time of arrival 
data from the second cell site to the central site; and 

means at said central site for determining 
time difference of arrival data on the basis of said. first 
and second time of arrival data. 

7. A cellular telephone location system as 
recited in claim 1, comprisinq location estimation means for: 

(1) · creating a grid of theoretical points covering 
a prescribed geographic area, s~id theoretical points being_ 
spaced .at prescr~bed increments of latitude and longi~ude; 
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(2) calculatinq theoretical values of time delay 

for a plurality of pairs of cell sites; 

(3) calculating a least squares difference {LSD) 

value based on the theoretical time delays and measured time 

delays for a plurality of pairs of cell sites; 

( 4) searchinq the entire qrid of theor·etical 

points and determininq the best theoretical latitude and 

longitude for which the value of LSD is minimized; and 

(5) starting a~ the best theoretical latitude and 

lonqitude, performinq another· linearized-weiqhted-least­

squares. iteration to resolve the actual latitude and 

lonqitude to within a prescribed number of deqrees or 

fraction of a deqree. 

a. A cellular telephone location system as 
. . 

recited in claim 7, wherein said calculatinq step (2) 

comprises accounting for ·any known site biases caused by 

mechanical, electrical, or environmental factors, said site 

biases determined by periodically calculatinq the pos~tions 

of reference cellular transmitters at known locations. 

9. A cellular telephone location system as 

recited in claim 7, wherein said least squares difference is 

qiven by: 
2 

LSD = [Q12 (Delay_T12-Delay_o12) + Q13 (Delay_T13-

Delay_o13)2 + ••• Qxy(Delay_ Txy-Delay_Oxy) 2
] 

where, Delay_Txy represents the theoretical delay between 

cell sites x and y, x and y beinq indices representative of 

cell sites; Delay_oxy represents the observed delay between 

cell· sites x and y; Qxy represents a quality factor for the 

delay measurement between cell sites x and y, sai~ quality 

factor beinq an estimated measure of the deqree to which 

multipath or other anomalies -may have affected a particular 

delay measurement. 

lO. A cellular telephone location system as 

.. recited' in claim?, further comprising means for detecting a 
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first leadinq edqe of a cellular telephone siqnal and 
rejecting subsequent leadinq edqes of said cellular telephone 
signal, whereby the effects of multipath may be reduced. 

11. A cellular telephone location system as 
recited in claim l,· comprisinq velocity estimation means for: 

(1) creatinq a qrid of theoretical points covering 
a prescribed range·of velocities, said theoretical points 
being spaced at prescribed increments; 

(2) calculatinq theoretical values of frequency 
difference for.a plurality of pairs of cell sites; 

(3) calculatinq a least squares differ:ence (LSD) 
value based on the theoretical frequency differences and· 
measured frequency differences for a p~urality of pairs of 
cell sites; 

(4) searcbinq the entire qrid of theoretical 
points and determining the best theoretical velocity for 
which the value of LSD is minimized; and 

(5) starting at the best theoretical velocity, 
perf orminq another linearized-w~iqhted-least-squares 
iteration to resolve the actual velocity to within a 
prescribed tolerance. 

12~ A cellular telephone location system as 
recited in claim 1, further comprising a database for storing 
location data identifyinq the cellular telephones and their 
respective locations1 and means for providing access to said 
database to subscribers at remote locations. 

13. A cellular telephone location system as 
recited in claim 12, further comprising means for providing 
location data to a specific one of said cellular telephones 
upon request.by the specific telephone. 

14. A cellular telephone location system as 
recited in claim 12, further comprising means for merging 
said location data with billinq data for said cellular 
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telephones and generating modified billing data, wherein said 
billing data indicates the cost for each telephone call made 
by said cellular telephones wfthin a certain time period, . . . 

said cost being bas·ed upon one or more predetermined billing 
rates, and said modified billing data is based upon a 
different rate for calls made from one or more prescribed 
locations. 

15. A cellular telephone location system as 
recited in claim 14, wherein the system applies a lower 
billing rate for telephone calls made from a user's home • 

. 16. A cellular telephone location system as 
recited in ·claim 1, ·further comprising means for transmitting 
a signal to a selected cellular telephone to ca.use said . 
selected telephone to transmit a signal over a control 
channel. 

17. A cellular telephone location system as 
recited in claim 1, further comprising means for 
automatically send~ng location information to a prescribed 
receiving station in response to receiving a distress signal 
from a cellular telephone, whereby emergency assistance may 
be provided to a user in dis~ress. 

18. A cellular telephone 10cation system as 
recited in claim 1, further comprising means for comparing 
the current location of a_qiven telephone with a prescribed 
range of locations and indic•ting an alarm condition when 
said current location is not within said prescribed range. 

19. A cellular telephone location system as 
recited in claim 1, further comprising means for detecting a 
lack of siqnal transmissions by a qiven telephone and in 
response thereto automatically paging said given telephone to 

. . . 

cause said given telephone to initiate a signal transmission 
and means for indicating an alarm condition. 
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20. A cellular telephone location system as 
recited in claim 1, further comprisinq means for estimatinq a 
time of arrival of a qiven telephone at a prespecif ied 
location. 

21. A cellular telephone location system as 
recited in clai~ 1, further compr_ising means for continuously 
trackinq a qiven telephone by receivinq voice siqnals 
trans~itted by said qiven telephone over a voice channel and 
determininq the location of said qiven telephone.on the basis 
of said voice siqnals. 

22. A qround-based cellular telephone system 
servinq a plurality of subscribers possessinq ~obile cellular 
telephones, comprisinq: 

(a) at least three cell sites equipped to receive 
signals sent by multiple mobile cellular telephones each 
initiatinq periodic signal transmissions over one of a 
prescribed set of reverse· control ch~nnels; 

(b) locatinq means for automatically determininq 
the locations of .said cellular telephones by receiv!nq and 
processinq signals emitted durinq said periodic reverse 
control channel transmissions; and 

(c) database means for storinq locati~n data 
identifyinq the cellular telephones and their respective 
locations, and for providinq access to said database to 
subscribers at remote locations. 

23. A ground-based cellular t~lephone system as 
recited in claim 22, further comprising means for providinq 
location data to a specific one of said cellular telephones 
upon ~equest by the specific telephone •. 

24. A ground-based cellular telephone system as 
recited in· claim 22,· further comprising means for merginq 
said location data with billinq data for said cellular 
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.telephones and generating modified billing data, wherein said 

billinq data indicates the cost for each telephone call made · 

by said cellular telephones within a certain time period, 

said cost being based upon one or more predetermined billing 

rates, an4 said modified billing data is based upon a 

different rate for calls made from one or more prescribed 

locations. 

25. A qround-based cellular telephone system as 

recited. in claim 22, further comprising means for 

transmitting a signal to a selected cellular telephone to 

cause said selected telephone to transmit a siqnal over a 

control .channel. 

26. A qround-based cellular telephone system· as 

recited in claim 22, further comprisinq means for 

automatically sendinq location information to a prescribed 

receiving station in response to receiving a distress~siqnal 

from a cellular telephone, whereby emergency assistance may. 

be provided to a subscriber in distress. 

27. A q?;"ound-based cellular telephone system as 
. . 

recited in claim 22, further comprising means for comparing. 

the current location of a given ~elephone with a prescribed 

range of locations and indicatinq an alarm condition when 

said current location is not within said prescribed range. 

28. A ground-based cellular telephone system as 

recited in claim 22, further comprising means for detecting a 

lack of siqnal transmissions by a given telephone and in 

r~sponse thereto automatically paging said given telephqne to 

cause said given telephone.to initiate a siqnal transmission. 

29.· ·A ground-based· cellular .telephone system as 

recited in claim· 22, further comprising means for estim:atinq 

a time of arrival of a given t~lephone at a prespecified 

locatj.on. 
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30. A qround-based cellular telephone system as 
recited in claim 22, further comprisinq means for 
cont.inuously trackinq a qi ven telephone by recei vinq voice 
siqnals transmitted by said given telephone over a.voice 
channel and determininq the location of said qiven telephone 
on the basis of said voice siqnals. 

31. A method for determininq the location(s) of 
one or more mobile cellular telephones periodically 
transmittinq siqnals over one of a prescribed set of reverse 
control channels, comprisinq the steps of: 

(a) receivinq said reverse control channel signals 
at at least three qeoqraphically-separated cell sites; 

(b) processing said siqnals at each cell site to 
produce frames of d~ta, ea~ frame comprisinq. a prescribed 
number of data bits and time stamp bits, said time stamp bits 
representinq the· time ~t which said frames were produced at 
each cell site; 

(c) processinq said frames of data to ident~fy 
individual cellular telephone siqnals and the differences in· 
times of arriva_l of said cellular telephone siqnals among 
said cell sites; and 

(d) determininq, on the basis of said.times of 
arrival differences, the locations of the cellular telephones 
responsil:>le for said cellular telephone siqnals. .. . 

32. A method as recited 1n claim 31, further 
comprising the steps of storing; in a database, location data 
identifying the cellular telephones and their respective 
locations, and providinq access to said database to 
sul:>scribers at remote locations. 

3 3. A method as recited in claim 31, further 
comprisinq merqing said location data with billing data for 
said cellular telephones and ·generating modified billin9 
data, wherein said l:>illing data. indicates the cost for each 

.telephone call mad~ by said cellular telephones within a 
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certain time period, said cost being based upon one or more 

predetermined billing rates, and said modified billing data 

~s based upon a different rate for calls made from one or 

more prescribed locations. 

34. A method as recited in claim 31, further 

comprising transmitting a signal_ to a selected cellular 

telephone to cause said selected telephone t_o transmit a 

signal over a control channel. 

35. A method as recited in claim 31, further 

comprising automatically sending locati~n information to a 
I . 

prescribed receiving station in response to receiving a 

distress signal from a cellular telephone, whereby emergency 

assistan~e may be provided to a subscriber in distress. 

36. A method as recited in claim 31, further 

comprising comparing the current location of a given 

telephone with a prescribed range of locations and indicating 

an alarm condition when said current location is not within 

said prescribed range. 

37. A method as recited in claim 31, further 

comprising detecting a lack of signal transmissions by a. 

given telephone and in response thereto automatically paging 

said given telephone to cause said given telephone to 

initiate a signal transmission. 

38. A method as recited in claim 31, further 

comprising estimating a time of arrival of a given telephone 

at a prespecif ied location. 

39. A method as recited in claim 31,.further 

comprising continuously tracking a given tel~phone by 

·- receiving voice siqnals transmitted by said given telephone 

over a voice channel and determining the location of said 

given telephone on the basis of said voice signals. 

Th~ is the replacement sheet 

Date: 



\ \lllll\ \lll\l lllll \11\1 \11111 . ·. 
* C L M S * \ 

- 45 -
.-

40. A method as recited in claim 31, comprisinq 
the steps of: 

receivinq a cellular telephone siqnal at a 
first cell site; 

demodulatinq the received cellular telephone 
siqnal at said first cell site to produce a demodulated 
diqital bit stream; 

modulatinq the demodulated diqital bit stream 
to reconstruct the cellular telephone siqnal as it was 
originally transmitted, thereby producing ~ first 
reconstructed cellular telephone signal; 

cross-correlating said reconstructed signal 
aqainst the cellular telephone siqnal received at said first 
cell site to produce a first peak indicative of a time of 
arrival of the cellular telephone siqnal at th~ first cell 
site; 

determininq the time of arrival of the 
cellular telephone signal at the first cell site on the basis 
of said first peak and proc:lucing first time of arrival data 
indicative thereof; 

sendinq the demodulated diqital bit stream and 
first time of arrival data from the first cell site to a 
central site; 

distributing the democ:lulated digital bit 
stream and first time of arrival data to a second cell site; 

modulating the demodulated digital bit stream 
at the second cell sit~ to reconstruct the cellular telephone 
siqnal as it was first tr~nsmitted by the cellular telephone,. 
thereby producinq a second r~constructed cellular telephone 
signal; 

receiving said cellular telephone signal at 
said second cell site; 

cross-correlatinq the second reconstructed 
siqnal against the cellular telephone siqn•l received at the 
second cell site to produce a second peak indicative of a 
time of arrival of the cellular telephone signal at the 
second cell site; 
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determining the time Of arrival Of the 

cellular telephone signal at the second cell site on the 
basis of said second peak and producing second time of 
arrival data indicative thereof; 

sending said second time of arrival data from 
the second cell site to the central site; and 

~etermining time d~ffe~ence of arrival data on 
the basis of said first and second time of arrival data. 

