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well known. In this particular appiication. the pilot
signal is used by the mobile units for initial synchroniza-
tion of the mobile unit receiver. The pilot signal is also
used as a phase and frequency reference and a time
reference for demadulation of the digital speech signals
transmitted by the cell-site.

In the present invention. each mobile unit esumates
the path loss in signals transmitted from the cell-site t0
the mobile unit. In order 10 make this signal path loss
esumate. the power level of the cell-site transmitted
signals, as received at the mobile unit. are measured.
The mobile unit thus measures the pilot signal power as
received from the cell-site to- which- the-mobile unit is
communicating. The mobile unit also mesasures the
power level sum of all cell-site ransmitted signals as
received at the mobile unit. The power level sum mea-
surement as described in further detail later herein. is
necessary to handie cases in which the mobile unit
might temporarily obtain‘a better path to a more distant
cell-site than to a normally preferred closest cell-site.

The outbound link path loss estimate is filtered using
a non-linear filter. The purpose of the non-linesrity in
the estimation process is 10 permit a rapid response to a
sudden improvement in the channel while only allow-
ing a much slower response t0 a sudden degradation in
the channei. The mobile unit in response to a sudden
improvement in the chamnel thus suddenly reduces
mobile unit transmitter transmit power.

Shouid the channel for ome mobile unit suddenly
improve, then the signal as received at the cell-site from
this mabile unit will suddenly increase in power. This
sudden increase in power causes additional interference
to all signals sharing the same wide band channel. A
rapid respomse to the sudden improvement will thus
reduce system interference.

A typical example of a sudden improvement in the
channel cocurs when a mobile unit is moving through
an ares that is shadowed by a large building or other
obstruction sad then drives out of the shadow. The
channel improvement. as a result of the vehicle move-
ment. can take piace on the order-of a few tens of milli-
seconds. As the mobile unit drives out of the shadow,
the outbound link signal as received by the mobile unit
will suddenly increase in strength.

The outbound link path ioss estimate at the mobile
unit is used by the mobile unit 1o adjust the mobile unit
transmitter-power. Thus, the stronger the received sig-
nal, the lower the mobile uait transmitter power will be.
Reception of a strong signal from the cell-site indicates
that the mobile unit is either close 10 the cell-site or else
an usussally good psth to the cell-site exists. Reception
of a-stromng signai means that a reiatively smalier mobiie
unit transmitter power level is required in order 10 pro-
duge a nominsl received power at the cell-site in trans-
missions by the mobile unit.

In the case where there is a temporary but yet sudden
degradation-in the channel it is desirable that a much
siower incresse in mobile unit transmitter power be
permitted. This slow increase in mobile unit transmitter
power is-desired 30 as 10 prohibit an unnecessarily rapid
increase in mobile unit transmit power which increases
the interference to aill other mobile units. Thus a tempo-
rary degradation in one mobile unit channel will be
tolerated in order to prevent a degradation of all mobile
unit channeis.

In the case of a sudden degradation in the channei,
the non-linear filter prevents the mobile transmitter
power from being increased at a high rate in response to
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the sudden decrease 1n signal power 1n signais received
at the mobile unit. The rate of increase of the mobiie
unit transmitter transmit power must generally be lim-
ited to the rate of a closed loop power adjustment com-
mand transmitted from the cell-site, as descnbed below.
can reduce the mobile unit transmitter transmat power.
Using the cell-site generated power adjusiment com-
mands. the mobile umit transmitter power will be pre-
vented from being incressed to a level significantly
higher than the level required for communications.
parucularly when a sudden channei degradation occurs
in only the outbound link path and not in the mbouud
link path.

It should be noted that it is undesirabie 10 simply use
a slow response on the mobile unit transmitter power
control in an attempt to separate the fast Rayleigh fad-
ing from the siow fading due to distance and terran. A
slow response in the mobile unit transmutter power
control is undesirable because the possibility of sudden
improvements and fades that affect the inbound and
outbound channels equally. If the response 1o a sudden
improvement were to be siowed down by a filter, then
there would be frequent occasions when the mobile unit
transmitter power would be quite excessive and cause
interferénce to ail other mobile users. Thus the present
invention uses a two time constant. non-linear approach
in estimating the path loss.

In addition to measuring the received signal strength
in the mobile unit, it is also desirable for the processor in
the mobile unit 1o know the cell-site transmitter power
and antenna gain (EIRP), the cell-ajic G/T (receive
anténna gain G divided by receiver ngise level T), the
mobile unit antenna gain, and the er of calls active
at this cell-site. This information allows the mobile unit
processor to properly compute the reference power
level for the locai power setting This compu-
tation is done by calculating the cell-site to mobile link
power budget, solving for the path loss. This path loss
estimate is then used in the mobile cell-site link budget
equation. solving for the mobile unit transmit power
required 10 produce a desired slgmllevel.‘l'huupnbd
ity allows the system to have cell-sités with differing
EIRP levels to correspond to the size of the celis. For
exampie, 2 small radius cell need not transmit with as
high & power level as a large radius cell. However.
whuthmobdemhammudm!‘mmalow

a higher transmit power than would be necessary for
the shiort range. Heice, the desirability of having each
cell-site transmit information as 10 its characteristics for
power controi.

The ceil-site transmits information such as cell-site
EIRP, G/T and number of active cslls on a cell-site
setup channel. mmﬁhmtmaqumiufommn
when first obtaining system synchronization and contin-
ues to'monitor this chane! when idle for pages for calls
originated within the public telephone switching net-
work intended for the mobile unit. The mobile unit
mmumismedinamm:ymthemobtkumut
the time the mobile unit is instailed in 'the vehicle.

As ‘menrioned previously, mobile unit transmitter
powet is alto coatrolled by a signai from the cell-site.
Each cell-site receiver measures the strength of the
signal; as received at the cell-site, from each mobile unit
to which the ceflsite is in communication with. The
messured signal strength is compared to a desired signal
streagth level for that particular mobile unit. A power
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adjustrnent command 15 generated and sent 10 the mo-
bile unit in the outbound link data. or voice channel.
addressed to that mobile unit. In response to the cell-site
power adjustment command. the mobsle unit increases
or decreases the mobile unit transmitter power by a
predetermined amount. nominally | dB.

The power adjustment command is transmitted by
the cell-site transmmtter at a reiatively high rate. typr-
caily on the order of about one command every milli-
second. The rate of transmission of the power adjust-
ment command must be high enough to permit Ray-
leigh fading on the inbound link path to be tracked. It is
further desirable for the outbound link path Rayleigh
fading impressed on the inbound link path signai to be
tracked. One command per millisecond is adequate to
track the fading processes for vehicle speeds in the
range of 25-50 miles per hour for 850 MHz band mobile
communications. It is important that the latency in de-
termining the power adjustment command and the
transmussion thereof be minimized so that channel con-
ditions will not change significantly before the mobile
unit receives and responds to the signal.

Toaccount for the indepepdence of the two Raylengh
fading paths. the mobile unit transmitter power is also
controlled by the power adjustment command from the
cell-site. Each cell-site receiver measures the received
signal strength from each mobile unit. The measured
s:;wnmgthucompnndtothedwndsnpﬂ
sirength for that inpbile and a power adjustment
command is generated. power adjustment com-
mandisnnno&um‘;mmtheomhounddanor
voncechandm;oshnmbdem This power
adjustment comsnend is with the mobile unit
onewaymhomthcﬁndvduonhemowe
unit tm

The power command signal is transmit-
ted. in an eaupluy embodiment, by overwriting one
or more user data bits every millisecond. The modula-
uon system employed in CDMA systems is capabie of
providing error and correction coding for
user dats bits. '!]ze overwrite by the power adjustment
command is trested as a channel bit error or erasure and
coneaedbythcmcomudmdedmme
mobile unit receiver. Error correction coding on the
powendmumeommudbmmmymmynm
be desirable because of the resulting increased latency in
rmpmﬂwwlhmmnum
envmoaedtntmavmon multipiexing for transmis-
sion of the power adjustment command bits may be
used without overwriting user dats channel symbolis.

The cell-site controller or processor can be used to
determine the desired signal strength, as received at the
cell-site. for sigaals transmitted by each mobile unit.
The desired signal strength level values are provided to
mhofdwceﬂmmavmmdwudw
strength value is used for comparing with a measured
signal smn‘th value for generating the power adjust-
ment

Asymcoamu«uuuhzedtocommduch
cellsite processor as to the vaiue of desired signal
strength lo use. The nominal power levei can be ad-
Justed ugordpwntowcommoduevmuomm the
average conditions of the cell. For example, a cell-site
positioned in an unusuaily noisy location or geographic
region might be allowed to use a higher than normai
inbound power level. However, such a higher power
level for in-cell operation will result in higher levels of
- interference to immediate neighbors of this cell. This
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interference can be compensated for by allowwng the
neighbor cells a smail increase 1n inbound link power.
Such an increase in inbound power in neighbonng cells
would be smailer than that of the increase given to the
mobile users communicating in the high noise environ-
ment cell. It is further understood that the ceil-site pro-
cessor may monitor the average bit-error-rate, This data
may be used by the system controller 10 command the
cell-site processor to set an appropnate tnbound link
power levei 10 assure acceptable quality communica-
tions.

It uakodambhwpmﬂcamumfo:mcmmm
the relative power used in each data signai transmitted
by the cellsite in response to control information trans-
mitted by each mobile unit. The primary reason for
providing such control is 10 accommodate the fact that
in certain locations. the outbound channel link from the
cell-site 10 the mobile unit may be unusuatly disadvan-
taged. Unless the power being transmitted 1o this mo-
bile is incressed. the quality may become unacceptable.
An example of such a location is a point where the path
loss to one or two neighbaring cails is-nearly the same
as the path loss 10 the cell-site communicating with the
mobile unit. In such a locasion. the total interference
would be incressed by three times over the interference
seen by the mobile unit at a point refatively close to its
cell-site. In addition. the interference commg from these
neighboring cell-sites will not fade in unison with the
desired signal as would be the case for interference
coming fram the desired ceil-site. This situation may
required J-4 dB additional signal power to achieve
adequate m

In ancther siguation, the mobile unit may be located
where several strong multi-path signais arvive. resulting
in larger thas normal interference. In such a situation.
increasing the power of the desired signal reiative to the
interference may sliow acceptabie- .- At
mhﬂtmdnmhkmmyhebmwhuethe
signal-to-interferemce ratio is unusuaily good. in such a

case, the cell-site-couid trassmit the desired signal using
a lovm tham normal wransmitter power, reduecing inter-
ference 10 other signals being transmitted by the System.

smnm comparing the power of the
dmwnmwmmmm
If the messured ratio is jess than a predetermined value
the mabile tranemits & request to the ceil-site for addi-
tional power in call-site tranemissions. If the ratio ex-
ceeds the pradesermined value, the mobile unit trans-
mits a request for s reduction in power.

The cellwite recsives the power adjustumst requests
from each mobile and responds by sdjusting the power
allocated 19 the corresponding cell-site transmitted sig-
nal by a predetermined amount. The adjustment wouid
ususily be small, on the oeder of 0.5 dB, or 12%. The
rate of change of power may be somewhat slower than
that used for the jnbound link from the mobile unit to
cell-site, parhaps once per vocoder frame, or nominally
once per 15 millissconds. The dynamic range of the
adjustment wouid aise be limited 10 4 dB less than nomi-
nal 10 abowt 6 dB greater than nominal.

