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RADIOTELEPHONE LOCATING AND HANDOFF USING ALTERNATIVE CRITERIA

FIELD OF THE INVENTION

The present invention relates to mobile station locating and
handoff in a cellular mobile radiotelephone system and more par-
ticularly to such a system employing alternative handoff criteria.

BACKGROUND OF THE INVENTION

In a cellular mobile radiotelephone system, a collection of
cells or radio base stations each having a specified coverage area
is controlled to provide duplex radio communications with a large
number of mobile stations throughout a geographical area. The
coverage areas or cells of the individual base stations overlap to
provide continuous coverage. Responsibility for mobile stations
in 'overlapping areas is assighed based on various criteria to
define in effect a patchwork of non~overlapping contiguous cells,
typlcally :Lllustrated as hexagons. The base stations are linked

telephon . the radiotelephone system to functlon as
an exteng f‘»' ntlonal telephone system.

Fo f§ ftdn to or from a mobile station to remain
unlnterr 11e station travels from cell to cell,

) JR{Pdling the call connection must be "handed-
off" from one"‘ %eé"l'to another. To accomplish such handoff, a
procedure must be provided for locating the mobile station, or
tracking its position in relation to cell boundaries.

Various methods are known for locating mobile stations in a
mobile radiotelephone system. Two such methods of particular
importance involve signal strength monitoring and "path-loss®
monitoring, respectively. Signal strength and path loss are
related but distinct quantities. Signal strength is a measure of
the power of a received radio frequency signal. Path loss is a
measure - of the decrease in power of a radio frequency signal
during transit of the signal from transmitter to receiver. Path
loss may be calculated from signal strength if,transmission power
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Most present-day mobile xgadiotelepho_ne systems use signal
strength to determine the location of mobile stations. When the
signal strength of a mobile station falls below a specified
threshold, for. example, the mobile station is assumed to have
passed beyond the boundaries of the currently-responsible cell.

The mobile station is determined to have entered the neighboring

cell that registers the highest signal strength for the mobile
station. _

One mobile radiotelephone system, the GSM'eystem, is known to
use path loss for locating the position of mobile stations and
enj oys several important advantages over position locating
techniques using signal strength. By providing that a mobile
station is always associated with the cell that results in the
lowest path loss for that connection, communications may be
achieved using the least possible power. Also, base station

. transmission powers may be adjusted (for example increasing the

power of a base station experiencing problems being properly
received by mobile stations) without affecting cell boundaries as
would heppen using signal strength; Also, using path loss instead
of signal strength, uniform cell boundaries are applicable to
mobile stations transmitting at different power levels. Using
signal strength, a call connection with a mobile station transmit-
ting at high power will be maintained at a greater distance than
a’ call connection with a mobile station transmitting at a lower
power such that the effective cell size is different for mobile
stations of different power classes.

The use of path loss alone to locate mobile stations may in
some instances, however, be disadvantageous.' If, for example, an
established call connection enjoys little or no signal-'strength
margin (excess s;ignal strength above the bare minimum required to
sustain communications), and if a different criterion than signal
strength is used to determine the need for handoff, then the call
connection may be interrupted when its signal strength margin has
been exhausted without a handoff having been arranged. The

- foregoing -class ‘of calls may ‘be referred to as being signal-

strength limited, or “"carrier-to-noise" (C/N) limited. When a
call connection is not C/N limited, the path loss criterion may be

advantageously ‘employed. Such calls are 'more susceptible to
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interference from other calls than to low signal strength and may
be referred to as "carrier-to-interference" (C/I) limited. The
path loss criterion minimizes interference by assuring that the
greatest possible amount of radiated energy reaches its intended
destination.

What is needed, then, is a mobile radiotelephone system that
takes advantage of the benefits of using path loss to make
locating and handoff decisions, including the benefits of power
conservation, low interference, and fixed cell boundaries, and
that at the same time avoids the disadvantages associated with the

use of path loss, ineluding possible call connection interruption
and loss of the call.

SUMMARY OF THE INVENTION

In a cellular mobile radiotelephone system having a plurality
of cells providing radio coverage by a plurality of base stations
and having a plurality of mobile stations, the location of a
mobile station with respect to cell boundaries is identified using
measurements, performed at the mobile. station or at selected -
cells, of transmissions from the cells or transmissions from the
mobile stations. When a cell is found that meets a specified
standard with respect to a call connection in progress according
to a first radio-signal criterion, a handoff candidate cell is
selected according a second different radio-signal criterion.
When no cell is found that meets the specified standard, a cell'is
selected according to the first radio-signal criterion. Handoff
to the selected cell is attempted if that cell is not presently
handling that call. More particularly, the first radio-signal
criterion may be signal strength 'and the second radio-signal
criterion may be path loss. When a cell is found that meets the
signal-strength criterion, the cell is determined to have
sufficient signal strength margin so that the path loss criterion
nay bé used instead. As mentioned above, use of the path loss
criterion has the -advantages of conserving-power, - reducing
interference, and allowing effective cell boundaries to remain
fixed. When no cell is found that meets the signal-strength
criterion, the call connection is determined to be signal-strength
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limited such that the signal strength criterion is used to select
the cell having the greatest signal strength.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the invention will
be readily apparent to one of ordinary skill in the art from the