41. A method as recited in claim 31, ~omprising 
estimating the location of a cellular telephone by performinq 
the following steps: 

(1) creatinq a grid of theoretical points covering 
a prescribed geographic area, said.theoretical points being 

· spaced at prescribed increments of latitude an~ longitude; 
(2) calculating theoretical values of time delay 

for a plurality of pairs of cell sites; 
(3) calculating a least squares difference (LSD) 

value based on the theoretical time delays and measure~ time 
derays for a plurality of pairs of·c~ll sites; 

(4) searching the entir~ grid of theoretical 
points and determining the best theoretical latitud~ and 
longitude for which the. value of LSD is minimized; and 

(5) starting at the best theoretical latitude and 
long~tude, performing another linearized-weighted-least­
squares iteration to resolve the actual latitude and 
longitude to within a prescribed number of degrees or 
fraction of a degree. 

42. A method as recited in cl~im 41, wherein said 
.calculating step (2) comprises accounting for any known site 
biases caused by mechanical, elec;trical, or environmental 
fact~rs, said site biases determined by periOdically 
calculating the positions of reference cellular trans~itters. 
at known locations. 
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43. A method as recited in claim 41, wherein said 
least squares difference is given by: 

LSD = ( Q12 (Delay_T12-Delay _ 012 ) 
2 + Q13 ( Del~y _ T 13-

2 2 Delay_o13) + • •. Qxy(Delay_ Txv~Delay_oxv> ] 
where, Delay_Txy represents the theoretical delay between 
cell sites x and y, x and y being indices representative of 
cell sites; Delay_oxv represents the observed delay between 
cell sites x and y; Qxv represents a quality factor for the 
delay measurement between cell sites x and y, said quality 
factor being an estimated measure of the degree to which 
multi path or other anomalie.s may have affected a particular 
delay measurement. 

. 
44. A method as recited in claim 40,further 

comprising detecting a first leading edge of a cellular 
telephone siqnal and rejecting subsequent leading edges of 
said cellular telephone signal. 

45. A method as recited in claim 31, comprising 
estimating the velocity of a cellular telephone by .performing 
~e following steps: 

(1) creating a qrid of theoretical points covering 
. . 

a prescribed range of velocities, said theoretical points 
being spaced at prescribed increments; 

(2) ~alculating theoretical values of freqUency 
difference for a plurality of pairs of cell sites; 

(3) calculating a least squares difference (LSD) 
value based on the theoretical frequency differences and 
measured frequency differences for a plurality of pairs of 
cell· sites; 

(4) searching the entire qrid of theoretical 
points and determining the. best .theoretical velocity for 
which the value of LSD is minimized; and 