The cell-site must also consider the power demands
being made on it by all the mobiles in deciding whether
to compiy with the requests of any particular mobile.
For example, if the cell-site is loaded to capacity, re-
quests for additional power might be granted but only
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by 6% or less instead of the normal 129%. In this regime.
a request for a reduction in power would still be granted
at the normal 12% change.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention
will become more apparent (rom the detailed descrip-
tion set forth below when taken in conjunction with the
drawings in which like reference characters correspond
throughout and wherein:

FIG. 1 is a schematic averview of an exempiary mo-
bile cellular telephone system:

F1GS. 2A-2D illustrate, in a series of graphs. mobile
unit received signal strength and transmit power as a
function of distance:

FIG. 3 is a block diagram of a cell-site with particular
reference to the power control features of the present
invention:

FIG. 4 is a block diagram of the mobile unit with

s
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particular reference 10 the power control features of the 20

present invention:

FIG. § is a block diagram illustrating in further detail
the power control features of the mobile unit of F1G. 4;
and

FIG. 6 is a block diagram illustrating in further detail 25

the power control features of the cell-site of FIG. 3.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

An exemplary terrestrial cellular mobile telephone
system in which the presesnt invention is embodied is
illustrased in F1G. L. system illustrated in FIG. 1
utilizes COMA modulation techniques in communica-
tions between the sysiem mobile user, and the cell-sites.
Cellular systems in large cities may have hundreds of
cell-site stasions serving hundreds of thousands of mo-
bile telephones. The use of CDMA techniques readily
facilitates increasss in user capacity in systems of this
size as compared 10 conventional FM modulation cellu-
lar systems.

In FIG. 1, system controller and switch 10, typicaily
includes appropriate interface and processing hardware
for providing system control information to the cell-
sites. Contrpller 10 controls the routing of telephone
calls from the public swiiched telephone network
(PSTN) to the appropriate cellsite for transmission to
the a iate mobile unit. Controller 10 aiso controls
the routing of calls from the mobile units via at least one
cell-site 1o the PSTN. Controller 10 may direct calls
bememmohkmmtheappmueellmtem-
tions since such mobile units do not typically communi-

cate y with one another.
Comlu 10 may be coupled t0 the ceil-sites by

vammmmchudediu:dtehpm lines, optical
fiber links or by radio frequency communications. In
FIG. 1, two exemplary cell-sites, 12 and 14, along with
two exempiary mobile units 16 and 18 which include
cellular telephones are illustrated. Arrows 200-204 and
223-22b respectively define the possible communication
links between cell-site 12 and mobile units 16 and 18,
Similarly, arrows 24a-245 and arrows 26a-265 respec-
tively define the possible communication links between
cell-site 4 and mobile units 18 and 16. Cell-sites 12 and
14 normally transmit using equal power.

Mobile unit 16 measures the total received power in
signals transmitted by cell-sites 12 and 14 upon path
20aand 284. Similarly, mobile unit 18 measures the total
received power in signals as transmitted by cell-sites 12
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10
and 14 upon paths 22a and 24a. [n each of mobile units
16 and 18. signais power 1s measured in the receiver
where the signals are wide band signals. Accordingly.
this power measurement is made prior 10 correlation of
the received signals wuh a pseudonoise (PN) specirum
spreading signal.

When mobile unit 16 is closer to cell-site 12. the re-
ceived signals power wiil be dominated by the signal
traveling path 20a. When mobile unit 16 is nearer to
cell-site 14, the received power will be dominated by
the signals traveling on path 26a. Similarly, when mo-
bile unit 18 is closer 10 cell-site 14, the received power
will be dominated by the signals on path 24a. When
mobile unit 18 is closer 1o cell-site 12, the received
power will be dominated by the signals traveling on
path 222

Each of mobile units 16 and 18 uses the resuitant
measurement. together with knowledge of the cell-site
transmitter power and the mobile unit antenna gain to
estimate the path loss 10 the closest celi-site. The esti-
mated path loss, together with knowiedge of the mobile
antenna gain and the cell-site G/T is used t0 determine
the nominal transmitter power required to obtain the
desired carrier-to-noise ratio in the cell-site receiver.
The knowledge by the mobile units of the cell-site pa-
rameters may be either fixed in memory or transmitted
in cell-site information broadcast signals, setup channel.
to indicate other than nominal conditions for a particu-
lar cell-site.

As a result of the determination of the mobile unit
nolmulmupownr in the stmgnce of Rayleigh
fading and assuming perfect messurements, the mobile
unit transmitied signals will arrive at the nesrest cell-
site precissly at the desired carrier-to-noise ratio. Thus
the desired performance will be obtained with the mini-
mum smount of mobile unit transmitter power. The
minimization of the mobile unit transmitted power is
important in 8 CDMA system because each mobile unit
mumdmwmmmuunmthe
system. [n minimizing the mobile unit transmitter
power, sysiem interference will be heid to a minimum.
thus allowing additional mobile users to share the fre-
quency baad. Accordingly, system capacity and spec-
tral efficiency is maximized.

F1GQ. 2A illuserates the effect of both Rayleigh fading
as a function of distance on the strengzh of the cell-site
transmictod signal as received at a mobile unit. The
average path lom, indicated by curve 30, is determined
primarily by the fourth-power of the distance between
theedl-numdtheuohkmmdhythuhpeoﬁhe
terrain between them. As distance ipcreases between
the mobile unit and the cell-site. signal power decreases
as received at the mobile wnit for s constant power
transmitted cell-site signal. The average path loss is the
same for both direcsions.of the link, and typically exhib-
its a log-normal distribution about the average path Joss.

In addition t0-the slowly varying log-normal average
path loss. the mpid fading up and down around the
average path loms is cansed by the existence of multiple
path signal propagation. The signals arrive from these
muluplepahsm random phase and ampiitude, resulting
in the charscieristic Rayleigh fadm;. Curve 32, as illus-
trated in F1G. 2A. represents the variation in signal path
lmuam&dWMmpﬁchywmg
is typwdly-mt'orthemodmomotme
cell-site/mobile unit communication link, i.e. outbound
and inbound channeis. For exampie, when the outbound
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channei is fading. the inbound channel 1s not necessaniy
fading at the same time.

F1G. 2B illustrates the mobile unit transmitter power
adjusted 10 correspond to the link path signal strength
of F1G. 2A. In FIG. 2B. curve 34 represents the desired
average transmit power corresponding 1o the average
path loss of curve 30 of FIG. 2A. Similariy. curve 36
corresponds to the mobile unit transmitter power re-
sponding to the Rayieigh fading as represented by
curve 32 of FIG. 2A. As the Rayleigh faded signal.
curve 32 of FIG. 2A. decreases in signal strength, rapid
incresses in transmitter power result. These rapid up-
ward excursions of transmitter power can result in dele-
terious effects in overail system performance. There-
fore, the present invention envisions the use of a non-
linear filter to control rapid upward excursions. or in-
creases. in transmitter power. Furthermore. the present
invention also utilizes closed loop power adjustment
feedback from the cell-site to adjust mobile unit trans-
migier power.

F1G. 2C illustrates the mobile unit transmitter power
carresponding to F1G. 2A without taking 1nto consider-
ation the cell-site ciosed loop power adjusiment feed-
back. In FI1G. 2C the desired average transmit power. as
represented by curve 34', corresponds to the mobile
unit received signal strength of curve 30 of FIG. 2A.
Curve 38 illustrates the transmitter power utilizing the
non-linear filter in power control of the present inven-
uon. The rapid upward excursions in transmitter power,
as indicated by the dashed lines of F1G. 2C and corre-
spond to the upward excursions in curve 36 of F1G. 2B,
are significantly reduced. In curve 38, the upward ex-
cursions are significantly reduced by setting the rate of
increass isi transmit power 10 1 fixed valve. The result-
mgvadaﬂoautr“ttermmhmmthedawd
transmit power is both limited in dynamic range and in
rate of changs. This limitation allows the closed loop
power-adjustment fsedback pracess tp be easier 10 im-
- plement and to be more effective st a much lower con-
trol data rate. Transmit power, as indicated by curve 38,
xspemuedtodweaeuamu:hpwernuthanm
incresse.

As distance increases from the points marked D1-Ds,
transmitter power decreases rather quickly correspond.
g (0 & sudden ifiprovement in the channel. Between
the difwsace poinw marked D2-Dythe channel degrades
with & comnwuin; increase in tramsmister power.
The change in degradation is ot so significant such that
the non-linear fliter maximum rate limits the rate of
increase in transuiitter power.

As distaiice iicresses as from the distance points
marked D3-Da. the channel degrades much more rap-
mlythmzﬁemdmﬂ!uwmmulmm
transmitter power. Diting this period, transmtter
power increases at the maximum rate permitted by the
non-linser filter. During the distance change indicated
by marks Da~Ds, the channel begins improving. How-
ever, a3 the quality of the chasnel improves the trans-
mitter power continues to incresse at the maximum rate
until transmitier power is sufficient 10 meet the desired
level such-&s st mark Ds.

It &5 desirabie 10 eliminate the upward excursions in
transmitte? ‘power which may cause unnecessary sysiem
intérference. Should a better path to another cell-site
occur, which would result in unnecessary interference
in the system. quality communicstions in the sysiem
may be mamtained by limiting the rate of increase in
transmitter power.
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FIG. 2D is a graph illustrating the celi-sie received
signal power strength with respect 10 transmssions of
the mobile umit as it travels from the cell-site. Curve 40
indicates the detired average recerved signal power at
the cell-site for a signal transmitied from a mobile unit.
It is desirable that the average received signai power be
at a constant Jevel, yet 2 mmimum necessary to assure a
quality communication link with the mobile unit. Cor-
rections are made at the mobile umit to correct for Ray-
leigh fading in the cell-site transmitied signai.

The mobile unit transmitted signal experiences Ray-
leigh fading before arriving at the cell-site receiver. The
signal received at the cell-site is therefore a signal of
constant average received power level but still with the
Rayleigh fading of the inbound channel impressed
thereupon. Curve 42 represents the Rayleigh fading
that occurs on the inbound signal.

Additionally, there is the possibility that the mobile
unit may come to rest at a place where the outbound
link ‘s not faded but yet the inbound link is severely
fadec Such s condition would disrupt communications
unic:. an sdditional mechanism is employed 10 compen-
sate :or the inbound channel Rayleigh fading. Such a
mechanism 1s the closed loop power adjustment com-
mand process empiloyed at the cell-site for adjusting the
mobile unit transmitter power. Such a2 power adjust-
ment compénsates for the Rayleigh fading on the in-
bound channel. In FI1G. 2D, curve 44 illystrates the
cn:lbtk unnh.t:lmmd npdfpower as received at the

-site when compensating for average path loss and
Rayleigh fading on both the inbound and outbound
channels. As can be seent in FIG. 2D curve 44 follows
close to curve 4@ except for instances of severe fading
where the fading process is mimimized by the closed
loop control.

in FIG. 3 anweana 52 is provided for receiving muiti-
ple mobile unit tnawmnd signals which are then pro-
vided to analog receiver 34 for amplification. frequency
downconversion and IF processing of the reeewed RF
signal. The anslog signais output from receiver 54 are
pmv:dedwaplunhtyofmmodumror.exmc

inpus information signals for transmission. One such
module used in communications with 8 particular mo-
bile unit, such as mobile wit N, is module 50. Thus the
outpus of receiver 54 is provided to a plurality of these
modules including module 50.
Moduk’mdmldm receiver 56, user
digital baseband circuit S8, received power measure-
m:muynuummmu Digital
o To cossming anl epprending e mapic oo
si or the unit
N mamdup-l t0 & sarrow band sigiul for transfer
0 an recipient communicating with mobile
unit N. | data receiver 86 provides the narrow
bmmwamhwmdiwbmb:numwu
mmaum“wmmmﬂmwhmd
wvﬁmmlcmuyw
circuitry 60 measures
thcpow«hvdmmmundmmﬂnu
N. Received power measurement citcuitry 60 in re-
swmtowmdmaofmugmm:
power nd;mtcomqud which is input to transmic
modulstor €3 for to mobile unit N. As
pnwowyducnsd.thgdauhumthepowendjw-
ment command are used by mobile unit N in adjusting
mobile unit transmitter power.
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When the received power measurement 1S greater
than the preset level provided by a cell-site processor
(not shown). an appropriate power adjustment com-
mand is generated. Should the received power measure-
ment be less than the preset level. the power adjustment
command data bits are generated and indicate that an
increase in mobile unit transmtter power is necessary.
Similarly. if the received measurement is greater than
the preset level. the power adjustment command is
generated such that the mobile unit transmitter power is
reduced. The power adjusument command is utilized to
maintain 3 nominal received power level at the ceil-site.