‘following" written ' description, used in conjunction with the

drawings, in which: .
Figs. 1la through le are geometrical illustrations for
explaining the disadvantages associated with deciding handoff on

~ the basis of path loss only;

Fig. 2 is a block diagram of a mobile station portion of a
mobile radiotelephone system;

Fig. 3 is a block diagram of a base station portien of a radio
telephone system;

Fig. 4 is a representation of a communications format between
the mobile station of Fig. 2 and the base station of Fig. 3;°

Fig. 5, including Figs. 5a and 5b, is a flowchart represen-
tation of a locating operatlon performed by the cellular radio-
telephone system;

Fig. 6 is a flowchart showing in greater detail a portioh of
the'locating operation of Fig. 5; and

Fig. 7 is a representation of a cell list prepared accdr’ding

to the steps of Fig. 6 and used to decide handoff accordlng to the
present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The principle underlying the present invention may best be
understood with reference to Fig. le. For ease of explanation,
however, different features of Fig. le will first be explained

_separately W:Lth reference to Figs. la-1d.

Fig. la illustrates two base stations BS, and BS, in a

-cellular mobile radiotelephone system. ‘The base stations are

located along an imaginary line, the line segment extending
between the two base stations being bisected by a transverse

imaginary line. Every point along the transverse imaginary line

This Sheet Has Been Rep l

T



%)

5

is equi-distant from base stations BS, and BS,. Since path loss is
mainly a function of distance, the path loss PL, experienced by a
signal transmitted from base station BS, is equal to the path loss
PL, experienced by a signal transmitted from base station BS, at
all points along the transverse line. If the cells to be covered
by base stations BS, and BS, were to be of equal size (considering
handoff), then the transverse line would form the boundary between
cell 1 and cell 2 according to the path loss criterion. .

It is often convenient, however, to have adjacent cells such
as cell 1 and cell 2 be of different sizes. Therefore, instead of
defining the boundary between cell 1 and cell 2 as the _equal-path-'
loss transverse line in Fig. la, the boundary may be defined as
shown in Fig. 1b by a curve I along which the maghitude of the
difference in dB between the path loss PL, experienced. by a signal
transmitted from base station BS, and the path loss PL, experienced
by a signal transmitted from base station BS, is a constant K.
This curve will have the shape of a circle. _

In general, the signal strength of a signal transmitted from
a base station will be equal at all points an equal distance from
the base station, i.e., along a circle. 1In Fig. 1lc, two such
equal-signal-strength circles are drawn with respect to base
station BS, and two corresponding equal-signal-strength circles of
corresponding size are drawn with respect to base station BS,. The
smaller of" the circles may be said "to represent a sufficient
signal level at which a call may be received with good quality.
The larger of the circles may be said to represent a minimum signal

. level at which a call may be received but with barely acceptable

quality. As noted previously in relation to Fig. l1a, path loss
between the two cells is equal along a transverse line bisecting
the line segment joining base stations BS, and BS,. Assuming the
transmission power PWR1 of base station BS; is the same as the
transmission power PWR2 of base station BS,, then the signal
strength SS1 of a signal transmitted from base station BS, is also
equal to the signal strength SS2 of a signal transmitted from base

- station-BS, along the same transverse -line. ‘In such a situation,

whether the cell boundary is defined according to a path loss

criterion or a signal strength criterion, the result will be the
same.
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To make adjacent célls different sizes according to the
signal strength criterion, hbwever, the transmission powers of the
respective base stations must be scaled accordingly instead of
being equal. Fig. 1d illustrates the case where transmission
power PWR1 on base station BS, is less than the transmission power '
PWR2 of base station BS,. As a result, the radius of the circle IV
defining a sufficient signal level with.respect to base station BS,
is less than the radius of a corresponding circle VI defining a
sufficient signal level with respect to base station BS,.
Likewise, the radius of the circle V defining a minimum signal
level with respect to base station BS, is less than the radius of
the corresponding circle VII defining a minimum signal level with
respect to base station BS,. The distance between thé circles IV
and V is therefore proportionally shorter than the distance
between the circles VI and VII. Equal signal strengths between
the two cells no longer occur along a stfaight line as in Fig. lc
but along a smooth curve III drawn through the intersections of
corresponding ones of the circles.