(5} starting at the.best theoretical velocity, 
performing another linear~zed-weighted-least-squares 
iteration to resolve the actual velocity to within a 
presc~ibed tol•rance. 

~~~~~~~~~-
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ABSTRACT 

CELLULAR TELEPHONE LOCATION SYSTEM 

A cellular telephone location system for automatically recording the location of one 

or more mobile cellular telephones comprises three or more cell site systems (12). Each 

cell site system is located at a cell site of cellular telephone system. Each cell site system 

includes an antenna that may be. mounted ·on the same tower or building as the antenna 

employed by the cellular telephone system and equipment that may be housed in the 

equipment enclosure of the corresponding cell site. The cell site systems are coupled via 

Tl communication links (14) to a central site (16). Tiie centraI site may be collocated with 

the cellular telephone system's MTSO. The central site (16) is further coupled to a 
. . 

database (20), which may be remotely located from the central site and made available to 

subscribers. 

Figure 2. 
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The present·invention relates generally to the 
field of mobile cellular telephone systems (including both 
analog and digital cellular systems) and more particularly 
relates to a sys~~ for automatically locatinq mobile 
cellular ·telephones operatinq within a prescribed qeoqraphic 
area. 
BACEGltOmtb o:r TD IJIVDl':IOB 

Prior to the invention disclosed _herein,. there has 
been no system in conmercial use for automat1cally tracking mobile 
cellular telephones. Althouqh related technoloqies.(radio 
naviqation systems such as direction findinq and LORAN, 
emerqency location devices for aircraft, satellite trackinq 
and surveillance, and the like) have been extant for many · 
years, none of these technologies has been applied to 
automatically locate cellular.telephones as de~cribed herein. 
Accordingly, the backqround information most pertinent to 
qaininq an understandinq of the present invention relates to 
a cellular telephone system itself, as opposed to the 
peripherally related radio naviqation and location 
technoloqies. The followinq discussion refers to Figures lA­
lC in providinq an overview of a cellular telephone 
technoloqy. In addition, it should be noted that the 
inventive concepts ~isclosed herein are applicable to both 
analoq and diqital (for example, TOMA) cellular systems that 
employ analoq control channels. 

Cellular telephone systems typically include many 
cell sites and a centrally-located cellular switch, called a 
Mobile Telephone switching o~~ice (MTSO). There are 
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typically sixty to one hundred c::ell sites in large cities and 
fifteen to thirty cell sites in smaller cities. Cell sites 
are usually spaced at qistances of one-half to twenty miles. 
Each cell site generally comprises one or more antennas · 
mounted on a triangular platform. The platform is placed on 
a tower or atop a tall building, preferably fifty to three 
hundred feet above the surrounding terrain. 

The funda~ental idea behind a cellular system is 
frequency reuse. This concept of frequency reuse is 
implemented by employing a pattern of overlapping cells, with . 
each cell conceptually viewed as a hexagon. This concept is 
illustrated in Figure lA, which depicts a layout for a 
cellular system employing seven distinct sets of frequencies. 
In this figure, each shading pattern represents a unique 
frequency set. Figure ic schematically depicts the main ... 
components and arrangement of eellular telephone system. As 
discussed above, frequency reuse allows the cellular system 
to employ a limited number of radio channels to serve many 
users. For example, Figure 1A depicts an area served by 14 
cells, divided into two clusters. Each cluster contains 
seven cells. A separate set of channels is assigned to each 

. cell in a·c1uster. However, the sets used in one cluster are 
reassigned in the other cluster, thus reusing the available 
spectrum. The signals radiated from a cell in channels 
assigned to that cell are powerful enough to provide a usable 
signal to a mobile cellular telephone within that cell, but 
preferably not powerful enough to interfere with co-channel 
signals in distant cells. All cellular telephones can tune 
to any of the channels. 

The Federal Communications Commission {FCC) has 
allocated a 25 MHz spectrum for use by cellular systems. 
This spectrum is divided into two 12.5 MHz bands, one of· 
which is available to wire line common carriers only and the 
other of which is available to non-wire line common carriers 
only. In any qiven system, the non-wire line service 
provider operates within the "A side" of the spectrum and the 
wire line provider operates within the "B side" of the 
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spectrum. Cellular channels are 30 KHz wide and include 
control channels and voice channels. In particular, the 
twenty-one control ch~nnels for "A" systems are numbered 313 

through 333 and occupy a 30 KHz band of frequencies from 
834.390 MHz to 834.990 MHz. The control channels for "B" 

systems are numbered 334 through 354 and occupy 835.020 MHz 

to 835.620 MHz. Each.cell site {or, where a cell site is 
"sectored" as described below, each sector of that cell site) 
uses only a single control channel. The control channel from 
a cell site to a mobile unit is called the "forward" control 
channel and the control channel from the cellular telephone 
to the cell site is called the "reverse" control channel. 
Signals are continuously broadcast over a forward control 
channel by each cell site. In contrast, signals are 
discontinuously (periodically) broadcast by the cellular ... 
telephones over a reverse control channel. If the cell sites 
are so close to one another that control channels using the 
same frequency interfere with each other, the control channel 
at each cell site is further qualified by a digital color 
code ranging from zero to three. This allows each cell site 
to be uniquely identified, for example, within a range of 
twenty to thirty miles. 

Directional cell site antennas may be used to 
reduce co-channel and adjacent-channel interference. Figure 
lB illustrates how sectored antennas may be used to reduce 
such interference. The circles represent cell sites and the 
broken lines represent the azimuthal edges of the front lobes 
of 120° directional antennas. The labels "A", "B", and "C" 
refer to channel sets, cells, and cell sites simultaneously. 
The labels "l", 11 2 11 , and "3" refer to directional antennas 
and sectors of cells simultaneously. Thus, for example, if a 
particular channel is assigned to sector 1 of cell B and 
adjacent channels are assigned to cells A and c, these 
adjacent channels should be assigned to sector 1 in cells A 

and c. 
When a cellular telephone is first turned on, it 

scans all forward control channels, listening for the channel 
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wi'l:h the stronqest siqnal. The telephone then selects the 

· forward control channel with the strongest signal and listens 
for system overhead me~saqes that are broadcast periodically, 
for example, every o.a seconds. These overhead messages 
contain inf o~ation reqardinq the access parameters to the 
cellular system. One such access parameter· is the frequency 
of registration, which refers to how often a given telephone 
must inform the system that the telephone is within the 
system's geographic confines.• Registration frequencies 
typically range from once per minute to once per -thirty 
minutes. 
_, .. , The overhead messages also contain busy/ idle bi ts 
that provide information about the current availability of 
the rever~e control channel for that cell. When the reverse 
control channel becomes free, as indicated by the busy/idle 
bit, the cellular telephone attempts to register itself by 
seizing the reverse control channel. Cellular telephones re­
register themselves at the rate determined by the cellular 
system. Registration parameter requirements are determined 
by each cellular system.. For example, the options include 
(l) 7-diqit NXX-XXXX, (2) 3-diqit NPA, and (3) 32-bit 
electronic serial number. Each of these options constitutes 
a digital word. Because of sync bits and error correction 
techniques, each digital word is 240 bits long. With an 
initial 48-bit sync stream, each cellular telephone 
transmission is a minimum of 288 bits long, and as lopq as 
1488 bits. Moreover, each discontinuous transmission by a 
cellular telephone includes a period of unmodulated carrier. 
Therefore, an average transmission on the reverse control 
channel lasts about 100 milliseconds. Cellular telephones 
also transmit in response to pages by the cellular system, as 
well as in response to user-initiated calls. The term 
"paging" is used to describe the process of determining a 
mobile telephone's availability to receive an incoming call. 
The complementary function of initiatinq a call by the mobile 
telephone is called "access." The paqinq and access 
functions occur on the control channels. 
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When turned on but not in active use, a mobile 
cellular telephone periodically scans the control channels 
assiqned to the system and marks for use the strongest 
carrier found. With the mobile receiver tuned to this 
strongest car.rier, the cellular telephone continuously 
decodes a digital modulating data stream, looking for 
incoming calls. Any ~all to a mobile terminal is.initiated 

like a normal telephone call. A seven- or ten-diqit number 
is dialed and the telephone network routes the call to.a 
central computer. The number is broadcast on the control 
channels of every cell in the system. When a called 

.• 

telephone detects its n~er in the incoming data stream, it 
sends its identification back to the system. The system uses 
a digital.message on the control channel to designate a 
channel for the telephone to use. The telephone tunes to ... 
this channel and the user is then alerted to the incoming 
call. A similar sequence is involved when a cellular 
telephone user originates a call. The user dials the desired 
telephone number into a register in the telephone. 'rhis. 
number is transmitted over the control channel to the nearest 
cell (i.e., the cell with the strongest carrier). The system 
computer then designates a channel for the call and the 

·mobile unit is automatically tuned to that channel. 
The cellular telephone industry has enjoyed 

widespread success in its relatively brief lifetime. New 
subscribers, apparently recoqnizinq the many advantages in 
being able to initiate and receive calls while away from 
home, are being enrolled in ever-increasing numbers. Indeed, 
in many cities, the competition between the A and B sides to 
enlist new subscribers is fierce. Accordingly, there is a 
great need for new services to off er current and potential 
subscribers. The present invention sprang from the 
recognition that mobility, the main advantaqe offered by a 
cellular system, is also a disadvantage in certain 
situations. For example, a lost or stolen cellular telephone 
is difficult to recover. Thus, a system that could 
automatically locate the telephone would be quite beneficial 
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to users.· Zn addition, ·1f the cellular telephone were in an 
automol:lile and the automobile were stolen, a system that 
could .locate the telephone would also be able to locate the 
automobile, thus providing a valuable service to users. 
Moreover, there are situations where the user of a cellular 
telephone may become lost. An example of such a situation is 
where the user ~s driv~ng in an unknown area at night with 
his telephone in the car. Again, it would be ac;reat 
advantage for the system to be able to automatically locate 
the telephone and, upon request, inform the user·of his 
location. Similarly, a cellular.telephone user experiencing 
a medical emergency who dials··~ an emergency telephone number 
(for example, 9ll) may not be able to tell the dispatcher nis 
location: Prior art systems are unable to trace a call from ·· 
a cellular telephone.· Therefore, a cellu~ar telephone user 
in such a situation would be ·1n a dire predicament. Qnce 
again, it would be highly advantageous for the system to be 
able to ascertain the user's location and provide this 
information to emerge~cy medical personnel. There would be 
nWDerous other applications for a system that could 
automatically locate a cel.lular telephone. 

In EP-A-0484918, wide bandwidth spread spectrum 
radio transmissions are overlaid over existing cellular 
voice signals to enable location of mobile cellular 
telephones to be achieved. The spread ~pectrum 
transmission from a mobile telephone is picked up by at 
least three cellular base stations and the position of 
the mobile telephone determined by the times of arrival 
of the spread spectrum signal at the base stations. 

In US-A-4667202, the distance of a mobile cellular 
telephone from two or more base stations is determined 
for identification of the boundary of neighbouring cells, 
to be used as a criterion for switching the mobile 
telephone over to another cell. The base stations 
transmit equireference phase signals to th.e cellular 
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telephone over the organisation channel and the cellular 
telephone uses any differences in phase to determine 
relative distance to the base stations. 

WO 88/01750 describes a vehicie location system 
using spread spectrum transmitters located on vehicles 
and a number of elevated receiving stations (e.g. 
geosynchronous satellites). The differences in times.of . . 
arrival of the spread spectrum transmissions from a 
vehicle to the receiving stations are used to determine 
the vehicle location. 

Sumll'I m- '!D DIVD'l'XO!t 

The present inventiont as specified in the claims herein-

after,.. prov:ides a cellular telephone location system for determining the 
locations of multiple mobile cellular telephones each initiating periodic 
signal transmissions over one of a prescribed set of control 
channels. The invention may be embodied in a system that 
employs much of the existing infrastructure of a cellular 
system. For example, as described below in greater detail, a 
cell~lar telephone location system in accordance with the 
present invention may employ the cellular system's towers and 
cell site enclosures. In this sense, the cellular telephone 
location system may be overlaid on the cellular system. 

There are numerous advantaqes provided by 
monitoring control channels to track the locations of 
cellular telephones. First, a voice channel is an expensive 
and relatively scarce resource. Cellular systems typically 

require approximately six to eiqht seconds to allocate a 
voice channel to a specific telephone. If voice channels 
were employed for location trackinq, the cellular telephone 
would have to be called and commanded to initiate a voice 
channel call ~very time a location sample were to be taken. 
This would be both expensive and time consuminq. Thus, it 
would be extremely inefficient for a location system to 

-require the telephone ~o initiate periodic voice channel 
transmissions. Second, each voice channel transmission adds 
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a call record in an associated -billinq system. Therefore., a 
larqe burden would be placed on the billing system it the 
location system were to require periodic voice channel 
transmissions. In contrast, control channel transmissions 