The signal output from digital data receiver 56 is
provided to user digital baseband circuitry 58 where 1t
is interfaced for coupling to the intended recipient via
the system controller and switch. Similarly, baseband
circuitry 58 receives user information signais intended
for mobile unit N and provides them to mnsrmt modu-
lator 62.

Transmit modulator 62 spread spectrum modulates
the user addressable information signals for transmis-
sion to mobile unit N. Transmit modulator 62 also re-
ceives the power adjustment command data bits from
received power measurement circuitry 60. The power
adjustment command data bits are aiso spread spectrum
modulated for transmission to mobile unit N. Transmit
modulator 62 provides the spread spectrum modulated
signal (0 summer 64 where it is combined with spread
spectrum signals from other module transmit modula-
tors also located at the cell-site.

The combined spread spectrum signals are input to
summes §6 where they are eemhuad with a pilot signal
provided by pilot signal generator 64. These combined
signals are then provided to circuitry (nat shown) for
frequency upconversion from the IF frequency band to
the RF frequency band and amplified. The RF signals
are then provided to antenna 52 for transmission. Al-
though not illustrated transmit power control circuitry
may be disposed between summer 66 and antenna 52.
This circuitry, under control of the cell-site processor,
is responsive t0 power adjustment command signails
transmitted by the mobile unit, demodulated at the cell-
site recetver and provided to the cell-site control pro-
cessor for coupling to the circuitry.

In FIG. 4, the mobile unit, such as mobile unit N,
includes an antenns 70 for ing cell site transmit-
ted signals and radisting mobile unit generated COMA
signals. Mobile ugit N receives the pilot signal, setup
chanael signais and the mobile ynit N addressed signals
using antenna 70. analog receiver 72 and digital data
receiver 74. Receiver 72 amplifies and frequency down-
converts the received RF CDMA signais to IF, and
filters the IF si ThelFsmkmouxpuuodmm
data regeiver 74 for digital processing. Receiver 72 also
includes circuitry for performing an analog measure-
ment of the combined power of the received signals.
This power measurement is used to generate a feedback
signal that is provided to transmit power control cir-
cuitry 76 (or controlling transmit power.

Dwmurecmuuuudforduprudmgmd

the received signals addressed to mobile unit
N Receiver 74 also separates the digital data from the
power adjustment command generated by the cell site.
The power adjustment command data bits are sent to
control processor 78. Processor 78 generates a transmit
power control command that is provided to transmit
power control circuitry 80. Procasor?lnhoprowdua
level se1 command to transmit power control circuitry
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76. Further details on the interaction of receiver 72,
transmit power control 76 and 80. and processor are
described in further detail with reference to FIG. S.

Receiver 74 also provides data such as digitized en-
coded speech to user digital baseband circuitry 82 for
decoding and interface with the user. Baseband cir-
cuitry 82 inciudes interface hardware for coupling re-
ceiver 74 and transmit modulator 82 to the user handset
(not shown).

Data to be transmitted is provided through baseband
circuitry 82 where it is encoded and provided to trans-
mit modulator 84. The data is spread spectrum modu-
lated by transmit modulator 84 according to an assigned
spmdingcode. nesprudspecmummompm
from transmit modulator 84 to transmit power control
circuitry 80. The signal power is adjusted in accordance
with the transmit power control command provided by
control processor 78. This power adjusted signal is
provided from transmit power control circuitry 80 to
transmit power control circuitry 76 where the signal is
adjusted in accordance with the ansibg mesasurement
control signal. Although illustrated as two separate
units for controlling the transmit power. the power
level could be adjusted by a singie variable gain ampli-
fier with two input control signais combined before
being spplied to the variable gain amplifier. However in
the illustrated exempiary embodiment the two control
functions are shown a3 separate ciements.

In memofmepmeomolmmu-ynuw
trated in FIG. & receiver 72 messures the combined
power level of all signais received from all celi-sites.
These power level messurement resuits are used in
controlling the power level as set by transmit power
control cireuitry 76. Transmit power control circuitry
76 includes circunitry in which the rate of increase trans-
mitter power is limited by a non-linear filter as previ-
ously discussed. The rate of increase is set to be no
faster tham the rate at which transmit power control
cﬂeﬂwﬂmmﬁemdﬂmhmwa
series of downward commands from the cell-site and

processed by receiver 74 and procemor 78.

FIG. § illustrases in further detsil the power control
aspect of mobile unit N discussed with reference to
FIG. 4 Ia FIGQ. §, received RF signals from the antenna
are provided to frequency downconverter 90 where the
received RF signais are converied to an [F frequency.
The IF froquency signais are coupled 1o bandpass filter
92 where out.of baad (requency components are re-
moved from the signals.

The filtared sigpais are output from filter 92 to vari-
able gain IF amplifier 94 where the signais are ampli-
fied. The amplifisd signails are output from amplifier %4
to an anaiog to digital (A/D) converter {(not shown) for
digital signal processing opesstions on the signals. The
outpyt. of amplifier 94 is also coupled to automatic gain
control (AGC) detector circuit 96.

AGC datector circyit 96 generates a gain control
signal which is coupled to a gain control input of ampli-
fier 94, mmmmlnpﬂxsuudwcommllhe
gain of the amplifier 94 50 as 10 maintain a consiant
average power level as output from amplifier 94 to the
A/D donverer.

AGCdmrmmt“moprovﬂauwtpm 10
onm,:su of comparasar 98. The other input of compas-
ator provided with a level set signal from the mo-
bile unit processor (not shown). This level set signal is
indicative of a desired transmitter reference power
level. These input signals are compared by comparator
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98 with the comparison signal provided to a non-linear
filter circuit 100. This compariton signal corresponds to
a deviation in the recetved power measurement from a
desired mobile unit transmitter power level,

Filter 100 may bé configured as a simple resistor-
diode-capacitor circuit. For exainple. the input to the
circuit is a common node shared two resistors. The
other end of each resistor is coupied to a respective
diode. The diodes are reversed in their connection to
the resistors and the other end of each diode coupled
together as a common node as an ouiput: of the filter. A

capacitor is coupled betwesn the diode common node

and ground. The filter circuit is designed to limit the
rate of power increase to less than | dB per millisecond.
The rate of power decrease is typically set 1o be about
ten times. faster than the rate of power increase, i.e. 10
dB per millisecond. The output of filter 100 is provided
as a power level control signal input to the gain control
input of variable gain IF amplifier 103.

AGC detector circuit 96, comparator 98 and filter
100 estimate received mobile unit signal power and the
power cortection necessary for the mobile unit trans-
mitter. This correction is used t0 maintsin a desired
transmuscter power level in conditions of fading on the
outbound chanmel that are common 10 the inbound
channel.

Transmit modulator circuit 84 of FIG. 4, provides a
low power, IF frequency spresd specerum signal to an
input of varisbie gain IF amplifier 104. Amplifier 104 is
gan comrolied by 8 power ievel control signal from
processor 78(F1Q. 4). This power level control signal is
derived from:-the clossd loop power adjustment com-
mand signal transmitted by the cell-site and processed
bythe“hhmudmmm“eetoﬂo

Thepowaldjmutwulnlmoh
sequence of power-up and power-down commands that
are accumulsted in the mobile unit processor. The mo-
bile unit control processor starts with the gain control
level set to & nominal value. Esch power-up command
increases the valwe of & gain control command corre-
sponding t0 a resultant spproximate | dB increase in
ampiifier gain. Esch power<down command decreases
the value of the gain control command, corresponding
1o 8 resuitant spproximase | dB decrease in amplifier
gain. The gain control command is Converted to analog
form by a digital to analog (D/A) cosverter (not
shown) before applied to amplifier 184 as the power
ievel control signai.

The mobile usit reference power level may be stored
in the memory of the control processor. In the alterna-
tive the mobile unit referencé power level may be con-
tamned within a signal sent to the mobile unit. This signai
command data is separated by the digital data receiver
and interpreted-by the control processor in setting the
level. This signai s provided from the control procés-
soruwnvemdbyadmnlm nalog (D/A) converter
(nat shown) before input to coniparitor 98.

The olitpist of amplifier 104 is provided as an input 10
amplifier 102. Amplifier 102 as previously mentioned is
alsonvmiblemlr-'mphﬁerwnhthemdeter-
mined 10 the power jevel control signal out-
put from filser 100. The signal for transmission is ampli-
fied it accotdance with the gain set by the power level
control signal from filter 100. The amplified output
signal from ampiifier 102 and is further amplified and
frequency transiated to the RF frequency for transmis-
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sion. The RF signal is then fed to the antenna for trans-
mission.

FI1G. 6 illustrates in further detail the power control
scheme of the cell-site as illustrated in FIG. 3. In FIG.
6 a mobile unit transmitted signal is received at the
cell-site. The received signal is processed by the cell-site
analog receiver and cell-site digital data receiver corre.
sponding to mobite unit N.

In the digital data receiver. receiver 56 of FI1G. 3. the
received analog signal is converted from analog to digi-
tal form by A/D converter 110. The digital signal out-
put from A/D converter is provided to pseudorandom
noise (PN) correiator 112 where the signai undergoes a
mmluwnmmthamﬂadpmldedfmm
generator 114. The output of PN correiator 112 is pro-
vided to a fast Hadamard transform digital filter 114

-where the signal is filtered. The output of filter 114 is

provided to a user data decoder circuit 116 which pro-
vides user data to the user digital baseband circuitry.
Decoder 116 provides the fargest transform filter sym-
bols 1o power average circtit 118. The power averager
circuit 118 averuel thehtgen transform outputs over
a one millisecond ‘interval using well known digital
techniques.
A signal indicative of esch average power jevel is
output from power averager 118 to comperator 120.
tor 120 also receives a power level set signal
indicative of the desired received power fevel. This
desired received power level is set by the control pro-
cmrfmtheecﬂm Comparator 120 compares the
two input sigmals’ sivd Mnmmm
nveofdnm ‘power level from

mnudeommlofthemm«ofmwﬂeum
N.