Referring now to Fig. 1le, the disadvantage_of using path loss
only as the main criterion for deciding handoff will be explained.
Fig. le is a composite of Figs. 1b and 1d, hence the descri;ption
of those figures will apply equally with respect to Fig. le. For
completeness, however, portions of the previous description will
be repeated. Reference numerals 'BS1 and BS, designate respective'
base stations located along a median represented by a vertical
dashed line. The distance by which the base stations are separa-
ted is bisected by a horizontal dashed line. Since path loss, in
an idealized environment and assuming that frequency 1is kept
constant, is essentially only a function of distance, the
horizontal dashed line represents’ an equi-path loss line with
respect to base stations BS, and BS,. _

It is useful, however, to define with respect to base
stations BS, and BS, cells having different sizes. The curve I
therefore represents the collection of points whose distance from

- base station BS, divided-by the distance to base station BS, is a

constant, resulting in a measured path loss from those points to
base station BS, that is X dB greater than the path loss from those
points to base station BS,. With respect to both base stations BS,
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and BS, is also defined a pair of concentric circles (IV, V, VI,
and VII) representing the distance at which a mobile station
signal can be received by a mobile station with "sufficient" and
"mi__ninium'.' signal levels, respectively. A sufficient signal level
is one at which a call may be received with good quality. A
minimum signal level is one at which a call may be received but
with barely acceptable quality -- at any lower signal level, the
call cannot be: continued. As noted previously, the actual
physical coverage of the two base stations overlaps, with' the
choice between base stations in the overlapping areas B, C, D
being governed by the handoff decision process. '

The two pairs of concentric circles IV, V, and VI, VII and the
curve I may be used to identify regions having different radio
signal characteristics and which are identified by different
shadings. In a region D indicated by horizontal shading, the
signal of a mobile station is received at each of the base stations
BS, and BS, at a sufficient level. 1In the regions B indicated by
vertical shading, on the other hand, the signal of a mobile
station is received at each of the base stations at a minimum
level. In the regions C indicated by slant-left shading, the
signal of a mobile station is received at one of the base stations
at a sufficient level and at the other of the base stations at a
minimum level. Finally, in the regions A indicated by slant-right

‘'shading, the signal of a mobile station is received at base

station BS; at a minimum level but is not received at base station
BS, at either a sufficient or minimum level. In these A regions,
unlike the other identified regions B-D, the signal from a mobile

“station can be received at a minimum level by only one of the base

stations.

Referring to the lower-most boundary of the regions A, as a
mobile station passes over the boundary from region B into region
A, it leaves a region in which it may be received by base station
BS, at a minimum level and enters a region in which it may be
received only by base station BS; at a minimum level. In regiona,

- however, the mobile - station has not yet reached the curve I

defining the boundary of cell 1 for handoff purposes in terms of
the path loss criterion. Therefore, if a path loss criterion is
used exclusively, the mobile station will have passed beyond the
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coverage of base station BS, but will not have been handed off to
base station BS, with the result that the mobile station's call
connection is dropped. ' _
"such a result may be awvoided in such situations by selec-
tively using a signal strength criterion in place of the path loss
criterion. In particular, the boundary between cells 1 and 2 may
be defined as follows. 1In the horizontally shaded region D,
either base station may-handle a. call connection with acceptable
results, Because there are advantages in using a path- loss
criterion for deciding handoff where pbssible, the cell bdundary
is defined as the path loss curve I up until its intersection with
a curve II, forming a portion of the circle VI _indicative of a
sufficient signal level at base station BS,. From that point, the
" “cell boundary is defined by the curve II until its intersection
with the circle IV indicative of a sufficient level at base
station BS;. In the vertically shaded regions B, calls are signal-
strength limited. The cell boundary is therefore defined as an
equal-signal-strength curve III across the region. The resulting
boundary, defined by' the combination of curves I, II and III,
divides the two cells in their area of overlapping coverage.

Fig. 2 illustrates a base station in a cellular mobile radio
systen such as base stations BS, and BS, in Fig. 1. This particular
example pertaihs to a mobile station that can be used in a digital
communications system, i.e.,. one in which digitized +voice
information is transmitted between base and mobile stations.
Furthermore, the operation of the system is explained in the
context. of full~rate transmissions in a time division multiple
access (TDMA) system, in which each packet of digital information
is interleaved over two spaced time slots in a frame of data. It
will be readily appreciated, however, that the invention is
equally applicable to other types of cellular radio systems, such
as those in which information is transmitted in an analog format,
transmitted digitally at a half rate, 'or transmitted in other
access modes such as frequency division multiple access (FDMA) or
code division multiple access (CDMA). '

In the mobile station depicted in Fig. 2, a speech coder 101
converts the analog signal generated by a microphone into a binary
data stream. The data stream is then divided into data packets,
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according to the TDMA principle. A fast associated control
channel (FACCH) generator 102 generates control and supervision
signalling messages that are transmitted from the mobile station
to the land-based system. The FACCH message replaées a user frame
(speech/data) whenever it is to be transmitted. A slow associated
control channel (SACCH) generator 103 provides signalling messages
that are transmitted over a continuous channel for the exchange of
information between the base station and the mobile station and
vice-versa. A fixed number of bits, e.g. twelve, is allocated to
the SACCH for each time slot of a message train. Channel coders
- 104 are respectively connected to the speech coder 101, FACCH
generator 102, and SACCH generator 103 for manipulating the
incoming data in order to carry out error detection and correc-
tion. The techniques used by the channel coders 104 are prefera-
bly convolutional encoding, which protects important data bits in
the speech code, and cyclic redundancy check (CRC), wherein the
perceptually significant bits in the speech coder frame, e.q.
twelve bits, are used for computing a seven-bit check.