already occur periodically in cellula;- systems. Thus _ _, the 

present invention is compatib~e with existing cellular 
telephone protocols and would not require the cellular system 
or the individual cellular telephones to be modified. Third, 
since the frequency of control channel transmissions is 
software controllable, a location system in accordanCE! ~ith 
the present-invention could control the frequency of control 
·channel transmissions and off er different subscribers-._.-~~ 
different location information update rates. Fourth., another 
advantage·afforded by monitoring control channel 
transmissions is in connection with energy efficiency. 
Control channel transmissions are very short and require 
little power in comparison to voice channel transmissions. 
Accordingly, requiring periodic voice channel transmissions 
would cause a significant battery drain in the individual 
cellular telephones. This is avoided by monitoring control 
channels. 

Accordingly, there. are significant advantages 
afforded by monitoring period1c control channel transmissions 
to automatically locate mobile cellular telephones. However, 
monitoring control channels requires detection of such weak, 
short duration signals that have travelled larqe distances 
(for example, twenty-five miles). The present inventors have 
developed highly sophisticated signal processing methods and 

apparatus to detect extremely brief, low power control 
channel signals. Both the concept of monitoring periodic 
control channel transmissions, as opposed to voice channel 
transmissions, and the particular way in which this function 
is carried out represent significant technological . 
advancements. 
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An exemplary embodiment of the present invention 
comprises at least thr~e cell site systems and a centra~ site 
system. Each cell site system comprises an elevated qro_und:... 
based antenna; a baseband convertor for receivinq cellular 
telephone signals transmitted by the cellular telephones and 
providinq baseband signals derived from the cellular 

. . . 

telephone signals; a timing· signal receiver for receiving a 
timinq signal common to all cell sites; and a sampling 
subsystem for samplinq the baseband siqnal and formatting the ·> . 

sampled signal into frames of digital data. Each frame 
includes a presc~ibed number of da~· bits and time stamp 
bits, wherein tjle time stamp bits represent the time at which 
the celluiar telephone signals were received. '?he central 
site system comprises means for processinq the frames of data 
from the cell site systems to qenerate a table identifying 
individual cellular telephone signals and the differences in 
times of arrival of the cellular telephone signals among the 
cell site systems; and means for determining, on the basis of 
the times of arrival, the locations of the cellular 
telephones responsible for the cellular telephone signals. 

In one pref erred embodiment of the invention, the 
central site system comprises a correlator for cross­
correlating the data bits of each frame from one cell site 
with the corresponding data bits of each other cell site. In 
addition, this preferred embodiment comprises a database for 
storinq location data identifying the cellular telephones and 
their respective locations, and means for providing access to 
the database to subscribers at remote locations. The system 
also comprises means for providing location data to a 
specific cellular telephone user upon request by using, for 
example, CPDP without setting up a voice call ("CPDP" 
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·represents ·the Cellular Packet oata Protocol, which involves 
sending data over voice channels when the voice channels 
would not otherwise b~ in use}. The latter feature is 
especially useful in connection with laptop or handheld 
computers hav.inq cellular modems and mapping software. 

Embodiments of the invention may also 
advantageously include means for merging the location data 
with billing data for the cellular telephones and generating 
modified billing data. Zn this embodiment, the billing data 
indicates the cost for each telephone call made by the 
cellular telephones within a certain time period, the cost 
being based upon one o~ more predetermined billing rates, and 
the modified billing data is based upon a different rate for 
calls made from one or more prescribed locations. For 
example, the system may apply a lower billing rate for ... 
telephone calls made from a user's home or office or other 
geoqraphic locale. 

Embodiments of the ~nvention may also 
advantaqeously include means for transmitting a siqnal to a 
selected cellular telephone to cause the selected telephone 
to transmit a siqnal -over a control channel. such capability 
would allow the system to immediately locate that telephone 
wi"t:hout waiting for one of its periodic control channel 
transmissions. 

In addition, embodiments of the invention may 
comprise means for automatically sending location information 
to a prescribed receiving station in response to receiving a 
distress signal from a cellular telephone. With this 
capability, emergency assistance may be provided to a user in 
distress. For example, when a user dials "9ll" the system 
would automatically tell an emergency dispatcher the user's 
location. 

Another element of a pref erred embodiment is a 
means for comparing· the current location of a given telephone 
with a prescribed range of locations and indicating an alarm 
condition when the current location is not within the 
prescribed ranqe. Such an element could be used, for 
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example, ·to notify a parent when the child, who borrowed the 
parent's car and· cellular telephone to "go to the mall," has 
in fact qone somewhere.else. Of course, many other 
applications of such an alarm function are possible. 

Yet·another element of a preferred embodim!!nt is· a 
means for detectinq a lack of siqnal transmissions by a qiven 
telephone and in response thereto automatically paqing the 
given telephone to cause it to initiate a signal 
transmission. This would allow the system to locate a 
telephone that has failed to register itself with the 
cellular system. such a lack-of-siqnal-transmission 
detectiOn.feature could be used, for example, to qenerate an 
alarm for subscribers at remote locations. 

In addition, preferred embodiments may also include 
means for estimating a time ~; arrival of a given telephone 
at a prespecified location. This would be useful, for 
example, in connection with a public transportation system to 
provide quasi-continuous estimated times of arrival of busses . .. 
along established routes. Of course, many other applications 
of this feature are also possible. 

. . 
Embodiments of the present invention may also 

comprise means for continuously tracking a given telephone by 
receiving voice signals transmitted by the given telephone 
over a voice channel and determining the location of the 
qiven telephone on the basis of the voice siqnals. This 
voice channel tracking could be used as an adjunct to control 
channel trackinq. This feature would require the location 
system to track the channel assignment of each telephone 
whose location is to be determined. The tracking of channel 
assignments by the location system could employ the dynamic 
channel assiqnment protocol employed by the cellular system. 

The present invention also provides methods for 
d~termininq the location of one or more mobile cellular 
telephones. Such methods comprise the steps of: (a) 
receiving the siqnals at at least three geographically­
separated cell sites; (b) processinq the signals at each cell 
site to produce frames of data, each. frame comprising a 
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prescril::,.ed· number of data bits and time stamp bits, the time 
stamp bits representing the time at which the frames were 
produced at each cell ·site; (c) processing the frames of data 
to identify individual cellular telephone signals and the 
differences in times of arrival of the cellular telephone 
signals amonq the cell sites; and (d) determining, on the 
basis of the times of arrival, the locations of the cellular 
telephones responsible for the cellular telephone signals. 

One preferred embodiment of_the inventive method 
.comprises estimating the location of a cellular telephone by 
performing the following steps: (l) creating a .grid o.f 
theoretical points covering a prescribed qeoqraphic area, the 
theoretical points being spaced at prescribed increments of 
latitude and "longitude; (2) calculating theoretical values of 
time delay for a plurality o£~pairs of cell sites; (3) 
calculating a least squares difference (LSD} value based on 
the theoretical time delays and measured time delays for a 
plurality of pairs of cell sites; (4) searching the entire 
grid of theoretical points and determining the best 
theoreti~al latitude ·and longitude for which the value of LSD 
is mi~imized; and (5) starting at the best theoretical 
latitude and longitude, performing anotjler linearized-

. weighted-least-squares iteration to r~solve the actual 
latitude and longitude to within a prescribed number of 
degrees or fraction of a deqree. Preferably, the calculating 
step (2) comprises accounting for any known site biases 
caused by mechanical, electrical, or environmental factors, 
the site biases determined by periodically calculating the 
positions of reference cellular transmitters at known 
locations. 

In addition, the least squares difference is 
preferably given by: 

2 LSD = [Q12 (Delay_T12-Delay_012) + Q13 (Delay_Tn-
2 2 Delay _013 } + • • • QKY (Delay_ Txy-Delay _o"Y) ] 

where, Delay_Txy represents the theoretical delay between 
cell sites x and y, x and y being indices representative of 
cell sites; Delay_oxy represents the observed delay between 
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cell sites x and y; Qxy represents a quality factor for the 
delay mea~urement between cell sites x and y, the quality 
factor being an estimated measure of the degree to which 
multipath or other anomalies may have affected a particular 

delay measurement. 
Further, the inventive method may advantageously 

include detecting a first leading edge of a cellular 
telephone signal and rejecting subsequent leading edges of 
the cellular telephone signal. This allows the system. to 
reduce the e~fects of multipath. 

In addition, preferred embodimenj:..s include 
.. · ... 

estimating ·the velocity (speed and direction) of a cellular 
telephone by performing steps similar to those performed for 
location estimation, including: (1) creating a grid of 
theoretical points covering.a prescribed range of velocities, 
the theoretical points being spaced at prescriDed increments; 
(2) calculating theoretical values of frequency difference 
for a plurality of pairs of cell sites; (3) calculating a 
least squares difference (LSD) value based on the theoretical 
frequency differences and measured frequency differences for 

·a plura.lity of pairs of cell sites; (4) searching the entire 
qrid of theoretical points and determ~ning the best 
theoretical velocity for which the value of LSD is minimized; 
and (S) starting at the best theoretical velocity, performing 
another linearized-weighted-least-squares iteration to 
resolve the actual velocity to within a prescribed tolerance. 

Other features of the present invention are 
described below. 
BRZEP DESCRZP~ZON OP ~KE DRAWINGS 

Figure lA is a depiction of an exemplary frequency 
reuse pattern employed in a cellular telephone system. 

Figure lB is a schematic depiction of an exemplary 
channel assiqnment pattern where cell sectoring is employed. 

Figure lC is a schematic depiction of the basic 
components of a cellular telephone system. 
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Figure 2 is a schematic diagram of a cellular 
telephone location system in accordance with the present 

invention. 
Figure 3 is a block diagram of one pref erred 

embodiment of a cell site system 12. 

Figure 4 is a block diagram of one pref erred 
embodiment of a. baseband converter 12-3. 

Figure·S is a schematic diagram of the data format 
provided by a format block 12-s. 

Figure 6 is a block diagram of one pref erred 
embodime~~ of a central site system 16. 

Figure 6A is block diaqram of a correlator for use 
in the central site system 16. 

"Figure 7 is a simplified flowchart of a preferred 
operating sequence of the central site.system. 

Figure 7A is a block diaqram depicting exemplary 
embodiments of cell site systelllS employed in a location 
system which performs cross-correlations at the cell sites. 

Figures SA-SE are a flowchart of the operation of 
the cell site system 16 in obtaining correlation data, time 
delay and frequency difference (TOOA,. FOOA) data, and 
calculating the location of a cellular.telephone on the basis 
of such data. 

Figure 9 is a schematic diagram of a process for 
generating a modified billing tape in accordance with the 
present invention. 
DB~AXLBD DBSCRXPTXOH OF PRBJ'BlUlED BMBODXHBlRS 
overview 

Pref erred embodiments of the present invention 
comprise a network of receivers located at multiple cell 
sites in a cellular system. These receivers listen t.o the 
mobile control channel commands/responses normally occurring 
in the cellular system and estimate the physical location of 
each cellular telephone operating within the system. Based 
upon the known identity of each telephone, obtained from 
listening to the control channel, and the estimated physical 
location of the telephone, the system provides a continuous, 
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real time data stream to a database. The database may be 
collocated with the cellular switch or may be in some other 
convenient location. 'The data stream provided to the 
database comprises a set of numbers, the first number being 
the telephone number of the telephone, the second number 
beinq the estimated latitude, longitude, and altitude of the . 
transmitter, and the third number being the time stamp of the 
measurement. The database software that processes the data 
stream may be maintained by the operator of the location 
system rather than the operator of the cellular telephone 
system, if the two are not the same. ........ ~ 

The location system operates by usinq the 
frequencies assiqned to the control channels of the cellular 
system. Cellular telephones use these control channels to 
maintain reqular contact with-the cellular system, with the 
time between each contact beinq typically no mare than thirty 
minutes and qenerally about ten minutes. Each control 
channel comprises a 10 kbps Manchester encoded data streaJA. 
There is only one control channel used per cellular sector or 
omni cell site. The lo~ation system is capable of 

.functioninq by listeninq only to the control channel 
broadcasts of the .cellular telephones; ,it does not depend on 
control channel broadcasts from the cell sites. 'l'he location 
system preferably comprises equipment that is located atop 
cellular towers {althouqh the equipment may be located on 
other tall structures), in the equipment enclosure at cells 
sites, and at the central switch site(s). 

Referring now to Figure 2, a cellular ~elephone 
location system in accordance with the present invention 
comprises at least three, and preferably more, cell site 
systems 12a, 12b, 12c, 12d. {It should be noted that this 
f iqure, as well as the other f iqures, is simplified in that 
some elements and interconnections have been omitted. 