If the received power at the cell-site is higher than
that desired of mobile unit N. then a power-down com-
mand is and transmitted to mobile unit N.
However, if the received power level at the cell-site is
t0o low, Mapﬂu-wmmummm
zmmxmm-um“

a high ras, 1,000 commands per second in
the embodithent. At one bit per command,
the overhead of the command 13 insignificant
em'mnmi‘ml to the bit rate of a high quality digital voice
S

command feedbeck compen-
umtbrc m&ewmmnmmde-
pendent of th mmnuuwm
inbound chanmel &€ not messured in the out-
bound clmanel sijinal. the path 10ss estimate

based upodi the owtbound channel and the correspond-
ing transmitter powir adjustment do not reflect the
changes in thé inbound channei. Thus, the power ad-
mmwwgckumedmmmr
adjustments in usit transmitter power based on
the mbooadchﬂelpuh fosses that do not exist in the

mbouud
nnt: clbud loop control process it is highly
the command to arrive at the mobile unit
before conditions change significantly. The presem
mvennon provides a novel and unique power control
circuitry at the ceil-site for minimizing delay and la-
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tency of measurement and transmussion. The power
control circuitry at the mobile unit. anaiog control and
digital command response. provides a vastly improved
power control process in the celiular mobiie telephone
svstem.
The previous description of the preferred embodi-
ments are provided to enable any person skilled in the
art to make or use the present invention. Various modi-
fications to these embodiments will be readily apparent
to those skilled in the art, and the generic principals
defined herein may be sppiied to other embodiments
without the use of the inventive facuity. Thus. the pres-
ent invention is not intended to be limited to the em-
bodiments shown herein. but is 10 be accorded the wid-
est scope consistent with the principais and novel fea-
tures disciosed herein.
We claim:
1. In a cellular mobile telephone sysiem in which
svstem users communicate information signals between
one another via at least one cell-site using code division
muitiple access (COMA) spread spectrum communica-
tion signais, a power control system for controiling
transmission signal power for each mobile telephone in
said ceilular mobile telephone system. wherein each
mobile telephone has an antenna, transmcter and re-
ceiver, and esch cell-site has an antenna. at least one
transmitter and as least one receiver, said power control
system comprising:
at lesst one first power measurement means. each
coupled to a respective mobile telephone receiver,
for measuring signal power in CDMA communica-
tion signals received by said respective mobile
telephone receiver;

athnouﬁmmad;um:maehcou-
pled to a respective mobile telephone receiver and
corresponding first power measurement means,
said first power adjusiment means responsive to
decreases and increases in power measurements of
said corresponding first power messurement means
with respect 10 a first predetermined power level,
for respectively increasing and decreasing trans-
mission signal power of said corresponding mobile
teiephone transmitter;

at least one second power messurement mesans, each

coupled 10 a respective cell-site receiver, for mea-
suring -signal power in easch CDMA communica-
tion signal directed to said respective cell-site re-
ceiver (rom a corresponding mobile telephone
tmmr in communication therewith;

at least one power adjusument command generator

means. each coupled to a respective cell-site trans-

mitter and corresponding second power measure-
ment. means. for genemmtng power adjustment
commands correspondiag to deviations in power
measurements of said corresponding second power
measurement means from a second predetermud
power level, said respective cell-site transmitter
transmitting said power adjustment commands;
and

at lsast one second power adjustment means. each

coupled t0 a respective mobile 1elephone receiver
and corresponding transmitter. said second power
adjustment means responsive 1o said power adjust-
ment commands directed to said respective mobile
telephone receiver, for adjusting transmission sig-
nal power of said corresponding mobile telephone
transmitter.
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2. The power control system of claim 1 wherein said
first power adjustment means provided increase in
transmission signal power is at a rate less than sad first
power adjusiment means provided decrease in transms-
sion signal power.

3. The power control sysiem of claim 1 wherein said
first power measurement means power measurements
correspond 10 a sum of all contemporaneously received
CDMA communication signals within a predetermined
frequency band., and said first power measurement
means is further for generating and providing a corre-
sponding first power measurement signal to said corre-
sponding first power adjustment means,

4. The power control system of claim 3 wherein said
first power adjustment means comprises:

comparator means {or receiving said first power mea-

suresnent signal and 2 first power level sat signal,
said first power level set signal corresponding to a
desired mobile elephone transmitter power levei.
for comparing said first power measurement sigoal
with said first power level set signal, and for pro-
viding a corresponding comparator output signai:
and

variable gain amplification means operatively cou-
pled to said mobile telephone transmitter for re-
ceiving said comparator output uuul and respon-
sive thereto for varying transmission signal power
of said corresponding mobile telephone transmit-
ter.
5. The power control system of claim 4 further com-
prising filter means disposed between said comparator

hm.amdcmmwanddmm
said received comparator output signal and for provid-
ing a.correspondling limited comparator output signal to
said varisble gain amplification means.

6. An spparatus for controlling trangmission signai
power in s celiular mobile telephone in communications
with at lesst one cell-site station using code division
multipie access (CDMA) spread spectrym communica-
tion signais. said cellular mobile telephone having an
antenna coupied to a transmitter and a receiver, said
transsmitier for generating snd transmitting a CDMA

nal. said receiver for receiving CDMA communicstion
signals and spectrum processing said raceived CDMA
communination sigasis according to an assigned spread-
ing function 30 s8 t0 recover a mabile user outpyt infor-
mation signal intended for a user of said cellular mobile
telephone. said cell-site- station communicating power
control commands in CDMA communication signals
intended for said cellular mobile telephone with said
receiver providing sa output of sud power control
commands. said apparatus comprising
MeRsNIEnent messs for, opmvdycoupledtomd
receiver, measuning combined signal power in con-
temporanepusly received COMA communication
signals and providiag a messurement signal indica-
tive of messured sigual power: .
adjusymen means for, operatively coupling to said
tranamitter, receiving said measurement signal,
varying transmitter signal power in opposite corre-
spoadence 10 variations in measured signal power
abowt a pradetermined power level: and
additional adjustment means for, operatively coupled
to said receiver and transmitier, recetving said
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power adjustment commands. and varywmg trans-

" mitter signal power in correspondence thereto.

7. The apparatus of claim 6 wherein said adjustment
means is responsive 10 said measurement signal for.
neresning transmitter signal power in response to de-
creas¥s in meéasured signal power with respect 10 said
predeserminéd power level, and decreasing transmitter
signal power in response 1o increases in measured signai
power with respect to said predetermined power level.

8. The apparanss of claim 7 wherein said adjustment
means provided increase in transmitter signal power is
at a rate less than said adjustment mesns provided de-
crease in transmitter signal power.

9. The apparstus of claim 6 wherein said cell-me
Station measures signal power of said cellular mobile
telephone transntitted COMA communication signais
and generates for transmission said power adjustment
commands indicative of one of an increase and a de-
crease in said cetlular mobile telephone signal power so
as t0 maintain a pregetermined power level for cell-site
station received CDMA communication signals from
said cellular mobiie telephone.

10. The apparstus of claim 6 wherein said adjustment
mesns comprises:

comparstor means for receiving measurement signal

and a’first power level sot signal, said first power
level set signal corresponding to a desired cellular
mobile telephone transmitter power level, for com-
paring ssid first power messuremem signal with
said first pwer level set signal, and for providing a
correspondisg comparator output signal;

ﬂmf mu_u for, receiving said COmparstar output

varisble gain amplification mesns, operatively cou-
pled 10 said transmitter, for receiving said limited
comparstor ourput signal and responsive thereto
forvarym.mﬂpomofmdmmer

11. The apparatus of claim 10 wherein said sdditional

: ad_mumemmaucompma

pwmfor. gmdpow«djm:

tively eoupid to said transmitter, for receiving
sasid power' adjustment signal and responmsive
thmiuformym;apdpo\verofwdmmn
ter.

12. In &'celiuiar mobile telephone system in which
system users coifiinunicate information signais between
one snather via §t least one cell-site using code division
muitiple access (CDMA) spread spectrum communica-
tion signals; 2 method for controlling transmission sig-
nal power’for each mobile telephone in said cellular
mobile telephotie sysiem. wherein each mobile tele-
phone has an antenna. transsritter snd receiver, and
esch ceil-site has an antenns, st least one transmitter and
atfluuoaereeaver sudmethodcompm;thesteps
of:

measuring signal power in*CDMA communication

signals réteived by each trespective mobile tele-
phone receiver:

varying transmission signal power of each corre-

sponding mobile telephone transtitter in inverse
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proportion 10 variations in corresponding mobiie
telephone power messurements with respect to a
first predetermined power level:
measuring signal power in each CDMA communica-
tion signat received at each respective ceil-site
receiver as transmitted from a corresponding mo-
bile teiephone transmmtter in communmuon there-
with:
generating power adjustment commands correspond-
ing to deviations in corresponding ceil-site power
:l::utmm from a second predetermined power
transmitting said power adjustment commands along
with said information signiais rom each respective
cell-site to a corresponding mobile:telephone in
communication therewith:
receiving at each respective mobile telephone re-
ceiver said power adjustment commands corre-
sponding thereto; and
adjusting transmission signal power of each corre-
sponding mobile _telephone transmitter in corre-
spondence to said power adjustment commands
directed t0 said respective mobile tetephone re-
ceiver.
' 13. The metheod of claim 12 wherein said step of vary-
ing tranmsmission signsi power of each corresponding
mobile telephone transmitter in inverse proportion to
varistions in corresponding mobile teiephone power
teasurements with respect to a first predetermined
power level further m the step of:
limiting a rase of incresse in transmission signal
power of each cbrresponding mobile telephone
tramsemicter less than a rate of decresss in transmis-
sion signal power of esch corresponding mobile
teiephone transmitter. :
. 14. The method of cisim 12 wherein said step of vary-
Ing transmission signal power of each cofresponding
mobile telephoae transmiver in inverse proportion to
variations in correspondiag mobile teiephone -power
measurements with respect to a first predetermined
power ievel comprises the steps of: .
providing an incresse in transmission signal power of
each corrusponding mobile telephone transmitter
in responsive 10 decrouse in & corresponding mobile
telephosie power messurement with respect to sad
first prpdeteymined power level: and
providing un:decrense in transmission signal power of
each cormesponding mobile telephone transmitter
in respoRsSE 5O &M increase in a corresponding mo-
bile tslephone power messurement with respect 10
said first predessrmined power level,
xammamumumofm-
erating power adjusement conmands corresponding t0
deviations in corresponding cell-site power measure-
mu&ma“pmm power level com-
prises the sieps of:
genersting 3 power-gp command-in response t0 a
decrease in a corresponding cell-site power mea-
surement from: said second predetermined power
levelk and
generating & power<down command in respoase 1o an
increase in 3 corresponding cell-site: power mea-
surement from said second predetermined power
level,
16. The method of cisim 18 wherein said step of ad-
justing transmission signal power of each corresponding
mobile telephone transmitter in correspondence to said
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power commands directed to said respective mobile
telephone receiver compnses the steps of:

increasing mobile telephone transmatter signal in re-
sponse 10 each power-up command: and

decreasing mobile teiephone transmitter signal in
response 1o each power-down command.

17. The method of claim 12 wherein said step of gen-
eraung power adjustment commands corresponding to
deviations in corresponding cell-site power measure-
ments from a second predetermined power level com-
pnses the steps of:

‘generating a power-up command in response to a
decrease in a corresponding cell-site power mea-
surement from said second predetermined power
level: and

generanng a power-down command in response to an
increase 1n a corresponding celi-site power mea-
surement from said second predetermined power
level.

18. The method of claim 17 wherein said step of ad-
Jjusting transmussion signal power of each corresponding
mobile telephone transmitter in correspondence to said
power adjustment commands directed to said respec-
tive mobile teiephone receiver comprises the steps of:

increasing mobile telephone transmitter signal in re-
sponse 10 each power-down command: and

decreasing mobile teiephone transmitter signal in
response 10 each power-down command.

19. The method of claim 12 wherein in sad step of
measuring signal power in CDMA communication sig-
nals received by each respective mobile telephone re-
ceiver, measured signal power corresponds to a sum of
all contemporaneousiy received COMA communica-
tion signais within a predetermined frequency band!

20. The method of claim 12 further compnising the
step of generating a first power measurement signal
corresponding to said measured signal power in CODMA
communication signals received by each respective
mobile telephone receiver.