A two-burst interleaver 106 is connected to the channel
coders 104 associated with the speech coder 101 and the FACCH
generator 102, respectively. The interleaver 106 is controlled by
a microprocessor controller 130 so that, at appropriate times,
user information over a particular speech channel is replaced with
system supervision messages over the FACCH. Data to be transmit-
ted by the mobile station is interleaved over two distinct time
slots. A packet of 260 data bits, which constitute one transmit-
- ting word, is divided into two equal parts and is interleaved over
two different time slots. The effects of RAYLEIGH fading are
reduced in this manner. The output of the two-burst interleaver
106 is provided to the input of a modulo-two adder 107 so that the
transmitted data is ciphered bit-by-bit by logical modulo-two-
addition of a pseudo-random bit stream.

The output of the channel coder 104 associated w1th the SACCH
generator 103 is connected to a 22-burst interleaver 108. The 22-
-burst interleaver 108 interleaves data transmitted over the SACCH
over 22 time slots each consisting of 12 bits of information.

The mobile station further includes a Sync Word/DVCC
generator 109 for providing the appropriate synchronization word
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(Ssync Word) and DVCC (digital verification color code) to be
associated with a particular connection. The Sync Word is a 28 bit
word used for time slot synchronization and identification. The
DVCC is an 8-bit code which is sent by the base station to the
mobile station and vice-versa, for assuring that the proper
channel is being decoded. '

A burst generator 110 generates message bursts for transmis-
sion by the mobile station. The burst generator 110 is connected
to the outputs of the modulo-two-addef 107, the 22-burst inter-
leaver 108, the Sync Word/DVCC generator 109, an equalizer 114,
and a -control message generator 132, to integrate the various
pieces of information from these respective units into a single
message burst. For example, according to the published U.S.
standard EIA/TIA IS~54, a message burst comprises data (260 bits),
SACCH (12 bits), Sync Word (28 bits), coded DVCC (12 bits), and 12
delimiter bits, combined for a total of 324 bits. Under the
control of the microprocessor 130, two different types of message -
bursts are generated by the burst generator 110: control channel
" message bursts from the control channel message generator 132 and
voice/traffic message bursts. The control channel message uses a
TDMA time slot reserved to a control channel, where it replaces
the SACCH as well as the speech data normally generated in a
voice/traffic burst. '

The trahsmission of a burst, which is equivalent to one time
slot, is synchronized with the transmission of other time slots,
which together make up a frame of information. For example, under
the U.S. standard, a frame comprises three full-rate time slots.
The transmission of each burst is adjusted according to timing
control provided by the equalizer 114. Due to time dispersion, an
adaptive equalization method is provided in order to improve
signal quality. For further information regarding adaptive
equalization techniques, reference is made to U.S. Patent
Application Serial No. 315,561, filed February 27, 1989, and
" assigned to the same assignee. Briefly, the base station func-
. tions as the master  and the mobile station is the slave with
respect to frame timing. The eqtializ'er 114 detects the timing of
an incoming bit stream from the base station and synchronizes the
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burst generator 110. The equalizer 114 is also operable for
checking the Sync Word and DVCC for jdentification purposes.

" The burst generator 110 is coupled to a frame counter 111 and
the equalizer 114. The frame counter 111 updates a ciphering code
utilized by the mobile station for each transmitted frame, e.g.
once every 20 ms. A ciphering unit 112 is provided for generating,
the ciphering code utilized by the mobile station. A pseudo

random algorithm is preferably utilized. The ciphering unit 112

is controlled by a key 113 which is uniqﬁe for each subscriber. -
The ciphering unit 112 consists of a sequencer which updates the
ciphering code. ' ' '

The burst produced' by the burst generator 110, is forwarded
to an RF modulator 122. The RF modulator 122 is operable for
modulating a carrier frequency according to the 7/4-DQPSK method

~{n/4 shifted, Differentially encoded Quadrature Phase Shift

Keying). The use of this technique implies that the information
is differentially encoded, i.e., 2-bit symbols are transmitted as
four possible changes in phase: + 7/4 and £ 3w/4. The transmitter

- carrier frequency supplied to the RF modulator 122 is generated by

a transmitting frequency synthesizer 124 in accordance with the
selected transmitting channel. Before the modulated carrier is
transmitted by an antenna, the carrier is amplified by a power
ampiifier 123 and passes a time switch 135. The RF power emission
level of the amplifier is selected on command by a microprocessor
controller 130.