However, the instant specification and attached drawings are 
sufficient to enable one skilled in the art to make and use 
the invention disclosed herein.) Each cell site system may 
be located at a cell site of the cellular telephone system; 
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however, this is not required since additional antenna and 
receivinq equipment could be deployed at locations not well 
covered by cell sites·. 
cellular telephone lOa. 

Figure 2 also shows a user with -a 
As described below, each cell site 

system includes an antenna that may be mounted on the same 
tower or building as the antenna employed by the cellular 
telephone syste)Jl. In addition, each cell site system 
includes equipment (described below) that may be housed in 
the equipment enclosure of the corresponding cell site. In 
this manner, the cellular telephone location system may be · 
overlaid on the. cellular .. ,telephone system and ·thus may be 
implemented inexpensively. The cell site systems 12a, l2b, 
12c, l2d are coupled via communication links l4a, l4b, l4c, . 
14d (for example,. Tl communication links) to a central site 
16. The central site 16 may·ce collocated with the c~llular 
telephone system's M'rSO. The central site 16 may include a 
disk storage device 18. 

The central site 16 is further coupled to a 
database 20, which may be remotely located from the central 
site and made available to subscribers. For example, Figure 
2 depicts a first termin~l 22 coupled via a modem (not shown) 
and telephone line to the database 20; a second terminal 24 · 
in radio communication with the database 20; and a third, 
handheld terminal 26, which is carried by a user who also has 
a cellular telephone lOb, in radio communication with the 
database. The user with the cellular telephone lOb and 
handheld terminal 26 may determine his own location by 
accessinq the database. The handheld terminal 26 may include 
special mapping software for disp·laying the user's location, 
for example, on a map, on the terminal 26. Moreover, the 
cellular telephone and handheld terminal could be combined 
into one unit. 
Cell Site Systems 

Fiqure 3 is a block diagram of one presently 
preferred embodiment of a cell site system 12. Before 
discussing the exemplary cell site system depicted in this 
figure, it should be noted that there are two alternative 
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preferred embodiments for the equipment at each cell site, 
with the particular embodiment for a particular cellular 
system dependent upon' desired cost. 

The first embodiment is the most preferred 
embodiment, and comprises (l) an antenna suited for receiving 
siqnals in the cellular frequency band; (2) a low delay 
bandpass filter with a bandwidth of 630 KHz located within 
ten to fifteen f·eet of the cellular antenna for remo.ving 
adjacent channel interference; (3) an amplifier of sUfficient 
qain to compensate for cable loss in the distance from the 
amplifier to the next filter~ which is typically the heiqnt 

~ .. -.. 
of the antenna tower plus any horizontal distance over which 
the cable is routed; (4) a set of twenty-one individual low 
delay candpass filters, each with a bandwidth of 30 KHz 
centered about one of the twenty~one control channels; and 
(5) a set of twenty-one automatic gain control circuits with 
a dynamic ranqe of 70 dB (note that not all of these 
components are depicted in Figure 3) • This embodiment is 
pref erred because of its superior interference discrimination 
and rejection. 

The second embodiment comprises (1) an antenna 
suited for receiving signals in the cellular frequency band; 
(2) a low delay bandpass filter of bandwidth 630 I<Hz located 
within ten to fifteen feet of the cellular antenna for 
removing adjacent channel interference; (3) an amplifier of 
sufficient gain to compensate for cable loss in the distance 
from the amplifier to the next filter, which is typically the 
height of the antenna tower plus any horizontal distances 
over which the cable is routed; (4) a second low delay 
bandpass filter of bandwidth 630 KHz; and (5) an automatic 
gain control circuit with a dynamic ranqe of 70 dB. 

Referring now to Figure 3, one exemplary embodiment 
of a cell site system 12 includes a first antenna 12-1 that 
is mounted at an elevated location, preferably on the same 
structure employed by the cellular telephone system to mount 
a cell site antenna. The first antenna 12-1 may be 
independent of the cellular system or may be.the antenna 
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employed by the cellular system; i.e., the location system 
may take a fraction of the signal from the cellular system's 
antenna. A filter/ AGC element 12-12 could a_dvantageously be 
located near the antenna 12-1. This would reduce cable 
losses caused. by conducting the RF signal over coaxial cable 
from the antenna to the cell site receiving equipment. The 
cell site system 12 further in~ludes an amplifier 12..;2 (as 

' : , 

discussed above, the amplifier 12-2 may advantaqeously 
include sets of filtering and AGC circuits, one for each 
control channel); a baseband converter 12-3; a sample block 
12-4, which includes an upper sideband sampler and a lower 
sideband sampler; a format block 12-5 (which may be 
implemented in software); a second antenna 12-6, used to 
receive t-iming data, for example, from a qlobal positioning 
system (GPS); an amplifier 1~~7; a timing siqnal (for 
example, GPS) receiver 12-8; an automatic gain control 
(AGC)/control block 12-9; a 5 MHz oscillator 12-10; and a 
computer 12-11. The cell site system 12 is coupled to the 
central site 16 (Fic;ure 2) via a communications line 14. 

The cell site system 12 receives one or more 
·cellular telephone siqnals transmitted over a control channel 
from one or more celiular telephones, ~onverts these siqnals 
to baseband signals, samples the baseband signals (wherein 
the sam.plinq frequency is determined by a clock signal 
provided by AGC/control block 12-9), and formats the sampled 
siqnals into frames of data of a prescribed format. The 
format of the data frames is described below with reference 
to Fiqure 5. The data frames are processed at the central 
site as described below. 

The 5 MHz oscillator 12-10 provides a common 
reference frequency for all cell site equipment. Its 
frequency is controlled by the controller 12-9 based on 
measurements made by the controller of the time interval 
between reception of the one second mark signal from the 
timing signal receiver 12-8 and an internally generated one 
second mark signal. 
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·The computer 12-ll performs three distinct 
functions concurrently: 

REPLACEME~T SHEET 

(l) It reads the output of square law 
detectors 54 and 60 inside the base.band converter 12-3 (see 
Fiq. 4 and discussion below) and then calculates the proper 
control signals to be sent to filter boards 48 and 50 {Fig. 
4) to adjust the gain and attenuation on these boards with 
the goal of maintaining their output power at a constant 
level. 

(2) It receives a signal at each occurrence 
of a one second mark signal from timing signal receiver 12-8. 
At this time, it reads from controller 12-9 the difference in 
times of arrival of the one second mark signal from the 
timing signal receiver 12-8 and a corresponding one second 
mark signal internal to controller 12-9. The one second mark ... 
signal internal to the controller 12-9 is generated from the 
5 MHz oscillator 12-10. The computer then calculates a 
signal to be sent back to the 5 MHz oscillator to alter its 
frequency of oscillation with the goal of causing the timing 
receiver's one second mark signal and the internally 
generated one second mark signal to occur simultaneously. 

(3) It calculates the information to be 
encoded in the status bits (see Fig. s') and sends that 
information to the controller 12-9. 

Referring to Figure 4, one preferred embodiment of 
the baseband converter 12-3 includes an RF input connector 30 
to which the elevated ground-based antenna 12-1 (Fig. 3) is 
connected (via amplifier 12-2 and filter/AGC 12-12), followed 
by an attenuator 32 and bandpass filter 34, which sets the 
level and restricts the frequency response of the baseband 
converter. The filter 34 is followed by a single sideband 
mixer 36 that mixes the RF frequency down to a first IF 
frequency by action of a local oscillator signal from buff er 
amplifier 38. The IF frequency in the preferred embodiment 
is in the vicinity of 10 MHz. The output of the buffer 
amplifier 38, in addition to being directed to mixer 36, is 
also directed to the divider 42, where it is compared with a 
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s MHz reference frequency from the controller 12-9 (Fig. 3). 
The output of divider 42 is used to control the frequency of 
ari oscillator 40 SO that the collective action Of oscillator 
40, divider 42, and buffer amplifier JS provides_ a local 
oscillator signal that is phase locked to the 5 MHz reference 
frequency trom the controller 12-9. The signal at the first 
IF frequency ,is then directed to single sideband mixer 44, 
where it is mixed down to a baseband frequency by th_e acti_~n 

of a computer controlled synthesizer 46. Synthesizer 46 1s 
also phase locked to the 5 MHz signal from.the controller. 
The upper sideband (USB) output of mixer 44 is then directed 
to filter/automatic gain control (AGC) amplifier 48, where it 
is filtered and its power is continually adjusted to a 
nominal value. The lower sideband (LSB) output of mixer 44 
is similarly acted upon by f~~ter/AGC amplifier so. The 
output of the filter/AGC amplifier 48 includes a 375 KHz 
signal at O dBm directed to the upper sideband sampler (which 
is part of sample block 12-4) on wire 52, a separate output 
at -22 dBm directed to a square law detector 54, and a 
separate output directed to a front panel monitor (not 
shown). The output of the fjlter/AGC amplifier so includes a 
375 I<Hz signal at o dBm directed to the lower sideband 
sampler on wire 64, a separate output at -22 dBm directed to 
a square law detector 60, and a separate output directed to 
the front panel monitor. The baseband converter 12-3 also 
includes a power distribution board 57 that provides power to 
the filter/AGC circuits 48, so. 

Figure 5 depicts a presently pref erred format of 
the data provided by the format block 12-5 to the central 
site 16 (Figure 2) via the communications line 14. As shown, 
the format block 12-5 provides approximately l.536 Mbps of 
data to the communications line. Each frame includes 64 sync 
bits, 48 status bits, 60 kb of sample data (l.5 Mbs divided 
by 25 frames per second), and approximately 3.6 kb of 
"filler" data. The 1.5 Mb of sample data represent the upper 
sideband and lower side signal samples. The status bi.ts 
include a time stamp representing the exact time the frame of 
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·data was created (which is essentially the same as the time 
the RF siqnal was received at the cell site in question). 
Central Site System. 

Figure 6 is a .block diagram of the central site 
system 16. In one preferred embodiment, the central site 
system includes sixteen data inputs 
channel from one of the cell sites. 
connected to interface/deformatting 

each connected to a Tl · 
Each data input is 

circuitry 16-l (for 
example, a Tl CSU) which receives the bipolar Tl signal and 
outputs data bits and a clock signal. The data bits from 
each channel are clocked into a FIFO 16-2 by the clock siqnal 
from that channel. ·A computer 16-8 selects two of the 
channel FIFOs through a "select 2 of N" switch 16-3. A 
sample read clock 16-4 is controlled by the computer 16-8 and 
a RAM control 16-5 to read sample bits from the previously _ .. 
selected FIFOs. The output of one selected channel FIFO is 
called "DATA A," and the output of the other selected channel 
FIFO is called "DATA B. 11 For the DATA B samples, a 
quadrature channel is calculated by means of an approximate 
Hilbert trans'form in the.quadrature channel generator 16-6, 
resulting in in-phase output Bl and quadrature phase output 
a2. ·A complex correlator 16-7 is then used to calculate the 
correlation coefficient of the DATA A and DATA Bl signals, 
and the DATA A and DATA B2 signals, as a function of the time 
delay introduced between the DATA A, DATA Bl and DATA A, DATA 
B2, respectively. The complex correlator may be implemented 
in hardware or software, or a combination of hardware and 
software, althouqh hardware is presently preferred because it 
p~ovides greater processinq speed. (One exemplary embodiment 
of the complex correlator is described below with reference 
to Figure 6A.) The computer 16-8 is used to read the 
resultinq correlations periodically. The correlation 
process, comprising switching the select 2 of ~ switch, 
reading the FIFOs, generating quadrature samples, and 
correlation, is fast enouqh that a single complex correlator 
16-7 can be used to seq~entially process all pairs among the 
sixteen data input channels. 
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Because cellular signals are generally weak (e.g., 
as weak as 6 mW at the cellular telephone) , a reliable and 
accurate method is required to detect the signal at as many 
cell sites as possible, and then to accurately time the same 
edge of the received signal at each cell site. This ability 
to accurately time the arrival of the signal is critical to 
calculatinq ~e delays between pairs of cell sites, and 
therefore to calculate position. 

·Referring now to Flqure 6A, the predetection cro·ss­
correlation methoa employed in preferred embodiments of the 
present invention involves inputtinq a sampled .. -.tronq 
cellular signal from a fi~st cell site to an input 72 and 
inputtinq a delayed sampled cellular signal from any of 
second, third, fourth, etc., cell sites to an input 70. The 
correlator may be embodied in~either hardware or software, as 
economics dictate for a particular system. The correlator 
preferably includes sixteen channels of shift reqisters 74, 

two-bit multipliers 76, and counters 78. Multiple 
correlators may be used in series, with each correlator 
passinq bits through its· shif~ reqister to the next 
correlator, creatinq multiple delay channels. 

The sampled cellular siqnal from a second cell site 
is input to the chained shift registers 74. The outputs from 
the reqisters are then applied simultaneously to all two-bit 
multipliers. For each delay channel, the siqnal input at 70 

delayed by a prescribed number of sample periods is applied 
to each multiplier alonq with the sampled cellular signal 
input at 72. The outputs of the multipliers 76 are input to 
summation circuitry, comprisinq twenty-four-bit counters 78. 

The output of each counter is proportional to the strenqth of 
the cross-correlation for a particular relative delay. 

By using a plurality of delays, or correlation 
channels, a large range of relative·delays can be measured 
simultaneously. The number of "laqs" required is based upon 
the qeoqraphic area to be searched, in terms of position 
determination, the speed of light, and the bandwidth of the 
received signal being applied to the correlator. For 
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example, in the embodiment described above, the control 
channels are qrouped into an upper and lower sideband, each 
with a bandwidth of 375 KHz. This signal must be sampled at 
the minimum Nyquist rate or greater, for example, 750 Kbps. 
If an area of lOO kilometers is to be searched, the _number of 
laqs required is 

2 x 100 kilometers x 750,000 s·1 = soo lags 
3 x 105 kilometers/sec 