11. The method of claim 20 wherein said step of vary-
ing transmission signal power of each corresponding
mobile telephone transmitter in inverse proportion to
vaniations in corresponding mobile telephone power
measurements with respect to a first predetermined
power ievei comprises the steps of:

comparing said first power measurement signal with
a first power level set signal, said first power level
set signal corresponding to a desired mobile tele-
phone transmitter power level;

providing a comparator output signai corresponding
10 a difference between said first power measure-
ment signal and said first power levei set signal; and

varying mobile telephone transmitter gain according
10 said comparator output signal.

22. A method for controlling transmission signal
power in a cellular mobile telephone in communications
with at least one cell-site station using code division
muitiple access (CDMA) spread spectrum communica-
tion signais, said cellular mobile telephone having an
antenna coupled to a transmitter and a receiver, said
transmitter for generating and transmitting 2 CDOMA
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tion modulated by 2 mobile user 1nput informauon sig-
nal. said receiver for recetving CDMA communication
signals and spectrum processing said received COMA
communication signals according to an assigned spread-
ing function so as to recover a mobile user output infor-
mation signal intended for a user of said cellular mobile
telephone, said cell-site station communicating power
control commands in COMA communication signals
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intended for said cellular mooile telephone with said
receiver processing said recetved power control com-
mands and providing an output of said power control
commands. said method comprising the steps of:
measuring combined signal power in contemporane-
ousiy received CDMA communication signals:
varving transmitter signal power 1n inverse propor-
tion to variations in measured signal power about a
predetermined power level: and
varving transmitter signal power 1n correspondence
10 received power adjustment commands.

23. The method of claim 22 wherein said step of vary-
ing transmitter signal power in inverse proportion 10
variations in measured signal power about a predeter-
mined power level comprises the steps of:

increasing transmitter signal power in response to

decreases in measured signal power with respect to
said predetermined power level: and

decreasing transmitter signal power 1n response to

increases in measured signal power with respect to
said predetermined power level.

24. The method of claim 23 wherein increases in
transmitter signal power are at a rate jess than decreases
in transmitter signal power.

25. The method of claim 22 wherein said cell-site
station measures signal power of said cellular mobile
telephone transmitted CDMA communication signals
and generates for transmission said power adjustment
commands indicative of one of an increase and a de-
crease in said cellular mobile telephone signal power so
as to maintain a predetermined power level for cell-site
station received CDMA communication signals from
said cellular mobile telephone.

26. The method of claim 22 wherein said step of mea-
suring combined signal power in contemporaneously
received CDOMA communication signals further com-
prises the step of generating a measurement signal indic-
ative of measured signal power, and wherein said step
of varying transmitter signal power in inverse propor-
tion to variations in mMEARNLSH, signal power about a
predetermined power leve| comprises the steps of:

generating a first power level set signal correspond-

ing to a desired cellular mobile telephone transmut-
ter power levei: '

comparing said first power measurement signal with

said first power level set signal;

providing a comparator output signal corresponding

to a difference berween said desired cellular mobile
telephone transmitter power level and said mea-
sured signal power;

limiting a rate of change in variations in said compar-

ator output signal:

providing a corresponding limited comparator output

signal; and

varying signal power of said transmitter in response

to said limited comparator output signal.

27. The method of claim 26 wherein said step of vary-
ing transmitter signal power in correspondence 10 re-
ceived power adjustment commands compnises the
steps of:

accumulating said processed power adjustment com-

mands with a predetermined gain control level
setting;

providing a power adjustment signal corresponding

to said accumuiation of said processed power ad-
justment commands with said predetermined gain
control level setting; and

varying signal power of said transmitter in response

to said power adjustment signal.
L ] ]
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{57] ABSTRACT

An amplification circuit having a compensanon circut
for receiving a control signai and generating a corre-
sponding compensation signal according to predeter-
mined compensation characteristics. An input ampiifi-
cation circuit is provided for. receiving an input signal
and the compensation signal amplifying the input signal
at an input gain level determined by the compensation
signal and providing a corresponding input amplifica-
tion circuit output signal. A filter element receives and
filters unwanted frequency components from the input
amplification circuit output signal. An output amplifica-
tion circuit is provided for. receiving the filtered input
ampilification circuit output signal and the compensa-
tion signal, amplifying the filtered input amplification
circuit output signal at an output gain level determined
by the compensation signal and providing a correspond-
ing output amplification circuit output signal.
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1
LINEAR GAIN CONTROL AMPLIFIER

BACKGROUND OF THE INVENTION

1. Fieid of the

The present invention relates to amplifiers. More
particularly. the present invention relates to a novel and
improved radio frequency amplifier circuit which pro-
vides linear control of gain. when such gain is measured
in decibeis, over a large gain range.

11. Description of the Related Art

The use of automatic gain control (AGC) circuits to
control amplifier gain in communication terminals has
been accomplished by many various designs. Typically
the range in gain for such amplifiers is somewhat lim-
1ted. and therefore are not directly useful in appiications
where a very large dynamic range of signals are to be
accommodated.

In appiications where a surface acoustic wave (SAW)
filter 1s utlized in the receiver for band filtering, special
care must be taken in choosing the impedance of the
circuit seen by the SAW filter. Traditionally the SAW
filter 1s matched in impedance with the external circuit
by using simple series coupled inductors at the input and
output of the SAW filter. Such simple impedance
matching provides for a reduction of the well known
phenomena of tripie transit interference (reflections of
the signal of interest within the SAW filter). However.
such a reduction in tniple transit is at the expense of
increased insertion losses.

A typical insertion loss using a conventionally config-
ured SAW filter is approximately 20 dB. The minimum
insertion loss that a simple SAW filter is theoretically
capable of producing is 6 dB. However, at the minimum
insertion loss the triple transit signal is at a level that can
substantially interfere with a signal of interest.

In applications requiring a large gain control, and
which also utilizes SAW filters for band filtering, the
loss of the SAW filter should be minimized if one is to
maximize the effective range of controllable gain.

In certain applications. such as in CDMA cellular
telephone transceivers where transmitter power control
and receiver AGC are essential to system operation, the
transmitter and receiver must both operate over a rela-
tively high dynamuc range and track each others gain
change over the full range of control. In such an envi-
ronment. the receiver can be required to operate over a
gain range that can easily reach as lng,h as 80 dB.

In many systems. agtin such as in CDMA cellular
telephone transcaivers, it is essential that in response to
a received signal, the AGC loop should provide a signal
indicative of measured signal strength which is linear, in
terms of output indication as a function of dB of input.
Conventional AGC circuits normally exhibit such a
characteristic over only a portion of the full control
range, due 10 nonlinearities in the gain control function
of the ampililier.

It is therefore an object of the present invention to
provide a povel and improved amplification circuit
which. in response 10 a gain control signal, is capable of
substantiaily linear gain control operation over a rela-
tively large range.

It is another object of the present invention to pro-
vide an amplifier circuit in which gain in dB is con-
trolled as a linear function of an input control signal.

It is yet another qbject of the present invention to
provide acuive impedance matching of a SAW filter to
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minimize nseruon loss at specified levels of trple tran-
sit signais.

It is still a further object of the present invention to
provide a temperature compensated amphification cir-
cuit capable of substanually linear gain control over a
large dynamic range over a wide temperature range.

SUMMARY OF THE INVENTION

The present invenuon is a novel and improved auto-
matic gain control circuit controlled linear amplifier
capable of linear operation over a relatively large range
of gains. The amplifier of the present invention involves
the utilization of two low-cost amplifiers, typically dual
gate FET ampilifiers, appropriately mismatched to a
filter, specifically a SAW bandpass filter as a signal
amplification circuit. The amplifier of the presemt inven-
tion further involves the utilization of a low frequency
amplifier, typically an operational amplifier (op-amp),
with diode feedback to provide linear gain control and
temperature compensation for the signal amplification
circuit over a gain operational range of over 110 dB.

In accordance with the present invention an amplifier
circun is disclosed which is capable of providing linear
gain control over a high dvnamic range. The circuit
comprises inn an exemplary embodiment a compensation
circuit, a first amplifier. a filter and a second amplifier.

The compensation circuit receives a linear control
signal corresponding to a log power measurement of a
received signal. The compensation circuit is responsive
to the control signal for genersting, a corresponding
nonlinear control signal. or compensation signal. ac-
cording to predetermined compensation characteristics.
The first amplifier is coupied to the compensation cir-
cuit for receiving the compensation signal and for re-
ceiving an input RF signal. The first amplifier amplifies
the input RF signal at an input gain level determined by
the compensation signal so as to provide a correspond-
ing first amplifier output signal.

The filter is coupled 1o the first amplifier so as to
receive the first amplifier output signal. The filter re-
moves uawanted frequency components from the first
amplifier output signal and provides s filtered first am-
plifier output RF signal.

The second amplifier is also coupled to thc compen-
sation circuit for receiving the compensation signal and
to the filter for receiving the filtered first amplifier
output signal. The second amplifier amplifies the fil-
tered first ampiifier output signal at an output gain level
determined by the signal 50 a8 1o provide
a corresponding second amplifier output RF signal.

The filter has an input and output impedance that is
mismatched by the first and second amplifiers to pro-
wdcnrdmmnnmlounam
triple transit level. The compensation circuit compen-
sates for inheremt device nonlinearities in gain, for a
linear control signal. of the first and second amplifiers
over the large dynamic range of operation required.
The compensation circyit also provides for temperature
compensation of the first and second amplifiers so as to
reduce the adverse affects of changes in temperature on
gain. .

BRIEF DESCRIPTION OF THE DRAWINGS

The features. objects, and advantages of the present
invention will become more apparent from the detailed
description set forth below when taken in conjunction
with the drawings in which like reference characters
identify correspondingly throughout and wherein:
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FIG. 115 a block diagram of an exemplary embodi-
ment of the lineanized avtomanc gain control amplifier
of the present invention:

FIG. 2 is an exemnplary schematical circuit diagram of
the lineanized automatic gain control amplifier of FIG.
1

FI1G. 3 is a graph illustrating the inherent gain charac-
teristic of the uncompensated amplifier circuit used in
the embodiment of FI1G. 2. and

FIG. 4 is a graph illustrating the linearized gain char-
acteristic of the compensated ampiifier circuit used 1n
the embodiment of FIG. 2.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring to the drawings, FIG. 1 illustrates in block
diagram form an exemplary embodiment of the linear
amplification circuit of the present invention. The typi-
cal environment in which the circuit of FIG. 1 is imple-
mented is in an automatic gain control (AGC) circuit.

The use of AGC circuus are well known in the com-
munications art for receivers or transceivers operating
in the RF frequency band. AGC circuits are typicaily
used for, based upon the strength of the received signai.
controlling the power of a received signal for later
processing of the signal and aiso for controlling trans-
mitter power. In the AGC circuit, a measurement of

s

15

20

28

signal strength, or power, of the received signal is per- .

formed at some other point where an AGC signal is
generated. The AGC signal is typically provided as a
gain control signal to a variable gain amplifier. The
amplifier in response to the AGC signal adjusis the
amount of gain applied to the received signal. The am-
plifier gain may be negative or positive depending upon
sysiem parameters and signal strength.

The amplification circuit of FIG. 1 is comprised of
compensation circuit 10. variable gain amplifier circuit
12. filter 14 and variable gain amplifier circuit 16. In
FIG. 1, a gain control signal is provided to compensa-
tion circuit 10. In an AGC application, such a control
signal is generated by a signal strength measurement
circuit (not shown) in linear correspondence with the
log of the measured signal strength of the received RF
signal. or corresponding IF signal if frequency down-
converied before measurement.