A receiver carrier frequency signal is generated in accor-
dance with the selected receiving channel by a receiving frequency
synthesizer 125. Incoming radio frequency signals are received by
a receiver 126. The signal strengths over the cellulai:' frequen-
cies are measured by a signal level meter 129. Signal strength
values are sent to the microprocessor controller 130. An RF
demodulator 127, which receives the receiver carrier frequency
signal from the receiving frequency synthesizer 125 and the radio
frequency 'Signal from the receiver 126, demodulates the radio
frequency carrier signal, thus -genérating an - intermediate
frequency. The intermediate frequency signal is then demodulated
by an IF demodulator 128, which restores the original 7/4-DQPSK -
modulated digital information.
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The restored digital information provided by the IF demodula-
tor 128 is supplied to the equalizer 114. A symbol detector 115

converts the received two-bit symbol format of the digital data

from the equalizer 114 to a single-bit data stream. The symbol
detector 115 in turn produces three distinct output signals.
Control channel messages are sent to a control message detector
133 which supplies detected control channel information to the

"microprocessor controller 130. A modulo-_twp adder 107 and a two-

burst deinterleaver 116 reconstruct the speech data/FACCH data by
assembling and rearranging information from two time slots of the
received data. The symbol detector 115 supplies SACCH data to a
22-burst deinterleaver 117. The 22-burst deinterleaver 117
reassembles and rearranges the SACCH data spread over 22 con-
secutive frames. : '

The two-burst deinterleaver 116 provides the speech
data/FACCH data to two .channel decoders 118. The convolutionally

- encoded data is decoded using the reverse of the above-described

coding principle. The received cyclic redundancy check (CRC) bits
are checked to determine if any error has occurred. The FACCH
channel decoder furthermore detects the distinction between the
speech channel and any FACCH information, and directs the channel
decoders 118 accordingly. A speech decoder 119 processes the
received speech data from the channel decoder 118 in accordance
with a speech decoder algerithm (e.g. VSELP), and 'generate‘s the

‘received speech signal. The analog signal is finally enhanced by

a filtering technique. Messages on the fast associated control
channel are detected by a FACCH detector 120, and the information
is transferred to the microprocessor controller 130.

The output of the 22-burst deinterleaver 117 is provided to
a separate channel decoder 118. ‘A SACCH detector 121 detects
messages on the slow associated control channel and transfers that
information to the microprbcessor controller 130. .

The microprocessor controller 130 controls the mobile station
activity and the base station -communication, and also handles the
terminal keyboard input and display output 131. Decisions by the
microprocessor controller 130 are made in accordance with received
nessages and measurements that are made. The keyboard and display
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unit 131 enable information to be exchanéed between the user and
the base station.

Fig. 3 illustrates an embodiment of a base station that can
be utilized in a cellular telephone system that operates in
accordance with the present invention. The base station incor-
porates numerous component parts which are substantially identical
in construction and function to component parts of the mobiles
-station illustrated in- Fig. 2. and described in conjunction
therewith. Such identical component parts are designated in Fig.
3 with the same reference numerals utilized hereinabove in the
description of the mobile station, ‘but are differentiated
therefrom by means of a prime (') designation.

There are, however, some distinctions between the mobile and
base stations. For instance, the base station has two receiving
antennas. Associated with each of thesé receiving antennas are a
receiver 126', and RF demodulator 127', and an IF demodulator
128'. Furthermore, the base statioh does not include a user:
keyboard and a display unit 131 as utilized in the mobile station.
Furthermore, it has been indicated in the block diagram that one
frequency ‘carries three time slots, each time slot being handled
by a group of blocks “1, 2, 3%,

The slot format' for TDMA communications between the base
station of Fig. 2 and the mobile station of Fig. 3 may be as

-illustrated in Figs. 4a and 4b. Fig. 4a illustrates the slot
format from the mobile station to the base station, whereas Fig.
4b illustrates the slot format from the base station to the mobile
station. Proceeding with a description of the fields of Fig. 4a,
.each field representing an area containing specified information,
the field G represents a guard time used to separate the present
transmission burst from the previols transmission burst, and the
field R represents a ramp time necessary to fully activate the
radio transmitter. A short data field then precedes a synchroni-
zation field, followed again by a longer data field. The field
SACCH is used to realize a slow associated control channel for
- transmission of control--and supervision- messages -between the
- mobile station and the base station. The field DVCC is used to
transmit a digital verification color code used to distinguish
different channels in the mobile radiotelephone system. The final
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field is again a data field. Excepi: for the guard and ramp fields, .
the base station.to mobile station slot format contains substan-
tially the same fields but arranged somewhat differently.