As discussed above, another embodiment employs 
individual receivers for each cellular control channel. If 
this signal were sampled at 71.428 KHz, the number of lags 
required ~ould be: 

2 x 100 kilometers ~ x 71 , 428 5 -1 = 48 lags 
3 x 105 kilometers/sec 

Location system Operation 
1. overview 

Fiqure 7 is a simplified flowchart of the 
processing performed by the central site system 16. (A 
detailed flowchart of the siqnal processinq is provided by 
Fiqures SA-SE.) First, this system receives a frame of data 
from each of the cell sites. Next, each frame from a qiven 
cell site (or the sampled signal portion of each frame) is 
cross-correlated with each corresponding frame (or the sample 
portion of each other .frame) from the other cell sites. (The 
term "corresponding" refers to frames being associated with 
the same interval of time). Next, the system generates a 
table of data identifying the individual signals received by 
the cellular telephone location system during the interval of 
time represented by the frames of data currently being 
processed, the individual signals being represented by the 
letters "A", "B", "C" in Figure 7. The table further 
identifies the times of arrival of the signals at each cell 
site. These times of arrival are represented by the 
subscripts "Tl", "T2", "TJ". The system therefore identifies 
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the signals received from one or more cellular telephones 
during a certain interval of time, and further identifies the 
time that such signals. arrived at the respective cell sites. 
This information is then used to calculate time difference of 
arrival (TDOA:) and frequency difference of arrival (FDOA) 
data, the latter being employed to estimate velocity. This 
data is then filtered to remove points the system judges to 
be erroneous. Next, the filtered TDOA data is employed to 
calculate the location {for example, in terms of latitude and 
longitude) of the individual cellular telephone responsible 
for each signal A, B, c. Next, the system decodes the 

·-telephone nuinber corresponding to each cellular telephone 
whose location has been determined. The decoding of the 
telephone· number may be accomplished with software in 
computer 16-8 or in hardware .Jnot shown) located at the cell 
sites. The system employs the strongest sample (highest 
power) of each signal to determine its telephone number. 
Thereafter, the location.and telephone number data for each 
telephone is written to the database 20 or stored locally via 
the local disk storage device is (Fiqure 2). Finally, the 
data may be provided to a user, dispatcher, or billinq 
system. The fields (data) sent to the user, dispatcher, or 
billing system would preferably includ~ the data bits 
representing the dialed diqits, the status bits, and the 
message type from the standard cellular control channel 
message. The data bits could be used by the user or a 
dispatcher to send coded messaqes to a display terminal. 
Thus, in addition to the location services, the location 
system could provide a limited form of messaging at no 
incremental cost. 

It should be noted that the expression "time 
difference of arrival," or TDOA, may refer to the time.of 
arrival of a ceilular telephone signal at one cell site (for 
example, cell site A) as determined by a clock reading at 
that cell site minus the time of arrival of the same cellular 
telephone siqnal at a second cell site (cell site B) as 
determined by a clock reading at the second cell site. This 
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analysis would be carried out for all pairs of cell sites A, 
B. However, the individual times of arrival need not be 
measured; only the di~ference between the signals' times of 
arrival at the cell sites of a given pair is required. In 
addition, frequency difference of arrival, or FDOA, refers to 
the frequency of the cellular signal at a first cell site 
(cell. site A), measured by comparison (effectively) with the 
cell site's s MHz oscillator signal, minus the same quantity 
for another site (cell site B). The TDOA data may be used to 
estimate the .. J .. atitude and lonqitude of the cellular telephone 
by calculating that latitude and longitude for which the sum 

.·· ... 
of the squares of the difference between the observed TDOA 
.and the TDOA calculated on the basis of the cell site 
geometry and the assumed cellular telephone location is an 
absolute minimum, where the search of trial latitudes and ... 
longitudes extends over the entire service area of the 
system. The FDOA data may be used to measure the velocity 
(spe~d and direction of motion) of the cellular telephone. 
The velocity estimation may be carried out in manner similar 
to the location estimation. 
2. Control Channel Signal Detection 

The inventive method for detectinq extremely weak 
control channel signals has two preferred embodiments, the 
selection of which is dependent on the desired capital.and 
operating costs for implementing any particular system. Both 
methods compensate for the variability of a particular 
cellular signal. That is, a transmission on the control 
channel is comprised of multiple fields, such as the cellular 
telephone number, the electronic serial number, any dialed 
digits, the message type, and status and other bits, which 
make a cellular signal variable. Therefore, the signal 
cannot be compared against any stored siqnal because each 
transmission is potentially U?ique. 

In method one, the cell site systems are of higher 
capital cost, but the communication links are of lower speed, 
for example, 56 Kbps, and therefore lower operational cost. 
Figure 7A schematically depicts this method by illustrating 
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the functional components of the cell site systems. In this 
method, cross-correlations are performed at the cell sites in 
the followinq manner .. For each "stronq" signal (e.g., signal 
"A") received on a particular control channel at a particular 
first cell site (where "stronq" is at least several dB above 
the noise level}, that strong signal is first applied to a 
signal decoder, such as that used ~y the cellular system 
itself. This decoder demodulates the cellular siqnal to 
produce the original digital bit stream which had been 
modulated to produce the cellular signal. If the decoder 
cannot demodulate the digital stre~~ _within allowable error 
thresholds, this-'stronq siqnal is rejected as a starting 
point for the remaining part of this process. This digital 
bit stream is then modulated by the cell site system to 
reconstruct th·e original siq??..J.l waveform as it was first 
transmitted by the cellular telephone. This reconstrilcted 
siqnal waveform. is cross-correlated aqainst the received 
siqnal at·the first cell site. The cross-correlation 
produces a peak from which an exact time of arrival can be 
calculated from a predetermined point on the peak. 

The first cell site system then sends the 
demodulated diqital bit stream and the exact time of arrival· 
to the central site over the communications line. 'l'he 
central site then distributes the demodulated diqital bit 
stream and the exact time of arrival to other cell sites 
likely to have also received the cellular transmission. At 
each of these other second, third, fourth, etc., cell sites, 
the diqital bit stream is modulated by the cell site system 
to reconstruct the oriqinal siqnal waveform as it was first 
transmitted. by the cellular telephone. This reconstructed 
siqnal waveform is cross-correlated against the siqnal 
received at each cell site during the ·same time interval• In 
this case, the same time interval refers to a period spanning 
several hundred to several thousand microseconds of time in 
either direction from the time of arrival of the strong 
signal at the first cell site. The cross-correlation may or 
may not produce a peak; if a peak is produced, an exact time 
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of arrival can pe calculated from a predetermined point on 
the peak. This exact time of arrival is then sent via the 
communications line to.the central site, from which a· delay 
difference for a particular pair of cell sites can be 
calculated. ~his method perm.its the cell site systems to 
extract· time of arrival information from an extremely weak 
signal reception, where the weak signal may be above or below 
the noise level. In addition, cross-correlating at cell 
sites enables the cell site systems to detect a first leading' 
edge of a cellular telephone siqnal and to reject subsequent 
leading edges caused by multipath. The value of this 
technique for reducing the effects of multipath will be 
appreciated by those skilled in the art. This method is 
applied iueratively to sufficient pairs of cell sites for 
each strong siqnal received at each cell site for each sample ... 
period. For any qiven telephone transmission, this method is 
only applied once. The results of the delay pairs for each 
siqnal are then directed to the location calculation 
algorithm. 

In method two, the cell site systems are of 
relatively low cost, as they are primarily responsible for 
sampling each of the control channels and sending the sampled 

... 

information back to the central site. However, because no 
correlation is performed at the cell site, all samp~ed data 
must be sent back to the central site. This requires a high 
speed communications line, for example, a Tl line. The 
central site receives data from all cell sites over identical 
communications lines, where the data has been sampled and 
time stamped using the same time reference (derived from 
timing receiver). This method is applied iteratively to 
sufficient pairs of cell sites for each stronq siqnal 
received at each cell site for each sample period. This 
method is only applied once for any qiven telephone 
transmission. The results of the delay pairs for each signal 
are then directed to the location calculation algorithm 
described below. 
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3. Location Calculation 
A preferred algorithm used for calculating the 

location of a cellula~ telephone is an iterative process. 
The first step of the process involves creating a grid of 
theoretical points ·covering the geographic area of the 
cellular telephone system. These.points may be, for example, 
at ~ minute increments or some other increment of latitude 
and longitude. From each of these theoretical points, the. 
theoretical values of delay are calculated for each relevant 
pair of cell sites. In calculating the theoretical values of 
delay, any known site biases are incorporated into the . ·~ .... 

calculation. Known site biases can be caused by any number 
of mechanical, electrical, or environment factors and may 
vary from· time to time. The site biases are determined by 
periodically locating the po~~tions of reference cellular 
transmitters. Since the reference transmitters are, by 

definition, at known locations, any variance in.the 
calculated position of the transmitter from the known 
position is assumed to have been caused by permanent. or 
temporary site biases. These site biases are assumed to also 
affect the measurements of the unknown positions of cellular 
telephones. 

Once the theoretical delays are calculated from 
each theoretical point on the grid, a least squares 
difference calculation is performed between the theoretical 
delays and the actual observed delays for each pair of cell 
sites for which delays could be determined by correlation. 
The least squares calculation takes into consideration a 
quality factor for each actual delay measurement. The 
quality factor is an estimated measure of the degree to which 
multipath or other anomalies may have affected that 
particular delay measurement. (This quality factor is 
described below.) Therefore, the least squares difference 
equation takes the 

LSD = 
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where, Delay_Txy is the theoretical delay between cell sites 
x and y; Oelay_oxy is the observed delay between cell sites x 
and y; Qxy is the qualj_ ty factor for the delay measurement 
between cell sites x and y; and LSD is the least squares 
difference value that is absolutely minimized over the 
celiular system's geographic area. 

The algorithm searches the entire grid of 
theor~tical p.oints and determines the best theoretical point 
for which the value of LSD is minimized. Starting at this 
best theoretical latitude-longitude, the algorithm then 
performs another linearized-weighted-least-squares iteration 
similar to the above-described process to resolve the· actual 
latitude-longitude to within 0.0001 deqrees, or any other 
chosen resolution. By performing the calculation of 
latitude-longitude in two stees, the amount of processing 
required may be qreatly reduced over other approaches.· 

Those familiar with the art will note that this 
iterative method of determining position automatically 
incorporates geometric dilution of precision (GDOP) 

considerations into the calculation of t~~ position of the 
cellular t·elepho~e...... That is, no separate GOOP tabl_e is 
requirec:l since both iterations in the calculation of the qrid 

'· of theoretical delay values also calculate error values. 
Cellular telephone signals are subject to multipath 

and other impairments in trav~llinq from the cellular 
telephone to the various cell sites. Therefore, the methods 
described herein incorporate compensation for multipath. As 
described above, the symbol rate of the digital bit stream of 
the cellular control channel is 10 Kbps, which has a bit time 
of lOO microseconds. Published multipath studies have shown 
typical multipath delays of 5 to 25 microseconds in urban and 
suburban settings. The present inventors have discovered 
that the typical effect of multipath in this case would be to 
lengthen the bit times of the digital data streams and that .. 
the correlation algorithms described above can determine the 
degree to which a particular transmission has been impaired. 
As mentioned above, when a cross-correlation is performed, a 
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quality factor Qxy may be calculated based up~n the size of 
the peak generated by the cross-correlation and the width of 
the peak, where Q~ is· the quality factor for a particular 
delay value measurement for a particular pair of cell sit.es. 
This quality·factor is useful to weight the least squares 
calculation used in position determination and thereby 
mitigate the effects of multipath. 

Fiqures SA-SE are, collectively, a flowchart of the 
signal processing employed by the location system to (l) 
obtain correlation data, (·2) obtain time delay and frequency 
difference data, and (3) calculate location data. Referring 
now.to Figure SA, Which depicts the processing employed to 
obtain correlation data, the processing begins by making a 
determination whether the received power is above a 
prescribed threshold at any ~ell site. If so, the complex 
correlator inputs are.set to process that cell site's.data as 
an autocorrelation, i.e., with both inputs set to receive the 
data from the same cell site. The system then waits until 
the correlator is finished computing the autocorrelation 
data. Thereafter, the autocorrelation data is Pourier 
tra?sformed to obtain power spectrum data. Next, the system 
determines which signal channels have transmissions and saves 
the results. Next, a time index is cleared, and then the 
system sets the correlator input "B" to receive_ data from 
another cell site, leaving the "A" input unchanged. The 
system then waits· until the correlator is finished, and then 