The control signal is provided as an input to compen-
sation circuit 10 where the control signal is modified
according to predetermined compensation characteris-
tics. Compensation cireitit 10 provides compensation in
the control signal for inherent nonlinearities in the am-
plification circuitry used to amplify the input RF signal,
corresponding to the received RF signal. Compensation
circuit 10 thus generates a compensated control signal
which is output therefrom as a nonlinear control signal
or compensation signal. It should be understood that the
compensation signal is typically linear with respect to
the control signal, except for those portions of the gain
curve for the amplifier circuits where nonlineanties
occur in response to a linear control signal.

In s CDMA mobile telephone, the amplification cir-
cuitry is required t0 operate over a high dynamic range,
such as in excess of 80 dB. The amplification circuitry
employed in this application must be low in cost for
maximum commercial expioitation. Such a low cost
design employs amplifier components which can expe-
rience nonlinesrities in gain when conventional tech-
niques are used in gain control over a large operational
gain range. For proper operation of the mobile tele-
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phone at such a large operational gain range. compensa-
tion must be provided. Accurate gain control is partcu-
larly critical if pairs of gain controlled elements are to
be used. In such an application. gain controlled ampiifi-
ers are used in both the receiver and transmitter and
must track each other with respect 10 gain variation or
adjustment.

In the exemplary embodiment. a cascaded amplifier
scheme is used to provide varisble gain control in am-
plification of the received signal. Disposed between the
cascaded amplifiers is a filter which removes out of
band frequency components from the RF signal. The
dual amplifiers also serve to provide active impedance
masching of the filter.

As illustrated in FIG. 1, amplifier circuits 12 and 14
both receive, at a respective gain control input, the
compensation signal from compensation circuit 10. Am-
plifier circuit 12 receives the RF signal at an input and
ampilifies the signal at a gain level as determined by the
compensation signal. The amplified signal is output
from an output of amplifier circuit 12 signal as a input to
filter 14.

Filter 14 is typically a bandpass filter. although other
filter types may be used depeading on the frequency
plan. In the mobile telephone application, filter 14 may
be implemented as a SAW filter. Filter 14 removes
unwanted frequency components from the RF signal.
Filter 14 provides the filtered signal at an output thereof
to an input of amplifier circuit 16. Amplifier circuit 16
receives the filtered RF signal at an input and amplifies
the signal at a gain level as determined by the compen-
sation signal.

Filter 14 implemented as a SAW filter has an inherent
input and output impedsnce that must be properly mis-
matched to provide a minimum insertion loss at a level
of tolerable triple transit, Typically SAW filters employ
a passive component, such as an inductor. at the input
and output 10 provide the proper impedance matching
to transiate the filter impedance to a value appropriate
for coupling t0 301} circuit elements. However, such
impedance matching techniques .resuit in insertion
losses much greater than the theoretical minimum 6 dB,
and typically on the order of 20-25 dB to avoid prob-
lems caused by the triple transit effect. In using a cas-
caded ampiifier arrangement, amplifier circuits 12 and
16 provide “active” impedance matching which enables
maximuym reduction of insertion loss 10 a level which
has a tolerable triple transit effect. Insertion losses can
mubed:dﬂychkvedhmemmmpof
14-15 dB.

FIG. 2 illustrates in further detail an em-
bodiment of the amplification circuit of F1G. 1. Com-
peasation circuit 100 receives an AGC signal and in
response thereto generaiss the mmpnm compensa-
tion. The resulting compensation signal is output from
couprtiou circuit 100 to both amplifier circuits 120
and ¥

Amplifier circuit 120 receives and amplifies an input
IF signal at a gain level determined by the compensa-
tion signal. The amplified IF signal is then output 10
filter lﬂwherennhndmmmndudwtpmto
amplifier circuit 160. Amplifier circuit 160 receives the
amplified and filtered {F signal where amplified at a
gain level determined by the compensation signai. The
amplified IF signal is then output from amplifier circuit
160 for further processing.

Compensation circuit 100 is comprised of an opera-
tional amplifier, op amp 102, which has an inverting
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input coupled to receive the AGC signal through input
resistor 104. The inverting input is also coupied to the
output of op amp 102 through a noniinear feedback
circust comprised of series coupled resistor 106 and
diode 108 which are coupled in parallel with vanable
resistor 110. The noninvertng input of op amp 102 is
provided with a reference or bias voltage across diode
112 that 1s provided through resistor 114 from the sup-
ply voltage — VCC. Resistors 104, 106 and 114 are typi-
cally of the same resisiance. e.g.. 10 K2 value, while
vansble resistor 110 is capable or providing a much
larger resistance value. e.g. 50 Kf}.

In the operation of compensation circuit' 100, when
the AGC voltage is above the bias voitage appearing at
the noninverting input of op amp 102. the parailel resis-
tance combination of resistor 106 and variable resistor
110. along with input resistor 104 (R306| | R110/R104)
set & first siope gain curve for operation of op amp 102.
When the AGC voliage is below the bias voltage, the
value of variable resistor 110 along with input resistor
104 (R110/R 104) set a second. and different, gain curve
for operation of op amp 102. Furthermore diodes 108
and 114 are prefersbly of the same type such that
changes in témperature affecting diode 108. and thus the
feedback. similarly affect diode 114 and the bias volt-
age. In the-siternative, diode 114 may be replaced by a
temperature sensitive element such as a thermustor. [t
should bé understood that the bias voltage appearing at
the noniniverting input of op smp 102 may be estab-
lished at many different levels and by many different
ways that sre weil known in the art.

The compensation signal generated by compensation
circuit 100 is from op anip 102 to both of ampli-
fier circuits 120 and ‘160. Amplifier circuit 120 is typi-
cally of dual gate FET amplifier 122 which
has one gate (G1) coupled through resistor 124 to the
output of op amp 102 and through capacitor 126 10

. The other gate (G2) of FET 122 receives the
input IF signal through variable capacitor 128. and is
coupied to W through the paraliel combination of
resistor 130, varisble capacitor 132 and inductor 134.
The source (S) of FET 122 is also coupled to ground
through the parallel combination of resistor 136 and
capacitor 138. The drain (D) of FET 122 is coupled to
the supply. voluge +VCC through the parallel combi-

nation of resistor 140 and inductor 142 while aiso being
coupled to ground through varisble capacitor 144. The
dram (D) of FET 122 is coupled to the input of SAW
filter 150.

The voltags at gate (G1) as determined by the output
of op amp 102 controis the level of gain of FET 122.
mmputanglumphﬂeduundzmmmed gain
level by FET 112 with the output voltage appearing
across the input transducer (not shown) of SAW filter
150. The parallel combination of resistor 140 ‘and induc-
tor 142 are of values selected such that, in combination
wnhlheoumutmpedmceofm 122 appearing st the
drain (D), the | of this circuit supplies the
source seen by SAW filter 150.

It may . be shown by using simpie. tuned matching
networks. the total insertion loss (iL) of the complete
SAW filter is approximately:
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where:™ -

Ga is the real part of the acoustic admittance: and

Gs 1s the real part of the sourc2 and load admuttances.
Also. it may be shown tha: ' ne triple transit response

(TTR) of the complete filter 1s defined by:

~G,G.

TTR = T
(G. - Gg,'

I 'l(G"'Gﬂ; I

Using the relauionships set forth by equations (1) and
(2), one can compute that for a triple transit response of
30 dB. reiative to the main signal, an insertion loss of 12
dB can be achieved.

Ampiifier circuit 160 is constructed in a manner simi-
lar to that of ampilifier circuit 120. Amplifier circuit 160
is is comprised of dual gate FET amplifier 162, prefera-
bly the same as FET 122. which has one gate (Gi)
coupled thtough resistor 164 to the output of op amp
102 and through capacitor 166 to ground. The other
gate (Gy) of FET 162 is coupled to the output of SAW
filter 180 for receiving the filtered and ampiified IF
signal the output therefrom, and is coupled to ground
through the parailel combination of resistor 170. vari-
able capacitor 172 and inductor 174. The source (S) of
FET 162 is also coupled to ground through the parallel
combination of resistor 176 and capacitor 178. The
drain (D) of FET 162 is coupled to the supply voltage
+VCC through the parallel combination of resistor 180
and inductor 182 while aiso being coupled to ground
through variable capacitor 184. The output of FET 162
is provided through varisble capacitor 186 also coupied
to the drain (D) of FET 162,

The voluage a1 gate (G1), as determined by the output
of op amp 102. again controls the level of gain of FET
162. ‘The IF signal output from SAW filter 180 is ampli-
fied at the determined gain level by FET 162 with the
output voltage appearing at the ompux of variable ca-
pacitor 186. The parallel combination of resistor 170
and inductor 172 are of vdues selected such that, in
combination with the irput impedance of FET 162
appearing at the gate (G2), the :mpedance of this circuit
provides the proper load for the output impedance of
SAW filter 150.

In should be noted that, the output impedance of a
FET is typmlly greater than the input impedance. In
amplifier circuit 120, resistor 140 is used to set the out-
put mpedmofdnwmmmmhthcupm of SAW
filter 150. Wmmtﬁmlntho
set the input of the circuit 10 match the
output impedance of SAW filter 130. The value of resis-
tor 170 is iower in value than resistor 140 since the input
mpadmonhcm:smth-mmupe-
dance. This mismatch in amplifier selecied resistor val-
ues provides compensation for the difference in FET
input and output impedance for impedance matching to
any circuit element. In the embodiment shown herein,
thermouhmdyutﬂumdammthvmns
in FETmpdmmummuuL It is further envi-
sioned that more gain could be realized using trans-
former maiching techniques. ~

FIG. 3 illusirates in graphical form the gain charac-
teristics of the amplifier circuit withoud compensation
of the AGC signal. The solid line and the dashed line
respectively represent the actual gain characteristic
curve and the desired gain characteristic curve. The
circuit has straight line control of gain in dB for gan
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values from about —40 dB to0 about 20 dB. The uncom-
pensated amplifier circuit thus provides an operational
region of 60 dB. where ggin in dB is a linear function of
the input voitagé applied to the gain control input of the
amplifiers. In the region below —40 dB. the actual gain
departs quite radically from the desired straight line
desired gain curve. It is this region below -40 dB
which the present invention predominantly seeks to
provide an improved correlation to the desired gain
characteristic curve.

FIG. 4 illustrates in graphical form the gain charac-
teristics of the amplifier circuit with compensation of
the AGC signal. The solid line and the dashed line again
respectively represent the actual gain characteristic
curve and the desired linear gain characteristic curve.
The circuit has straight line control of gain in dB for
gain values from about —75 dB to about 10 dB. The
compensated amplifier circuit thus provides an opera-
tional region of operation of sbout 85 dB, where gain in
dB is a linear function of the input voltage applied 10 the
gain control input of the amplifiers. In the region below
—75 dB. the actual gain is markedly closer to the de-
sired straight line gain curve than for the uncompen-
sated circuit. It is therefore readily be seen that by pro-
viding a compensated AGC signal in the amplifier cir-
cuit of the present invention that an extended range of
gain control in dB, which is a linear function of the
input AGC signll. is possible.

The previous description of the preferred embodi-
ments is provided 10 enable any person skilled in the art
to make or use the present invention. The various modi-
ficauons 1o these embodiments will be readily apparent
to those skilled in the art. and the generic principles
defined herein may be appiied to other embodiments
without the use of the inveative facuity. Thus, the pres-
ent invention is not intended to be limited to the em-
bodiments shown herein but is to be accorded the wid-
est scope consistent with the principles and novel fea-
tures disclosed herein.