In a preferred embodiment of the present in\;ention, a
locating function of Fig. 5, to be presently described, whereby a
mobile station is located relative to cell boundaries, is
performed in the mobile services center under the control of the
central processor. The base _stations merely try to effectuate the
decision of the mobile services center with regard to handoff.
Such a division of labor is not, however, necessary to the
practice of the present invention. .

Also according to a preferred embodiment of the present
invention, measurements of signal strength , from which path loss
may be calculated, are made primarily by the mobile station and
relayed 'Eo the base station on the slow associated control channel
SACCH. The mobile station is instructed by the base station on the
SACCH concerning which channels to measure. Such an arrangement

- is known as mobile-assisted handoff (MAHO), and again is. not

essential to the practice of the present invention. Signal
strength monitoring can instead be performed by neighboring base
stations as is widely practiced in present-day mobile radiotele-
phone systems. , |

Referring now to Fig. 5, in particular to Fig. 5a, the
locating function of the mobile services center is assumed to be
initially idle (S1) prior to the establishment of a particular
call connection to be supervised. At the establishment of a call
connection, supervision is begun (S3) and the first in an ongoing
series of measurement evaluation times is awaited (S5). At the
establishment of the connection, the base station will have sent
to the mobile station a set of channels corresponding to the
control channels of neighboring base stations for the mobile
station to perform monitoring of those channels according to MAHO.
Evaluation by the base station of measurement results received
from the mobile station on the SACCH is performed at intervals

- determined according to Fig. 5b. - Essentially, -evaluation is

carried out every "SACCH multiframe", i.e., after the receipt of
every n-th SACCH field. In one embodiment, for example, evalua-

tion is carried out after every 22nd SACCH field has been re-
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ceived. An initial time 1limit T_INIT EVAL is established,
however, before the elapse of which no evaluation will be per-
formed and no handoff permitted. At the appropriate evaluation
time, signal strength measurements received from the mobile
station are evaluated in the processor of the base station.

More particularly, in step (S9), a weighted average is
calculated of down-link (from base station to mobile station) .
signal strength measurements for the current base station and
néighboring base stations and is sent to the mobile services
center. The resulting values represent the closest estimate of
actual signal strength. If for some reason the values cannot be
provided as scheduled (S11), the locating routine returns and
waits for the next appropriate evaluation time.

Assuming that signal strength values are available, a cell
candidate list is then prepared (S13) wherein the monitored cells
are qualified and ranked according to path loss and. signal
- strength. The preparation of the cell candidate list and the form
of the resulting list will be described in greater detail in
relation to Figs. 6 and 7. ' ' '

After the cell candidate list has been prepared, a check is
made to assure that, if a handoff has been previously attempted
but unsuccessfully, a specified minimum amount of time T ALLOC_REP
since the previous allocation failure of a channel in the handoff
candidate cell has elapsed (S15). Insisting upon a waiting time
until the next allocation attempt increases the likelihood of that -
allocation attempt being successful. If the required minimum
amount of time has not expired, the locating routine returns to
wait for the next appropriate evaluation time.

Assuming that the time limitation is satisfied, the locating
routine then checks to see if there is a better cell in terms of
lower path loss or greater signal strength than the present cell
(S17). In other words, the routine checks to see if the present
cell is highest ranked among the measured cells or if one or more
cells are ranked above it. If the present cell remains the best
~cell, the -locating routine returns to wait for the next -appro-
priate evaluation time. ' |

If the present cell is not the best cell, the mobile services
center then tries to allocate a channel in each of the better cells
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in turn in order of their ranking until either the allocation is
successful or the present cell is the next-best cell according to
its ranking (S19). If a channel cannot be allocated, an allo-
cation failure time is set (S23) to ensure that the minimum
specified amount of time will elapse before the next allocation
attempt. ’

If a channel is successfully allocated, a handover to the
corresponding: cell is then attempted (S25). The present base
station waits to learn the results of the handover attempt, and if
the handover was successful (S29), relinquishes communications
-'with the mobile station in favor of its successor base station.
If the handover was unsuccessful (S31), the base station resumes
communication with the mobile station over the same channel as was
‘used previously. The locating routine then returns to wait for
the next appropriate evaluation time.

Using the values obtained from the evaluation of measurements
in Fig. 5a, the cell candidate list is prepared in step (S13) in
a manner to be presently described in relation to Fig. 6. For the
present cell and each of its neighboring cells, steps S41-S51 are
pérformed after which the cells are ranked and the complete cell
list created in steps S$53-S57. For each cell, path loss is
calculated (S41) using the signal strength value for that cell and
the known transmission power of the cell. Path loss is calculated
as the ratio of received signal strength to tranSmitted'ﬁowér;
i.e., PL = Ppg-p/ Prx-gs Where PL represents path loss, Py, repre-
sents received signal strength in the down-link direction, and
gs represents power transmitted by the cell, or base station.
Thereafter, the received signal strength of the cell in both the
up and down link directions is estimated (S43). Normally, a
signal strength value in the down-1ink direction will be available
from measurements performed by the mobile station. It may be
necessary, however, to estimate , or interpolate, a present signal
strength value from a previous one. Up-link signal strength
values may be estimated based on the previously calculated path
loss and the known -transmission power of the mobile station
according to the equation P, =PL-P, , Wwhere PL represents path
loss, P, represents received signal strength in the up;link
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direction and P, ,s represents power transmitted by the mobile
station. :
For a cell to qualify to participate in the cell ranking, it
must either be the current cell associated with the mobile station
else the cell's signal strength in both the up and down-link
directions must be above the minimum threshold represented by the
outer circles IV and VI in Fig. 1 as determined in step S45. If
both " links are addiﬁionally above the sufficient threshold
illustrated in Fig. 1 (S47), then the cell is added to a path loss
list (referred to hereafter as the L 1ist) along with its path loss
value (S49). Otherwise, the cell is added to a signal strength

~.1ist (hereinafter referred to as the SS list) along with the

difference in signal strength between the cells weakéest link and
the sufficient level (S51).

After these steps have been performed for the present cell
and all neighbor cells, the L list is then ordered in ascending
order according to -path loss, the cell with the least path loss
appearing at the head of the list. Then the S8S list is ordered in
descending order according to the previously calculated signal
strength difference. Finally, a complete cell list is created by
concatenating the L list and the SS list by linking the two lists
with a pointer. '

The resulting handover candidate list is illustrated in Fig.
7. Candidates that have signal strength both ﬁp-link ahd down-
link above their respective sufficient levels are ordered
according to increasing path loss. Candidates that have a signal
strength up-link or down-link below their respective sufficient
levels but .a signal strength on both links above their respective
minimum levels are ordered according to decreasing received signal
strengths on the weakest link. Cells having a signal strength up-
1ink or down-link that is below their respective minimum levels
are not considered as handover candidates. .

For simplicity, the foregoing description has omitted a
discussion of hysteresis. Hysteresis refers to small artificial
adjustment to- path loss or signal strerigth values made when a
mobile station first crosses a cell boundary and which remains in
force when the mobile station recrosses the cell boundary in the -

opposite direction so long as the mobile station remains in a
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narrow geographical band surrounding the cell Boundary. This

adjustment avoids oscillating handoffs when a mobile station moves
along a border. The provision of hysteresis is well-known to
those skilled in the art.

Additional refinements may be added to the basic locating
routine described above. For example, alarm supervision may be
added to monitor, in addition to signal .strength, transmission

sYstems) . When the call connection quality between the present
base station and the mobile station becomes unacceptably de-
teriorated or when the distance of the mobile station from the
base station becomes so great as to prevent its transmission from
reaching the base station in the proper time frame, an alarm is
generated to initiate handoff procedures. Cells that might not
otherwise be considered handoff candidates in the absence of an

alarm may be considered candidates in the case of urgent neces-
sity. '

-'._qlia-lity .and time- alignment (the. latter in the case of TDMA _

Penalties may also be associated with cells, for example at °

handover failure, and gradually removed over time in the absence
of any further failure.

It will be appreciated by those of ordinary skill in the art
that the present invention can be embodies in other specific forms
without departing from the spirit or essential character thereof.
The presently disclosed embodiments are therefore considered in
all respects to be illustrative and not restrictive. The scope of
the invention is indicated by the appended claims rather than the
foregoing description, and all changes which come within the

meaning and range of equivalents thereof are intended to be
embraced therein.
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1. In a cellular mobile radioteiephone system having a
plurality of cells each providing radio coverage by a base station
and having a plurality of mobile stations each associated with one
of said cells, a method of call handoff, comprising the steps of:

when a cell is found that meets a specified standard accor-
ding to a first radio-signal criterion, se_lecti-ng a cell according
to a second different radio-signal critericn; _

" when no cell is found that meets said specified standard,
selecting a cell according to said first radio-signal criterion;
and _ .

attempting handoff to said selected cell.

2. The method of claim 1 wherein said first radio~-signal
criterion is _signél strength.

3. - The method of claim 2 wherein said second radio-signal
criterion is path loss.

4, The method of claim 1 wherein said second radio-signal
criterion is path loss.

5.° The method of claim 4 wherein said first radio-signal
criterion is signal strength. .

6. The method of claim 5 wherein said specified standard
requires that a radio link from a candidate cell to a mobile
station with respect to which handoff is being decided and a radio
link in the opposite direction from the mobile station to said

candidate cell both have signal strength margin of a predetermined
amount.