saves the correlation results. Thereafter, the system makes 
a determination whether there is a "B" cell site that has not 
been processed yet. If so, the processing branches back as 
shown to process the data from that cell site. If not, the 
system determines whether power is still being received; if 
not, this part of the processin9 is finished; if so, the time 
index is incremented and the "B" channel cell site signals 
are processed again, as shown. 

The processing performed to obtain time delay and 
frequency difference data is depicted in Figure SB. The 
system first sets a first index to a site index for the site 
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at.which power was detected. Thereafter, a second index is 
set to another site. The time index is then set to a first 
time. The correlatio~ data is then stored in a row of a two­
dimensional array,.where the row number corresponds to the 
time index. ·Next, the system determines whether another time 
sample is to be processed; if so, the time index is 
incremented and the system brancnes back as shown. rf not, 
the data in the two-dimensional array is Fourier transformed. 
The transformed data is then searched for the highest 
amplitude. An interpolation is then performed to estimate 
the peak of the transformed data. The time delay and 

........ 
frequency difference results are then saved. The system then 
determines whether the second index is to be incremented and, 
if so, branches.back as shown. 

Figures SC-BE depic~ the location estimation 
process. Referrinq to Fiqure BC, the system first retrieves 
the observed delays and frequencies. The corresponding 
telephone information is then retrieved. Thereafter, the 
latitude and lonqitude are set to startinq latitude, 
longitude values. Given the startinq values, the system then 
calculates theoretical values of delays, taking account of 
site biases, if any. The system then obtains the sum of 
squares of the observed delays minus the computed delays. 
This is denoted "X". The system then determines whether this 
is the smallest "X" obtained thus far. :If not, the system 
branches forward as shown to increment the starting longitude 
value. ·If this is the smallest "X", the latitude is saved in 
"BEST_LAT" and the lonqitude is saved in "BEST_LON". The 
system then determines whether another longitude and latitude 
should be tested. If not, the system performs a linearized­
weighted-least-squares iteration step, startinq at BEST LAT 
and BEST LON, to determine correction values "LAT CORRECTION" - . -
and "LON_CORRECTION". 

Referrinq now to Fiqure SD, the location 
determination process is continued by determininq whether the 
magnitude of LAT_CORRECTION is less than 0.0001 degrees. 
Similarly, the system determines whether LON_CORRECTION is 
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less than 0.0001 degree. If either of these tests yields a 
negative result, the value of LAT_~ORRECTION is added to 
BEST_LAT and the value of LON_CORRECTION .is added -~to 
BEST_LON, and the processing branches back to perform another 
linearized-weighted-least-squares iteration step (Figure SC) . 
Once the maqnitudes of LAT_CORRECTION and LON_CORRECTION are 
less than 0.0001, the system proceeds.with the velocity 
calculation by setting a speed variable to zero and a 
direction variable to zero (i.e., North). Given these 
starting values of speed and direction, the system calculates 
theoretical values of frequ.encies, tak~nq account of any site 

.·· 
bias. The system then co~putes the sum of the squares of 
observed frequencies minus computed frequencies.· This sum is 
denoted "Y". The system then determines whether this value 
of "Y" is the smallest obtai~ed thus far. If so, the speed 
is saved in "BEST_SPEEO" and the direction is saved iri 
"BEST_DIRECTION". The system then determines whether another 
direction should be tested. It so, t;he direction is 
incremented and the processinq branches back as shown. 
Similarly, the system determines whether another speed should 
be tried and, if so, increments the speed and branches back 
as shown. Xf the system decides not to try another direction 
or speed, it performs a linearized-weighted-least-squares 
calculation, starting at BEST SPEED and BEST DIRECTION, to - -
determine correction values "SPEED CORRECTION" and -
"DIRECTION_CORRECTION". Thereafter, the system determines 
whether the magnitude of SPEED_CORRECTION is less than a 
specified value, e.g., one mile per hour. If so, the system 
determines whether the magnitude of DIRECTION CORRECTION is 
less than 1°. If either of these tests results in an 
affirmative answer, the system adds SPEED_CORRECTION to 
BEST SPEED and adds DIRECTION CORRECTION to BEST DIRECTION, - - -
and the processing branches back as shown to perform another 
linearized-weighted-least-squares calculation. If 
SPEEO_CORRECTION is less than 1 mile per hour and 
DIRECTION_CORRECTION is less than 1°, the system outputs the 
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telephone information, BEST_LAT, BEST_LON, BEST_SPEEO, and 

BEST_OIRECTION. 

Applications 
There are a variety of commercially valuable 

applications· of the inventive technoloqy disclosed herein. 

For example, in addition to the basic function of tracking 

the location of a mobile cellular telephone, the present 

invention may be employed to off er subscribers billing rates 

that vary on the basis of the location from which a call was 

made. As depicted in Fiqure 9, a location tape, containing a 

record over time of the locations of the subscribers' 

cellular telephones, may be merqed with a billin9 tape to 

produce a modified billin9 tape. The billinq tape contains 

data indicatinq the cost for each telephone call made by the 

cellular telephones within a_..certain time period. This cost 

is based upon one·or more predetermined billinq rates~ The 

modified billinq data is based upon a different rate for 

calls made from certain specified locations. For example, 

the system may apply a lower billinq rate for telephone calls 

made from a user's home or office. 

The invention may also be employed to provide 

emerqency assistance, for example, in ~esponse to a "911" 

call. Xn this application, the location system includes 

means for automatically sending location information to a 

specified receivin9 station in response to receivinq a "9ll" 

sic;nal from a cellular telephone. 

Further, the invention may be employed in 

connection with an alarm service. In this application, a 

means is provided for comparing the current location of a 

given telephone with a specified range of locations and 

indicating an aiarm condition when the current location is 

not within the prescribed ranc;e. 

Yet another application involves detecting a lack 

of signal transmissions by a given telephone and in response 

thereto automatically paging the telephone to cause it to 

initiate a signal transmission. This allows the system to 

locate a telephone that has failed to register itself with 
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the cellular system. Such a feature could be· used, for 
example, to qenerate an alarm for subscribers at remote 
locations. 

Still another application involves estimatinq -a 
· time of arrival of a qiven telephone at a specified location. 
This application is useful, .._tor example, ·in connection with a 
public transportation system to provide estimated times of 
arrival of busses along established routes. Many other 
applications of this feature are also possi-ble. 
conclusion 

Finally, the true scope the present invention ·±s 
not limited to the presently· preferred embodiments disclosed 
herein. For example, it is not necessary that all or even 
any of the "cell site systems" be collocated with actual cell 
sites of an associated cellul'ar telephone system. Mo~eover, 

COllllllunication links other than Tl links may be employed to 
couple the cell site systems to the central site system. In 
addition, the timing signal receiver need not be a GPS 
receiver, as other means for providing a cOllllllon timing signal 
to all cell site systems will be apparent to those skilled in 
the art~ Furthermore, the present invention may be employed 
in connection with many applications not specifically 
mentioned above. These include stolen vehicle recovery, 
fleet manaqement, cell system diaqnostics, and hiqhway 
management. Accordinqly, except as they may be expressly so 
limited, the scope of protection of the following claims is 
not intended to be limited to the particularities described 
above. 
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Claims 

l. A ground-based cellular .telephone location system 
serving a plurality of subscribers possessing mobile cellular 
telephones, eomprising: 

(~) at lease three cell· sites (1·2) equipped to receive 
signals sent by.multiple mobile cellular telephones each 
initiating periodic signal transmissions over one of a prescribed 
set of reverse control channels; 

and characterised by: 
{b) locating means (16) for automatically determining 

the locations of said cellular telephones by receiving and 
processing signals emitted during said periodic reverse control 
channel transmissions; and 

·(c) database means (20) for storing location data 
identifying the cellular telephones and their respective 
locations, and for providing acce.ss·to said database to 
subscribers at remote locations. 

2. A ground-based cell~lar telephone system as 
recited in claim 1, further comprising means (26, lOb) for 
providing location data to a s~ecif ic one of said cellular 
telephones upon request by the specific telephone • . 

3. A ground-based cellular telephone system as 
~~cited in claim 1 o~ 2, further comprising means for 
merging said location data with billing data for said cellular 
telephones and generating modified billing data, wherein said 
billing data indicates the cost for each teleph~?e call ma~e by 
said cellular telephones within a certain ·:time_ period, said cost 
being based upon one or more predetermined billing rates, and 
said modified billing data is based upon a different rate for 
calls made from one or more prescribed locations. . . . . . . 

4. A ground-based cellular telephone system as 
recited in any of claims l-3, further comprising means for 
transmitting a signal to a selected cellular telephone to cause 
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said selected telephone to transmit a signal over a control 
channel. 

5. A ground-based cellular telephone system as 
recited in any of claims 1-4, further comprising means for 
automatically sending location information to a prescribed 
receiving station in response to receiving a distress ·signal fro.m 
a cellular telephone, whereby emergency assistance may be 
provided to a subscriber in distress .. 

6. A ground-based cellular telephone system as 
recited in any of·"'·claims 1-5, further""' "comprising means for 
comparing the current location of a given telephone with a 
prescribeq range of locations and indicating an alarm condition 
when said current location is no~ within said prescribed ~ange. 

7. A ground-based cellular telephone system as 
recited in any of claims 1-6, further comprising means for 
detecting a lack of signal transmissions by a given telephone and 
ih response thereto automatically paging said given telephone to 
cause_ said given telephone to initiate a"signal transmission. 

a. A ground-based cellular telephone system as 
recited in any of claims l-7, further comprising means for 
estimating a time of arrival of a given telephone at a 
prespecified location. 

9. · A. ground-based cellula:r; telephone .. system. as 
recited in any of claims 1-8, further comprising means for 
tracking a given telephone by receiving voice signals transmitted 
by said given telephone over a voice channel and determining the 
location of said given.telephone ·on the basis of ·said voice 
signals. 

10. A cellular telephone location system as recited 
in any of claims 1-9, characterized in that: 
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(1) each c::if said at least three cell sit.es comprise: 
an elevated ground-based antenna (12-l) ;

0 

a baseband convert.or 
(12-3) operatively coupled to said antenna ·for receiving cellular 
telephone signals transmitted over the reverse control channel by 

said cellular telephones and providing baseband signals derived 
from the cellular telephone signals; a timing signal receiver 
(12-8) for receiving a timing signal common to all cell' sites; 
and a sampling subsystem (12-4) operatively coupled to said 
timing signal receiver and said baseband convert.or for sampling 
said baseband signal at a prescribed sampling frequency and 
formatting (12-5) the sampled signal into frames of digital data, 
eaeh frame comprising a prescribed number of data bits and time 
stamp bits, said time stamp bits representing the time at which 
said cell~lar telephone signals were received; and 

(2) said locating means comprises a central site 
system {i6-l thru 16-8) ·operatively coupled to said cell sit.es, 
said central site system comprising: means for processing said 
frames of data from said cell site systems to generate a table 
identifying individual cellular telephone signals and the 
differences in times of arrival of said cellular telephone 
signals among said cell site systems; and means for determining,· 
on the basis of said times of arrival differences, the locations 
of the cellular telephones responsible for said cellular 
telephone signals. 

11. A cellular telephone location system as recited in 
claim 10, wherein said timing signal receiver comprises a global 
positioning system (GPS) receiver. 

12. A cellular telephone location system as recited in 
claim 10, wherein said. central site system comprises a correlator 
(16~7) for cross-correlating the aata°"bits" of a frame from one 
cell site system with corresponding data bits from each other 
cell site system. 
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13. A cellular telephone location system as recited in 
claim 12, wherein said central site system further comprises: 

a plurality of data inputs ports each connected to . 
receive a signal from one of said cell site syst.ems; 

interface/deformatting circuits (16-1} · for receiving 
the signals from said input ports and o~~~utting data bits and a 
clock s.igrial; 

a plurality of FIFO registers (16-2) each coupled to an 
interface/deformatting circuit to receive the data bits and clock 
signal from that circuit; 

a switch (16-3) comprising a plurality of input ports, 
.. · .... 

each input port coupled to an output of one of said FIFO 
registers, and a first output port (A) and a second output port 
(B), said.first output port coupled to an input port of said 
correlator; ... 

a computer (16-8) operatively coupled to.said switch to 

select two of the inputs to said switch to be output on the 
output ports of said switch; 

a RAM control circuit (16-5) coupled to said computer 
and said FIFO registers; 

a sample read c1ock "(16-4) controlled by said computer 
and said RAM control to read sample bits from previously selected 
FIFO registers; and 

a quadrature channel generator (16-6) comprising an 
input port coupled to. said second output port of said switch and 
a first output port (Bl) and a second output port (B2) , and means 
for outputting an in-phase signal on said first output port (Bl) 

and a.quadrature signal on said second output port CB2); 

wherein said correlator calculates a f i~st correlation 
coefficient for said DATA A and DATA Bl signals, and a second 
correlation coefficient for said DATA A and DATA B2 signals. 

14. A cellular telephone location system as recited in 
claim 10, wherein said baseband convertors (12-3) each comprise: 
a first mixer (36) providing an intermediate frequency (IF) 
signal; a synthesizer (46) providing a local oscillator (LO) 
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signal; a single sideband mixer (44) operatively coupled to said 
first mixer and said sY'nthesizer for converting said IF s~g:nal to 
an upper sideband signa1. and a lower sideband signal; and means 
(48, SO) for filtering said upper sideband and lower sideband 
sigrials and pro~iding said baseband signals on the basis of the 
filtered upper and lower sideband sign~ls. 

15. A cellular telephone location system as recited in 
claim l, wherein said system · includes means to: 

receive a cellular telephone signal; 
demodulate the received cellular telephone signal 

at a first cell site to produce a demodulated digital bit stream; 
modulate the demodulated digital bit stream at 

said first cell site to reconstruct the cellular telephone signal 
as it was originally transmitted~ whereby a first recons~ructed 
cellular telephone signal is produced; 

cross-correlate said reconstructed signal against 
the cellular telephone signal received at said fir~_t cell site to 
produce a first peak indicative of a time of arrival of the 
cellular telephone signal at the first cell site; 

determine the time of arrival of the cellular 
telephone signal a~ the first cell site on the basis of said 
first peak and produce first time of arrival data indicative 
thereof; 

send the demodulated digital bit stream and first 
time of arrival data from the first cell site to the central 
site; 

distribute the demodulated digital bit stream and 
first time of arrival data to a second cell site;. 

modulate the demodulated digital bit stream at a 
second cell site to reconstruct the cellular telephone signal as 
it was first "transmitted by the. cellular telephone, whereby"a 
s~cond reconstructed cellular telephone signal is produced; 

receive said cellular telephone signal at said 
second site; 
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cross-correlate the second reconstru"ct:ed signal 
against the cellular telephone signal received at the second cell 
site to produce a second peak. indicat;.ive of a time of arriva:l ,o:f 

the cellular telephone signal at the second cell site; 
aeterm.ine the time of arrival of the cellular 

telephone signal at· the second cell site on the basis of said 
second peak and producing· second time of arrival data ±ndicative 
thereof; 

send said second time of arrival data from the 
second cell site to the-central site; and 

determine time difference of arrival data on the 
basis of said first and· second time of arrival data. 

16. A cellular te~ephone location system as recited in 
claim 10, wherein said system i ncltades means_ to: 

(1) create a grid of theoretical points covering a 
prescribed geographic area, said theoretical points being spaced 
at prescribed increments of latitude and longitude; 

(2) calculate theoretical values of time delay for a 
plurality.of pairs of cell sites; 

(3) calculate a least squares difference fLSD) value 
based on the theoretical time delays an~·measured time delays for 
a plurality of pairs of cell sites; 

(4) search the entire grid of theoretical points and 
determining the best theoretical latitude.and longitude for which 
the value of LSD is minimized; and 

(5) starting at the best theoretical latitude and 
longitude, perform another. linearized-weighted-leas~-squares 
iteration to resolve the actual latitude and long~tude to within 
a prescribed number of degrees or fraction of a degree. 

17. A cellular telephone location system as recited. in 
claim 16, wherein said calculating step_ (2) comprises accounting 
for any known site biases caused by mechanical, electrical, or 
environmental factors, said site biases determined by 
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periodically calculating the positions o.f refererrce cell\l'lar 
transmitters at known locations. 

18. A cellular telephone location system as recited in 
claim 16, wherein said least squares difference is given by: 

LSD = (Q12 (Delay _T12-:0elay _Ou) 2 + Ou (Delay _T13 -

Delay _Ou} 2 + •.• Oxy{Delay_ Txy-Delay_Oxy) 2 ] 

where, Oelay_Txy represents the theoretical delaybetween cell 
sites x and y, x and y being indices representative of cell 
sites; Delay._Oxy represents the observed delay between cell sites 
x and y; Oxy represents a quality factor for the delay 
measurement between cell sites x and y, said quality factor being 
an estimated measure of the degree to which multipath or other 
anomalies.may have affected a particular delay measurement. 

19. A cellular telephone location system as recited in 
claim 16, wherein said system is further operative to detect a 
first leading edge of a cellular telephone signal and reject 
subsequent leading edges of said cellular telephone signal, 
whereby the effects of multipath may be reduced. 

20. A cellular telephone location system as recited in 
claim 10, wherein said system 1 ncl udes means to estimate 
velocity by: 

(l) creating a grid of theoret~cal points covering a 
prescribed range of velocities, said theoretical points being 
spaced at prescribed increments; 

(2) · calculating. theoretical values of frequency 
difference for a plurality of pairs of cell sites; 

(3) calculating a least squares difference (LSD) value 
based on the theoretical frequency differences and measured 
frequency aifferences for a plurality of pairs of cell sites;" 

(4) searching the entire grid of theoretical points 
arid determining the best theoretical velocity for which the value 
of LSD is minimized; and 
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(5) starting at the best theoretical velocity, 
performing another linearized-weighted-least-squares iteration to 
resolve the actual velocity to within a prescribed tolerance. 

21. A cellular telephone location system· as recited in 
claim 3 I Wherein the system applies a "lower billing rate ·for 
telephone calls made from a ~~er's home. 

22. A method for det.ermining the location (s} of one or 
more -mobile cellular telephones periodically transmi.tting si_gnal;s 
over one of a prescribed set of reverse control _channels, 
comprisi~g the steps~··-of .: - · 

(a) receiving said reverse control channel signals at 
at least t;hree geographically-separated cell sites_; 

(b} processing said signals at each cell site to 
produce frames of data, each frame comprising a prescribed number 
of data bits and time stamp bits, said time sta~p bits . 
representing the time at which said frames were produced at each 
cell site; 

(c) processing said frames of data to identify 
individual cellular telephone signals and the differences in 
times of arrival of ~aid cellular telephone signals among said 
cell sites; and 

(d) determining, on the basis of said times of arrival 
differences, the locations of the cellula;- telephones responsible 
for said cellular telephone signals. 

23·. A method as. reci'ted in claim 22, further . · 
comprising the steps of storing, in a database, location data 
identifying the cellular telephones and their respective 
locations, and providing access to·said database to subscribers 
at remote locations. 

24. A method as recited in claim 22 or 23, further 
comprising merging said location data with billing data for said 
cellular telephones and generating modified billing data, wherein 
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said billing data indicates the cost for each telephone call made 
by said cellular telephones within a certain time period, .. said 
cost being based upon otie oi: more predetermined billing rates, 
and said modified billing data is based upon a different.rate for 
calls made from one or more prescribed locations. 

25. A method as recited in any of claims 22·.;:24, 
further comprising transmitting a signal to a selected cellular 
telephone to cause said selected telephone to transmit a.signal 
over a control channel . 

. ..;. . 26. A method as recited in any of claims 22-25, 
further comprising automatically sending location information to 
a prescribed receiving station in response to receiving a . 
distress signal from a cellular ~elephone, whereby emergency 
assistance may be provided to a subscriber in distress. 

27. A method as recited in any of claims 22-26, 
further comprising comparing_ the current location of a given 
telephone with a prescribed range of locations and indicating an 
alarm condition when said current location is not within said 
prescribed range. 

28. A method as recited in any of claims 22-27, 
further comprising detecting a lack of signal transmissions by a 
given telephone and in response thereto automatically paging said 
given telephone to cause said given telephone to initiate a 
signal transmission." 

29. A method as recited in any of claims 22-28 '· 
further comprising estimating a time of arrival of a given 
telephone at a prespec!fied.locatiori~ 

30. A method as recited in any of claims 22-29, 
further comprising continuously tracking a given telephone by 
receiving voice signals transmitted by said given telephone over 
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a voice channel and determining the location of said given 
telephone on the basis of said voice signals. 

31. A method as recited in any of claims 22~30, 
comprising the steps of: 

receiving a cellular telephone signal at a first. 
cell site; 

demodulating the received cellular telephone 
signal at:. . said f"irst cell site to produce a demodulated digit.al 
bit stream; 

modulating the demodulated digital bit stre~rn to 
reconstruct the cellular telephone signal as it was· ·originally 
transmitted, thereby producing a first reconstructed cellular 
telephone signal; 

cross-correlating. said reconstructed signal 
against the cellular telephone signal received at·Said first cell 
site to produce a first peak indicative·of a time of arrival of 
the cellular telephone signal at the first cell site; 

determining the time of arrival of the cellular 
telephone sign.al at the first cell site on ~he basis of said 
first peak and producing first time of arrival data indicative 
thereof; 

sending the demodulated digital bit stream and 
first time of arrival data from the first cell site to a central 
site; 

distributing the demodulated digital bit stream 
and first time of arrival data to a second cell site;_ 

modulati~g the.demodulated digital bit stTeam at 
the second cell site to reconstruct the cellular telephone signal 
as it was first transmitted by the cellular telephone, thereby 
producing a second reconstructed cellular telephone signal; 
. receiving said cellular telephone'signal at said 

second cell site; 

cross-correlating the second reconstructed signal 
against the cellular telephone signal received at the second cell 
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site to produce a s~cond peak indicative of a time of arrival of 
the cellular telephone signal at the second cell site; 

determining the time of arrival of the cellular 
telephone signal at the.second cell site on the basis of said 
second peak anq producing second time of arrival data indicative 
thereof; 

sending said second time of arrival 
data from the second cell site to the central 

site; and 
determining time difference of arrival data on the 

basis of said first and second.time of arrival data . 

. ..:: : . 

32. ·A.'method as recited in any of claims 22-3l, 
comprising estimating the lo~ation of a cellular telephone by 
performing the following steps: 

{l) creating a grid of theoretical points covering a 
prescribed geographic area, said theoretical points being spaced 
at prescribed increments of latitude and longitude; 

(2} calculating theoretical values of time delay for a 
plurality of pairs of cell sites; 

(3) calcula~~ng a least squares difference {LSD) value 
based on the theoretical time delays and measured time delays for 
a plurality of pairs of cell sites; 

(4) search~ng the entire grid of theoretical points 
and determining the best theoretical latitude and longitude for 
which the value of LSD is minimized; and 

(5} ~tarting at the best theo~et.i~al latitude and 
longittude, performing anotner· iinearized-weighted-ieast-squares 
iteration to resolve the actual latitude and longitude to within 
a prescribed number of degrees or fraction of a degree. 

33. A method as recited in claim'32~ wherein'said 
calculating step (2) comprises accounting for any known site 
biases caused by mechanical, electrical, or environmental 
factors, said site biases determined by periodically calculating 
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the positions·· of.· reference .,.cellular transmitters:-at -known· 

locations. 

34 .. A methoa as recited in claim 33, wherein said 
least squares difference is given by: 

LSD = (Ql2 (Delay _T12-Delay _012) 2 + Ou (Delay _Tu-
Delay _013) 2 + .•. Qxy (Delay_ Txy-Delay _Oxy} 2·1 

where, Delay_T~ represents the theoretical delay between cell 
sites x and y, x and y being indices representative of cell 
sites; Delay_Oxy represents the observed delay between cell sites 
x and y; Qxy represents a quality factor for the delay 
measurement between cell sites x and y, said quality factor being 

. ..,,"an estimated measure o~ the degree to which multipath or other 
anomalies may have affected a particular delay measurement .• 

35. A method as recited in any of claims 22-3~, 
further comprising detecting a first leading edge of a cellular 
telephone signal and rejecting subsequent leading edges of said 
cellular telephone signal. 

36. A method as recited in any of claims 22-35, 
comprising estimating the velocity of a cellular telephone by 
performing the following steps: 

(1) creati~g a grid of theoretical points covering a 
prescribed ran:ge of velocities, said theoretical points being 
spaced at prescribed increments; 

(2) calc~lating theoretical values of frequency 
··difference for· a plurality of· pairs of cell sites;· 
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{3·) calculating a least squares difference (LSD) value 
based on the theoretical frequency differences and measured 
frequency differences ·for a plurality of pairs of cell sites; 

(4) searching the entire grid of theoretical points 
and determining the best theoretical velocity for which the value 
of LSD is minimized; and 

( 5) starting at the best theoretical velocii:·y ! 
performing another linearized-weighted-least-squares iteration to 
resolve the actual velocity to within a prescribed tolerance. 
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ABSTRACT 

CELLULAR TELEPHONE LOCATION SYSTEl\tI 

A cellular telephone lOcation system for automatically recording the location of one 

or more mobile cellular telephones comprises "three or more cell site systems (12). Each 

· cell site system is located at a cell site of cellular telephone system. Each cell site system 

includes an antenna that may be mounted on the same tower or building as the antenna 

employed by the cellular telee~one system and equipment that may be housed in the 
.. ~·#.... -·:· . . 

equipment enclosure of the corresponding cell site. The cell site systems are coupled via 

Tl communi~ation links (14) to a central site (16). ·The central site may be collocated with 

the cellular telephone system's MTSO. The central site (16) is funher coupled to a 

database (20), which may be remoteiy· toated from the central site and made available to 

subscribers. 

Figure 2. 
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