I claim:

1. An amplification circuit for amplifying an input
signal where signal gain in decibels (dB) is a linear func-
tion of a control signal comprising:

compensation means for recetving a control signai

and generating a corresponding compensation sig-
nal according to predetermined gain compensation
characteristics:

input amplification means for, receiving an input

signal and said compensation signal, amplifying
said input signal at an input gain ievel determined
by said compensation signal and providing a corre-
sponding input amplification means output signal,
said input amplification means gain in dB being a
linear function of said contro] signal over a prede-
termined gain range;

filter means for receiving and filtering said input am-

plification means output signal; and

output amplification means for, receiving said filtered

input amplification means output signal and said
compensation signal, amplifying said filtered input
amplification means output signal at an output gain
level determined by said compensation signal and
providing a corresponding output amplification
means output signal, said output amplification
means gain in dB being a linear function of said
control signal over said predetermined gain range.
2. The amplification circuit of claim 1 wherein:
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said filter means has a predetermined input and out-
put impedance:

said input amplification means 1s further for provid-
ing a selected output impedance 5o as 10 match said
filter means input impedance:; and

said output amplification means is further for provid-
ing a selected input impedance so as to match said
filker means output impedance.

3. The ampilification circuit of claim 1 wherein said
filter means comprises ] surface acoustic wave (SAW)
filter.

4. The amplification circuit of claim 3 wherein said
input and output amplification means each comprises a
FET ampilifier.

§. The amplification circuit of claim 4 wherein:

said filter has a predetermined input and output impe-
dance;

said input amplification means FET amplifier has a
predetermined output impedance matched to said
filter input impedance: and

said output unpliﬁcation means FET ampilifier has a
predetermined input impedance matched to said
filter output impedance.

6. An amplifier circuit, for use with an automatic gain
control (AGC) circuit which generates an AGC signal.
for in response to said AGC signal providing gain con-
trol of an input signal over a high dynamic range. said
gain control being a linear function of said AGC control
signal comprising:

a compensation circuit having an input and an output,
said compensation circuit capable of receiving said
AGC signal at said compensation circuit input and
modifying said AGC signal according to predeter-
mined gain compensation characteristics so as to
provide s modified AGC signal at said compensa-
tion circuit output;

a first amplifier having a pair of inputs and an output,
one of said first amplifier inputs coupled to said
compensation circuit output and another one of
said first amplifier inputs capable of receiving said
input signal. said first amplifier having portions of a
gain range in decibels (dB) which are piecewise
linear with respect 10 said AGC signal, and said
first ampiifier gain range linear with respect to said
modified AGC signal;

a filter having an input and an omput said filter input
coupled 1o said first amplifier output: and

a second amplifier having a pair of inputs and an
output, one of said second amplifier inputs coupled
to said compensation circuit output and another
one of said second amplifier inputs coupled to said
filter output, said second amplifier having portions
of a gain range in dB which are piecewise linear
with respect to said AGC signal, and said second
amplifier gain range linear with respect to said
modified AGC signal.

7. The circuit of claim 6 wherein said filter comprises

a surface acoustic wave (SAW) bandpass filter.

8. The circuit of claim 6 wherein said first and second
amplifiers each comprise a dual gate FET amplifier.

9. The circuit of claim 7 wherein said first and second
amplifiers each comprise a dual gate FET amplifier.

10. The circuit of claim 9 wherein:

said first amplifier further comprises a first impedance
matching circuit coupled to said first amplifier
output for matching an input impedance of said
filter for a predetermined level of tripie transit
response of said filter; and
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said second amplifier further comprnises a second
imperance matching circuit coupied to said first
amplifier other input for matching an output impe-
dance of said filter for said predetermined level of
triple transit response of said filter: and

wherein said filter has an insernion loss corresponding

10 impedance levels established by said first ampii-
fier in combination with samd first impedance
matching circuit and said second amplifier in com-
binauon with said second impedance matching
circuit.

11. The circuit of claim 6 wherein said compensation
circuit comprises: -

an operational amplifier havw' 2 noninvertng input

capable of receiving a reference voltage, an invert-
ing input capabie of receiving an AGC signal and
an output: and

a nonlinear feedback network coupled between said

opemionnl‘ amplifier output and said inverting
input.

12. The circuit of claun 11 further comprising ther-
mal compensation means coupled to said noninverting
input for controiling the leve! of said reference voltage
as applied to said noninverting input.

13. The circuit of claim 9 wherein said compensation
circuit comprises:

an operational amp having a noninverting input capa-

ble of receiving a reference voltage, an inverting
input capable of receiving an AGC signal and an
output: and

a nonlinear feedback network coupled between said

op amp output and said inverting input.

14. The circuit of claim 13 further comprising com-
pensation means coupled 10 said noninverting input for
controlling the level of said reference voltage as appiied
10 said nominverting input.

15. An methiod for amplifying over a high dynamic
range an input signal where signal gain in decibels (dB)

(V.3

10
ampiifying an input signal at an input gain level deter-
muned by said compensauion sigasl and providing a
corresponding first amplified signai. said first am-
plified signal being of a gain in dB which is a linear
function of said control signal:

filtering said first ampiified signal: and

amplifying said filtered first amplified signal at an

output gain level determined by said compeasation
signal and providing a corresponding second am-
plified signal. said second amplified signal being of
a gain in dB which is a linear function of said con-
trol

16. The uwdlod of claim 18. wherein said input signal
is amplified by a first amplifier. ssid first unphﬁed signal
is filtered by a filter having a predetermined input and
output impedance. and said filtered first amplified signai
is amplified by s second amplifier. said method further
comprising the step of providing impedance matching
of said first and second amplifiers to said filter for a
predetermined level of fllter triple transit response.

17. The method of claim 15 wherein said step of gen-
erating said compensation signal comprises the steps of:

modifying said control signal according 10 a first gain

compensation curve when said control signal is
below a first predetermined level: and

modifying said control signal according to a second

gain compensation curve when said control signal
is above said first predétermined level.

18. The amplification circuit of claim 1 wherein said
input and output amplification means each provide sig-
nal gain in dB as 2 first linear function of said control
signal over a portion of said predetermined gain range
and as a second linear function of said control signal
over gains excewding said predetermined gain range
portion, said compensation means modifying said con-
trol signal conaponm to input and output amplifica-
tion means gains exceeding said predetermined gain
range.

19. The circuit of claim 6 wherein said first and sec-

is a linear function of a control signal, said methad 40 ond amplifiers are responsive to ssid modified AGC

comprising the steps of:
generating. in response 1o a linear control signal. a
corresponding compensation signal according to
predetermined gain compensation characternisucs:
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signal for providing a signal gain in dB over said gain
range which is in linear correspondence with ssid AGC

signal.
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.
METHOD AND SYSTEM FOR PROVIDING A

SOFT HANDOFF IN COMMUNICATIONS IN A
CDMA CELLULAR TELEPHONE SYSTEM

BACKGROUND OF THE INVENTION

L. Field of the Invention

The present invention relates to cellular telephone
systems. More specifically, the present invention reiates
to a novel and improved system for controlling handoff
in communications of cell-site stations with a mobile
unit in a code division multiple access (CDMA) cellular
telephone system.

I1. Description of the Related Art

The use of code division multipie access (CDMA)
modulation techniques is but one of several techniques
for facilitating communications in which a large number
of system users are present. Although other techniques
such as time division multiple access (TDMA), fre-
quency division multiple access (FDMA) and AM mod-
ulation schemes such as amplitude companded single
sideband (ACSSB) are known, CDMA has significant
advantages over these other modulation techniques.
The use of CDMA techniques in a multiple access com-
munication system is disclosed in U.S. patent applica-
tion Ser. No. 06/921.261, filed Oct. 17, 1986, entitled
“SPREAD SPECTRUM MULTIPLE ACCESS
COMMUNICATION SYSTEM USING SATEL-
LITE OR TERRESTRIAL REPEATERS”, now
U.S. Pat. No. 4,901,307 assigned to the Assignee of the
present invention, the disclosure thereof incorporated
by reference.

In the just mentioned patent, a multiple access tech-
nique is disclosed where a large number of mobile tele-
phone system users, each having a transceiver, commu-
mcate through satellite repeaters or terrestrial base sta-
tions (alsc known as cell-site stations, or for short, cell-
sites) using code division multiple access (CDMA)
spread spectrum communication signals. In using
CDMA communications. the frequency spectrum can
be reused multiple times thus permitting an increase in
system user capacity. The use of CDMA techniques
results in 3 much higher spectral efficiency than can be
achieved using other multiple access techniques.

In the conventional cellular telephone systems the
available frequency band is divided into channels typi-
cally 30 KHz in bandwidth while analog FM modula-
tion techniques are used. The system service area is
divided geographically into ceils of varying size. The
avaiiable frequency channels are divided into sets with
each set usuaily containing an equal number of chan-
nels. The frequency sets are assigned to cells in such a
way as to minimize the possibility of co-channel inter-
ference. For example, consider a system in which there
are seven frequency sets and the cells are equal size
hexagons. A frequency set used in one cell will not be
used in the six nearest or surrounding neighbors of that
cell. Furthermore, the frequency set in one cell will not
be used in the twelve next nearest neighbors of that ceil.

In the convenuonal cellular telephone system, the
handoff scheme implemented is intended to allow a call
to continue when a mobile telephone crosses the bound-
ary between two cells. The handoff from one cell to
another is initiated when the cell-site receiver handling
the cail notices that the received signal strength from
the mobile telephone falls below a predetermined
threshold value. A low signal strength indication im-
plies that the mobile telephone must be near the cell

2
border. When the signal level falls below the predeter-
mined threshold value. the cell-site asks system control-
ler to determine whether a neighboring cell-site re-
ceives the mobile telephone signal with better signal

3 strength than the current cell-site.
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The system controller in response to the current cell-
site inquiry sends messages to the neighboring cell-sites
with a handofT request. The cell-site neighboring the
current celi-site employs special scanning receivers
which look for the signal from the mobile unit on the
specified channel. Should one of the neighboring celi-
sites report an adequate signal level to the system con-
trolier, then a handoff will be attempted.

HandofT is then initiated when an idle channel from
the channel set used in the new cell-site is selected. A
control message is sent to the mobile telephone com-
manding it to switch from the current channei to the
new channel. At the same time, the system controiler
switches the call from the first cell-site to the second
cell-site.

In the conventional system a call will be discontinued
if the handoff to the new ceH-site is unsuccessful. There
are many reasons that a failure in handoff may occur.
HandofT can fail if there is no idle channel available in
the neighboring cell for communicating the call. Hand-
off can also fail if another cell-site reports hearing the
mobile telephone in question, when in fact this cell-site
actually hears a different mobile unit using the same
channel in a completely different cell. This reporting
error will result in the call being switched 10 a wrong
cell, typically one in which signal strength is insufficient
t0 maintain communications. Furthermore should the
mobile telephone fail to hear the command to switch
channels, the handoff will fail. Actual operating experi-
ence indicates that handoff failures occur frequently
which questions the reliability of the system.

Another common problem in the conventional tele-
phone system occurs when the mobile telephone is near
the border between two cells. In this situation the signal
level tends to fluctuate at both cell-sites. This signal
level fluctuation results in a ping-ponging situation in
which repeated requests are made to hand the call back
and forth between the two cell-sites. Such additional
unnecessary handoff requests increase the possibility of
the mobile unit incorrectly hearing the channel switch
command or fail in hearing the command at all. Fur-
thermore, the ping-ponging situation raises the possibil-
ity that the call will be discontinued if it is unnecessarily
transferred to a cell in which all channels are currently
in use and thus unavailable for accepting the handofT.

It is therefore an object of the present invention to
provide in a cellular telephone system improvements in
call handoff between cell-sites and thus provide greater
service reliability.