7. A call handoff apparatus in a cellular mobile radiotele-
- phone system ‘having -a plurality of cells each providing radio
coverage by a base station and having a plurality of mobile
stations each associated with one of said cells, comprising:

This Sheet Has Been qulaced
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means for searching for a cell that meets a specified
standard according to a first radio-signal criterion;

means for, when a cell is found that meets said specified
standard, selecting a cell according to a second different radio-
signal criterion:;

. means for, when no cell is found that meets said specified
standard, selecting a cell according to said first different
radio-signal criterion; and

means for attempting handoff to said selected cell.

8. The apparatus of claim 7 wherein said first radio-signal
criterion is signal strength.

9. The apparatus of claim 8 wherein said second radio-
signal criterion is path loss.

_ 10. The apparatus of claim 7 wherein said second radio-
signal criterion is path loss. ' o

11. The apparatus of claim 10 wherein said first radio-
signal criterion is signal strength.

12. . The method of claim 11 wherein said specified standard
requires that a radio link from a candidate cell to a mobile
station with respect to which handoff is being decided and a radio
link in the opposite direction from the mobile station to said

candidate cell both have signal strength margin of a predetermined
amount.

.

13. In a cellular mobile radiotelephone system, a method of
call handoff, comprising the steps of:

ranking cells according to a first radio-signal criterion;

when one or more cells meet a specified standard according to
said first radio-signal criterion, ranking said one or more cells
according to a second radio-signal criterion, ranking said one or

more cells ahead of cells that did not meet said specified .
standards; and

This Sheet Has Been Re[ilaced
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attempting handoff of said call connection_'to a highest-
ranked cell when a cell handling said call connection is not
highest ranked. '
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14. The method of claim 13 wherein said first radio-signal
criterion is signal strength.

. 15. The method of claim 14 wherein said second radio-signal
criterion is path loss. ' ' "

16. The method of claim 13 wherein said second radio-signal
criterion is path loss.

17. The method of claim 16 wherein said first radio-signal
criterion is signal strength.

18. In a cellular mobile radio system including a mobile

- station and number of base stations each serving a specific

service area, said base stations including a communicating base
station communicating call information with said mobile station
and serving one area and .a neighboring base station serving
another area, wherein said oﬁe area and a neighboring area have a
common area in which communications both between the communicating
base -station and the mobile"station and between the ‘neighboring
base station and the mobile station have sufficient signal level,
a method of locating said mobile station in the systen, comprising
the steps of:

a) using a first criterion when said mobile station is
within said common area, said first criterion involving deter-
mining the radiO"path' loss of radio signals between the com-
municating base station and the mobile station, and

b) using a second criterion when said mobile station is
outside said common area, said second criterion involving
determining the strength of the signals between the communicating
base station and the mobile station.

19. In a cellular mobile radio system including a mobile

station and number of base stations each serving a specific
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service aréa, said base stations including a communicating base
station communicating call information with said mobile station
and serving one area and a neighboring base station serving
another area, said communicating base station serving said one
area with a lower radio signal power than said neighboring base
station serves said anotlier area with said one area and said
another area having a common area in which communications both
‘between the ¢communicating-base station and the mobile station and
between the neighboring base station and the mobile station have
sufficient s:.gnal level, a method of locating said moblle station
in the system, comprising the steps of:

a) -using a first criterion when said mobile station is
within said common area, said first criterion involving deter-
mining the radio path loss of radio signals between the com-
municating base station and the mobile station, and

b) using a second criterion when said mobile station is
outside said common area, said second criterion involving
determinihg the strength of the signals between the communicating
base station and the mobile station. '

20. A cell handoff method in a cellular mobile radio
telephone system having a plurality of cell sites and a mobile
station, comprising the steps of: - ' . o

a) =~ determining associated up-link signal strength at a
‘plurality of cell sites of transmissions from said mobile station
and associated down-link signal strength at said mobile station of
transmissions from said plurality of cell sjtes; .

. b) designating cell sites whose associated up-link and
down-link signal strengths are both at least a sufficient level;

c) determining path loss between said mobile station and
said designated cell sites;

d) ordering said designated cell sites in order of
increasing path loss; . '

e) designating cell sites whose associated up-link and
down-link signal strengths both exceed a minimum level;

f) ordering said cell sites designated in step (e) in order
of increasing difference between said sufficient level and a
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lesser one of said up-link signal strength and said down-link
signal strength;

' g) - ordering the cell sites des:.gnated in step b) ahead of
the cell sites designated in step e) while preserving the order _
among the cell sites designatéd in step b) and preserving the -
order among the cell sites designated in step e); and

h) attempting handoff of said mobile s{:ation call to a cell
site ordered first among cell sites ordered as in step g) when sald _
cell site is not already handling said call.

21. The call handoff method of claim 20 whereJ.n the cell
sites designated in step b) are de51gnated in a first list, the
cell sites designated in step e) are designated in a second list,

and said ordéring step g) comprises concatenating said first and -
second lists. |
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