SUMMARY OF THE INVENTION

In a CDMA cellular telephone system, the same fre-
quency band is used for all cells. The CDMA waveform
properties that provide processing gain are also used to
discriminate between signals that occupy the same fre-
quency band. A mobile telephone or unit thus need not
switch frequencies when handoff of the call is made
from one cell-site to another. Furthermore, the proba-
bility that the call will be discontinued if the handoff
command is received in error is substantially reduced.

In a CDMA cellular telephone system, each cell-site
has a plurality of modulator-demodulator units or
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spread spectrum modems. Each modem consists of a
digital spread spectrum transmit modulator, at Jeast one
digital spread spectrum data receiver and a searcher
receiver. Each modem at the cell-site is assigned to a
mobile unit as needed to facilitate communications with
the assigned mobile unit. Therefore in many instances
many modems. are available for use while other ones
may be active in communicating with respective mobile
units. In the present invention s handoff scheme is em-
ployed for a COMA cellular telephone system in which
a new cell-site modem is assigned to a mobile unit while
the old cell-site continues tQ service the call. When the
mobile unit is located in the transition region between
the two cell-sites, the call can be switched back and
forth between cell-sites as signal streagth dictates. Since
the mobile unit is always communicating through at
least one cell-site, no disrupting effects to the mobile
unit or in service will occur.

When mobile unit communications are firmly estab-
lished with the new cell-site, e.g. the mobile unit is weil
within the new cell, the old cell-site discontinues servic-
ing the call. The just described handoff techniques can
be considered as a “soft” handoff in commuaications
between cell-sites with the mobile unit. The soft handoff
is in essence a make-before-break switching function. In
contrast, conventional ceilular welephone systems can
be considered as providing a break-before-make switch-
ing function.

In s CDMA cellular telephone system of the present
invention, a soft handoff technique is implemented
which also permits the mobile unit to initiate a handoff.
The mobile unit is also permitted to determine the best
new cell-site to which communications are to be trans-
ferred to from an old cell-site. Although it is preferred
that the mobile unit initiate the handoff request and
determine the new cell-site, handofT process decisions
may be made as in the conventional cellular teiephone
system. As discussed previously with respect to conven-
tional systems, the cell-site determines when a handoff
may be appropriate and, via the system controller, re-
Guest neighboring cells to search for the mobile unit
signal. The cell-site receiving the strongest signal as
determined by the system controller then accepts the
handofT.

In the CDMA cellular telephone system, each celi-
site transmits a “pilot carrier” signal. This pilot signal is
used by the mobile units to obtain initial system syn-
chronization and to provide robust time, frequency and
phase tracking of the cell-site transmitted signals.

Each cell-site also transmits a “setup” channel com-
prised of spread spectrum modulated information, such
as cell-site identification, system timing, mobile paging
information and various other control signals. The pilot
signal transmitted by each cell-site is of the same spread-
ing code but with a different code phase offset. Phase
offset allows the pilot signals to be distinguished from
one another resulting ia distinguishment between ceil-
sites from which they originate. Use of the same pilot
signal code allows the mobile unit to find system timing
synchronization by a single search through all pilot
signal code phases. The strongest pilot signal. as deter-
mined by a correlation process for each code phase, is
readily identifiable. The identified pilot signal corre-
sponds to the pilot signai transmitted by the nearest
ceil-site.

Upon acquisition of the strongest pilot signal, i.c.
initial synchronization of the mobile unit with the stron-
gest pilot signal, the mobile unit searches for the appro-
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priate setup channel of that cell-site. The setup channel
is transmitted by the cell-site using one of a plurality of
different predetermined spread spectrum codes. In an
exemplary embodiment of the present invenuon,
twenty-one different codes are used. However, it
should be understood that more or less codes could be
used in the setup channel as determined by system pa-
rameters. The mobile unit then begins a search through
all of the different codes used in the setup channel.

When the mobile unit identifies the sppropriate setup
code for that cell-site, system information is received
and processed. The mobile unit further monitors the
setup channel for control messages. One such control
message would indicate a call is waiting for transfer to
this mobile unit.

The mobile unit continues to scan the received pilot
carrier signal code at the code offsets corresponding 10
neighboring cell-site transmitied pilot signals. This
scanning is done in order to determine if the pilot signal
emanating from neighboring cells is becoming stronger
than the pilot signal first determined to be strongest. If,
while in this call inactive mode, a neighbor cell-site
pilot signal becomes stronger than that of the initial
cell-site transmitted pilot signal, the mobile unit will
acquire the stronger pilot signal and corresponding
setup channel of the new cell-site.

When a call is initiated, a pseudonoise (PN) code
address is determined for use during the course of this
call. The code address may be either assigned by the
cell-site or be determined by prearrangement based
upon the identity of the mobile unit. After a call is initi-
ated the mobile unit continues to scan the pilot signal
transmitied by cell-sites located in neighboring cells.
Pilot signal scanning continues in order to determine if
one of the neighboring cell-site transmitted pilot signals
becomes stronger than the pilot signal transmitted by
the cell-site the mobile unit is in communication with.
When the pilot signal transmitted by a cell-site located
in a neighboring cell becomes stronger than the pilot
signal transmitted by a cell-site in the current cell, it is
an indication to the mobile unit that a new cell has been

 entered and that a handofl should be initiated. In re-
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sponse to this pilot signal strength determination, the
mobile unit generstes and transmits a control message to
the cell-site presently servicing the call. This control
message, indicative that a new cell-site transmitted pilot
signal is now stronger than the current cell-site trans-
mitted pilot signal, is provided to the system controller.
The control message further contains information iden-
tifying the new cell-site and PN code. The control mes-
sage as relayed to the system controller is interpreted
that a handoff in mobile unit communications to the
identified new cell-site is to begin.

The system controller now begins the handoff pro-
cess. It should be understood that during handoff the
PN code address of the particular mobile unit which is
to undergo the handoff process need not change. The
system coatroller begins the handoff by assisting in the
assignment of a modem located in the new vell-site to
the call. This modem is given the PN address associated
with the call in communications between the mobile
unit and the current cell-site modem. The new cell-site
modem assigned to service the call searches for and
finds the mobile unit transmitted signal. The ceil-site
modem also begins transmitting an outbound signal to
the mobile unit. The mobile unit searches for this out-
bound signal in accordance with the signal and setup
channel information provided by the new cell-site.
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When the new cell-site modem transmitted signal is
acquired, the mobile unit switches over 1o listening to
this signal. The mobile unit thea transmits a control
message indicating that handofT is complete. The con-
trol message is provided by either or both of the oid and
new cell-site modems to the sysiem controller. In re-
sponse to this control message the system controller
switches the call over to the new cell-site modem alone
while discontinuing the call through the old cell-site
modem. The old cell-site modem then enters a pool of
idle modems available for reassignment.

As an additional improvement, the handofl process
can introduce a second made of operation. This second
mode is referred to hevain as the cell-site diversity
mode. The subject matter on the cell-site diversity
mode is further disclosed in copending U.S. patent ap-
plication entitled “DIVERSITY RECEIVER IN A
CDMA CELLULAR TELEPHONE SYSTEM", Ser.
No. 07/432,852, filed Nov. 7, 1989, by the inventors
hereof and sssigned to the Assignee of the present in-
vention.

In the cell-site diversity mode the call is allowed to
linger in the in-between state as described above with
reference to the call being processed by two cell-sites.
In the exemplary embodiment described herein with
reference 10 the mobile telephone of the present inven-
tion. a total of three demodulator processors or receiv-
ers are utilized. One of the receivers is used for the
scanning function, while the two other receivers are
used as a two channe} diversity receiver. During opera-
tion in a single cell, the scanning receiver attempts to
find the cell-site iransmitted signal travelling upon mul-
tiple paths.to the mobile unit. These multipath signals
are typically caused caused by reflections of the signals from
terrain, buildings and other signals obstructions. When
two or more such reflections are found, the two receiv-
ers are assigned 10 the two strongest paths. The scan-
ning receiver continues to evaluate the multiple paths to
keep the two receivers synchronized with signals on the
two strongest paths as path conditions change.

In the cellsite diversity mode, the strongest two
paths from each cell-site is determined by the search
receiver. The two receivers are assigned 1o demodulate
the signals on the sirongest two paths of the four paths
available from the original cell-site and from the new
cell-site. The data demodulation process uses informa-
tion from both of these receivers in a diversity combin-
ing operation. The result of this diversity combining
operstion is a greatly improved resistance to deleterious
fading that may occur in the multi-paths cellular teie-
phone environment.

Although different types of diversity combining tech-
niques are known in the art, the present invention uses
diversity combining to significantly advance the quality
and relishility of communications in s mobile cellular
telephone system. In the present invention a form of
maximal rstso combining is utilived. The signal-to-noise
ratio is determined for both paths being combined with
the contributions from the two paths weighted accord-
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ingly. Combining is cohereat since pilot signal demodu- 60

lation allows the phase of each path to be determined.

In the path from the mobile unit to the two cell-sites,
pash diversity. reception is also obtained by having both
cell-sites démodulate the mobile unit transmitted sig-

nals. Both cell-sites forward their demodulated data 65

signals to the system controller along with an indication
of signal quality for each cell-site receiver. The system
controller then combines the two versions of the mobile

6
unit signal and selects the signal with the best quality
indication. it should be understood that it is possible to
transmit the undecoded or even the undemodulated
signals to the system controller in order to allow a bet-
ter diversity combining process to be utilized.

The handoff process in the cell diversity mode is
initiated as previously discussed. The mobile unit deter-
mines that a aeighboring cell-site transmitted signal is of
a signal strength grest enough to allow good quality
demodulation of the signal. The mobile unit transmits a
control message to the current cell-site indicating the
identity of this new cell-site snd a request for the cell
diversity mode. The cell-site then relays the cell-site
identity and request to the system countroller.

The system costroller responds by connecting the
call to a modem in the new cell-site. The system con-
troller then performs diversity combining of the signals
received by the two ceil-sites while the mobile unit
performs diversity combining of the signals received
from the two cell-sites. The cell diversity mode contin-
ues as loag as signals received from both cell-sites are of
a level sufficiem to permit good quality demodulation.

The mobile unit continues to search for signals trans-
mitted from other cell-sites. If a third cell-site transmit-
tedngndbmmenlenmoneonheonpmltwo
cell-site signals, the control message is then transmitted
by the mobile unit via at least one current cell-site to the
system controller. The control message indicates the
identity of this cell-site and a request for handoff. The
system controller then discontinues the call being com-
municated via the weakest cell-site signal of the three
while providing the call through the two strongest
cell-sites. Should the mobile units be equipped with
additional receivers, such as three receivers, a triple
cell-site diversity mode may be implemented.

The cellgite diversity mode is terminated when the
mobile unit determines that only one cell-site is provid-
ing adequate signals for quality demodulstion. The mo-
bile unit then sends a control message indicative of the
cell-site to remain in communication upon termination
of the celi-site diversity mode. The cell-site diversity
mode may also be terminated by the system controller if
the system were 10 become overioaded with an insuffi-
cient number of modems available to support all mobile
unit requests for this mode of operation. The cell-site
diversity mode as discussed is implemented by decision
being made at the mobile unit to operate in the cell-site
diversity mode. However, it should be understood that
the cellsite diversity mode can be implemented with
the decisions for opeération in this mode being made at
the system controlier.

The present invention provides a substantisl improve-
ment ovnmmmmmthre-
spect to mobile unit handoff. The make-before-break
handoff mechanism of the preseat invention is a signifi-
cant improvement in overall system relisbility with
lower service disruption. The implementation of a cell-
site diversity mode provides further improvements over
conventional oellular telephone systems by providing
additional system relisbility and quality in comamunica-
tions.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention
will become more apparent from the detailed descrip-
tion set forth below when taken in conjunction with the
drawings in which like reference characters correspond
throughout and wherein:



