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maximum-threshold power level, each base station (312, 314, 316, 612, 614, 616) maintains its transmit power level at or below
the maximum-threshold power level. Preferably, all power levels are expressed in decibels (dB) relative to the pilot's power level.
The threshold power level can be adjustable or fixed. In the case where the threshold power level Is fixed, each base station Is
programmed with the fixed threshold power level, and each base station decides how to adjust its transmit power level locally
based on the fixed threshold power level without input from other base stations. In the case where the threshold power level is
adjustable, the threshold power level Is adjusted by a threshold step size responsive to the transmit power level being
substantially equal to the threshold power level for at least a predetermined percentage of a time period. There are two
alternatives on how each base station decides how to adjust its transmit power level. In one alternative, each base station (312,
314, 316) participating in a soft handoff sends its power control information to a processor (328) which adjusts the threshold
power level and notifies each base station of the new adjusted threshold power level. In the meantime, each base station uses
Its current threshold power level to locally adjust its transmit power level. In the other alternative, each base station (612, 614,
616) adjusts the threshold power level locally without input from other base stations, and uses the threshold power level to
adjust its transmit power level.
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- SYNCHRONIZATION OF TRANSMIT POWER LEVEL SETTINGS FOR SOFT
HANDOFF IN WIRELESS SYSTEMS BY THE USE OF POWER LEVEL CONSTRAINTS

Abstract

Base station in a soft handoff programmed to have a threshold power level to control
the power transmitted by the base station on the forward link. When the threshold power level
1S a minimum-threshold power level, each base station (312, 314, 316, 612, 614, 616)
maintains its transmit power level at or above the minimum-threshold power level. When the
threshold power level is a maximum-threshold power level, each base station (312, 314, 3 16,
612, 614, 616) maintains its transmit power level at or below the maximum-threshold power
level. Preferably, all power levels are expressed in decibels (dB) relative to the pilot’s power
level. The threshold power level can be adjustable or fixed. In the case where the threshold
power level is ﬁxed, each base station is programmed with the fixed threshold power level and
each base station decides how to adjust its transmit power level locally based on the fixed
threshold power level without input from other base stations. In the case where the threshold
power level is adjustable, the threshold power level is adjusted by a threshold step size
responsive to the transmit power level being substantially equal to the threshold power level
for at least a predetermined percentage of a time period. There are two alternatives on how
each base station decides how to adjust its transmit power level. In one alternative, each base
station (312, 314, 316) participating in a soft handoff sends its power control information to a
processor (328) which adjusts the threshold power level and notifies each baée station of the
new adjusted threshold power level. In the meantime, each base station uses its current
threshold power level to locally adjust its transmit power level. In the other alternative, each
base station (612, 614, 616) adjusts the threshold power level locally without input from other
base stations, and uses the threshold power level to adjust its transmit power level

Figure 5SA.
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SYNCHRONIZATION OF TRANSMIT POWER LEVEL SETTINGS
FOR SOFT HANDOFF IN WIRELESS SYSTEMS
BY THE USE OF POWER LEVEL CONSTRAINTS

B round of the Invention

Field of the Invention

The present invention relates generally to wireless communication systems and, in
particular, to forward link power control during soft handoff in wireless communication

systems.

Description of the Rejated Art

Wireless communication systems employ Code Division Multiple Access (“CDMA”)
modulation techniques to permit a large number of system users to communicate with one
another. Such systems work because each signal is coded with spreading sequences, such as
with a pseudo-random noise (“PN”) sequence, and orthogonal spreading sequences, such as
Walsh codes. This coding permits signal separation and signal reconstruction at the receiver.
In typical CDMA systems, communication is achieved by using a different spreading sequence
for each channel. This results in a plurality of transmitted signals sharing the same bandwidth.
Particular transmitted signals are retrieved from the communication channel by despreading a
signal from all of the signals. Despreading is achieved by using a known user despreading
sequence related to the spreading sequence implemented at the transmitter.

Figure 1 illustrates CDMA system 100. The geographic area serviced by CDMA
system 100 is divided into a plurality of spatially distinct areas called "cells." Although cells
102, 104, 106 are illustrated as a hexagon in a honeycomb pattern, each cell is actually of an
irregular shape that depends on the topography of the terrain surrounding the cell. Each cell
102, 104, 106 contains one base station 112, 114, and 116, respectively. Each base station
112, 114, and 116 includes equipment to communicate with Mobile Switching Center ("MSC") _

120, which 1s connected to local and/or long-distance transmission network 122, such as a




10

15

20

25

CA 02313555 2000-07-06

2

public switch telephone network (PSTN). Each base station 112, 114, and 116 also includes
radios and antennas that the base station uses to communicate with mobile terminals 124, 126.

When a call 1s set up in CDMA system 100, mobile terminal 124 communicates with
the base station from which mobile terminal 124 receives the strongest pilot signal, in this case
base station 112. Base station 112 and mobile terminal 124 communicate over a forward link
and a reverse link. The forward link includes communication channels for transmitting signals
from the base station to the mobile terminal, and the reverse link includes communication
channels for transmitting signals from the mobile terminal to the base station. Base station 112
transmits control information to mobile terminal 124 gver a communication channel, referred
to herein as a forward control channel, and it transmits voice or data over a communication
channel, referred to herein as a forward traffic channel. Mobile terminal 124 transmits control
informatio'n to base station 112 over a communication channel, referred to herein as a reverse
control channel, and it transmits voice or data over a communication channel, referred to
herein as a reverse traffic channel. The communication channels are organized in 20-
millisecond (ms) time periods, referred to herein as frames. Forward traffic frames are frames
transmitted over the forward traffic channel, and reverse traffic frames are frames transmitted
over the reverse traffic channel.

The number of signals that can be transmitted simultaneously is limited by each of the
transmitted signals’ fraction of the total power, referred to herein as the power fraction. Thus,

- reducing the power fraction of each of the signals increases the capacity of the wireless

communication system. However, reducing the power fraction of a signal increases the number of
errors in that signal. A goal of power control is to adjust the power level of the signals in such a
way as to keep the power fractions as close as possible to a level that allows the system t0 maximize
capacity while keeping the number of errors in the signal at an acceptable level. Forward link
power control varies the power output of the base station to mamtam a constant frame error rate at
the mobile termimnal. A frame error occurs when one or more uncorrectable bit errors occur in a
frame. The frame error rate is the number of frame errors divided by the total number of frames
observed. A targeted frame error rate, typically between 1% and 3%, depending on the desired

system performance, is selected to minimize power without compromising signal quality. If the
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frame error rate exceeds the targeted frame error rate, the usefulness of the signal is reduced and the
power level 1s increased to decrease the number of frame errors. If the frame error rate is below the

targeted frame error rate, the power level exceeds the optimum power level, and the power level is
reduced.

When the mobile terminal is in a soﬁ handoff, all the base stations involved in the soft
handoff are involved in the forward link power control. When mobile terminal 126 receives
fairly strong pilot signals from more than one base station, in this case from three base stations
112, 114, and 116, the mobile terminal is in soft handoff. This typically occurs when mobile
terminal 126 is close to the edge of a cell. All three base stations 112, 114, and 116 transmit
control information to mobile terminal 126 over respective forward control channels, and voice
or data over respective forward traffic channels. In soft handoff, mobile terminal 126 transmits
control information to all three base stations 112, 114, and 116 over respectivé reverse control
channels, and it transmits voice or data to all three base stations 112, 114, and 116 over
respective reverse traffic channels.

Base stations 112, 114, and 116 transmit forward traffic frames. Each forward traffic
frame includes voice or data and error control information, typically in the form of a cyclical
redundancy code (CRC). By contrast, each reverse traffic frame includes voice or data and
error indicator bits (EIB) for indicating whether the last received forward traffic frame
contained an error. Mobile terminal 126 receives the transmissions from all three base stations
112, 114, and 116 and combines the signals from all three to obtain the forward traffic frame.
Mobile terminal 126 then checks the CRC of the combined signal to determine whether the
forward traffic frame is in error. Mobile terminal 126 indicates this determination to all three
base stations 112, 114, and 116 using the EIB in the next reverse traffic frame that mobile
terminal 126 transmits. For example, a zero error indicator bit indicates that the forward
trathc frame is not in error, and a positive error indicator bit indicates the forward traffic frame

18 1n error. Upon receiving reverse traffic frames from the mobile terminal, the base stations

sends the EIB to selection distribution unit (SDU) 128. SDU 128 examines all three EIBs, and

‘determines whether the majority of the EIBs indicate an erred forward traffic frame. SDU 128

then indicates to all three base stations whether, and how, they should adjust the power of their
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forward links. For example, mobile terminal 126 can send an EIB indicating an erred forward
traffic frame. Base station 112 and 116 can receive EIB that indicating that there is an error in
the frame. However, due to interference on the reverse traffic link between mobile terminal

126 and base station 114, base station 114 receives an EIB indicating that the frame is not

erred. After receiving and examining all three EIBs, SDU 128 would determine that there is an

erred frame and indicate to all three base stations to increase the power of their forward link.
Typically, it takes about five frames for the base station to transmit the EIBs to the SDU, and
for the SDU to perform the determination and notify the base stations. '

Therefore, in a conventional CDMA wireless communications system during soft
handoff, there is a five frame, i.e., 100 ms, delay between the reception of the current power
control information and the power control decision based on the information. In CDMA 2000
wireless communications systems the speed of power control is 800 Hz. Each frame includes
sixteen 1.25 ms time intervals, referred to herein as power control groups. Power control
information, referred to herein as a power-control bit, is sent every 1.25 ms, or once every
power control group. Therefore, during the 100 ms delay in the power control decision, each
base station receives new power control information 80 times. By the time the SDU indicates -
to the base stations how to adjust the power on the forward link, the information on which the
SDU based this decision has been updated so many times that it just as likely to be incorrect as
to be correct. Making the decision on 100 ms-old information loses much of the benefit of
providing power control information every 1.25 ms.

Eliminating the step of sending the power control information to the SDU and then
back to the base stations by performing the power control decisions at the base station allows
the power control information to be used before it is outdated. However, it presents another
serious problem. As described above, the three base stations can receive different power
control information due to interference and fading on the reverse link. Therefore, the power
level of some base stations will go up and the power level of other base stations will go down,
causing a divergence between the power levels on the forward link of these base stations. The
mobile terminal receives the strongest signal form one of the base stations, referred to herein as

the primary base station, and weaker signals from other base stations, referred to herein as the
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secondary base stations. To ensure that the primary base station sends the signal at a large

enough power for the signal to be received without too many errors, the secondary base
stations may produce too much power. When the secondary base stations produce too much
power, their capacity i1s reduced, which reduces the capacity of CDMA system 100. This
problem is further exacerbated when the base station with the strongest forward link is not the
base station with the strongest reverse link.

Figures 1 and 2 illustrate this problem in more detail. Figure 2 illustrates the power
level of the traffic channel over time. At time T all three base stations 112, 114, and 116 are at
a particular power level, P. Mobile terminal 126 transmits a power control bit to raise the

power of the forward link. Base stations 112 and 116 receive a power control bit requesting

the base station to increase their power, therefore they increase the power level of the forward
Iink by a step size. However, due to interference on the reverse traffic link between mobile
terminal 126 and base station 114, base station 114 receives a-power control bit requesting it
to decrease the power, therefore it decreases the power level of the forward link by a step size.
Because base station 114 had the strongest forward link and it just reduced the power level of
the forward link, mobile terminal 126 is still not getting the signal at a desired power. Mobile
terminal 126 sends another power control bit requesting that the base stations increase the
power on the forward link. If the reverse traffic link does not improve, base station 114 can
again receive an incorrect power control bit while the other base stations receive the correct
power control bit. This lowers the power level of the forward link from base station 114, and
raises the power level of the forward links from base stations 112 and 116. Mobile terminal
126 again sends a power control bit requesting that the power on the forward link be
increased. '

When, at T+2.5, base station 114 finally receives the correct power control bit, it
increases the power level 130 on its forward link. This is repeated until T+5, when mobile
terminal 126 finally receives the signal at an acceptable power level. Base stations 112 and 116
also receive the power control bits to increase the power level, and also increase the power

level 140 and 150 on their forward links. These two base stations 112 and 116 are now
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producing a great deal more power than necessary, which reduces the capacity of these two
base stations and, therefore, reduces the capacity of CDMA system 100.

Accordingly, there exists a need for controlling power quickly while reducing the

' divergences between the power levels of the several base station in a soft handoff

of \'s

The invention solves the above problems by programming each base station in a soft
handofl with a threshold power level to control the power transmitted by the base station on
the forward link. When the threshold power level is a minimum-threshold power level. each
base station maintains its transmit power level at or above the minimum-threshold power level.
When the threshold power level is a maximum-threshold power level, each base station
maintains its transmit power level at or below the maximum-threshold power level. Preferably,
all power levels are expressed in decibels (dB) relative to the pilot’s power level

The threshold power level can be an adjustable threshold power level or a fixed
threshold power level. In the case where the threshold power level is fixed, each base station is
programmed with the fixed threshold power level, and each base station decides how to adjust
its transmit power level locally based on the fixed threshold power level without input from
other base stations.

In the case where the threshold power level is adjustable, the threshold power level is
adjusted by a threshold step size when the transmit power level is substantially equal' to the
threshold power level for at least a predetermined percentage of a time period. For example,
the threshold power level is adjusted by a threshold step size when the transmit power level is
substantially equal to the threshold power level for at least 50% of the power control groups of
a frame. There are two alternatives on how each base station decides how to adjust its
transmit power level. In one alternative, each base station participating in a soft handoff sends
its power control information to a processor which adjusts the threshold power level and
notifies each base station of the new adjusted threshold power level. In the meantime, each
base station uses the threshold power level it curréntly has to locally adjust its transmit power

level. In the other alternative, each base station adjusts the threshold power level locally
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without input from other base stations, and uses the threshold power level to adjust its

transmit power level.

In accordance with one aspect of the present invention there is provided a method
for controlling a transmit power level for one of a plurality of base stations in
communication with a given mobile unit in a wireless system, the method comprising the
steps of: maintaining a transmit power level of each of the plurality of base stations at or
above a minimum-threshold power level; receiving at each of the plurality of base stations
power control information for a plurality of power control groups; and adjusting the
threshold power level by a threshold step size in response to the transmit power levels of
the plurality of base stations being substantially equal to the threshold power level for at
least a predetermined percentage of the plurality of power control groups received at the

plurality of base stations.

Brief Description of the Drawings

Figure 1 is a block diagram of a portion of a wireless communication system;

Figure 2 is a graph illustrating the power level of a forward link traffic channel for
the base stations in Figure 1 over time;

Figure 3 is a block diagram of a portion of a wireless communication system
having a processor in which the base stations have a threshold power level,

Figure 4 is a graph illustrating the power level of a forward link trattic channel of
the base stations in Figure 3 over time;

Figures 5A and 5B are flowcharts illustrating the method of controlling the
transmit power level of a base station when the base station has a threshold power level;

Figure 6 is a block diagram of a portion of a wireless communication system 1n
which the base stations have a threshold power level;

Figures 7A and 7B are flowcharts illustrating the method of controlling the
transmit power level of a base station when the base station has a threshold power level;

and

Figure 8 is a graph illustrating the power level of a forward link tratfic channel of

the base stations in Figure 6 over time.
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Detailed Description

Figure 3 illustrates CDMA system 300. Although the embodiment of the invention
1s being illustrated with the use of a CDMA system, the invention is not limited to use in
CDMA systems. The invention may be equally applicable to any wireless communication
system capable of soft handoff.

The geographic area serviced by CDMA system 300 1s divided into cells 102,
104, and 106, each containing one base station 312, 314, and 316, respectively.
Fach base station 312, 314, and 316 includes equipment to communicate with
Mobile Switching Center (“MSC”) 320, which 1s connected to local and/or

long-distance transmission network 122, such as a public
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switch telephone network (PSTN). Each base station 312, 314, and 316 also includes radios
and antennas that the base station uses to communicate with mobile terminals 124, 126.

Each base station is programmed with a threshold power level to control the power
transmitted by the base station on the forward link. Preferably, all power levels are expressed
in decibels (dB) relative to the pilot’s power level. The threshold power level can be adjustable
or fixed.

In the case where the threshold power level is fixed, each base station is programmed
with the fixed threshold power level and each base station decides how to adjust its transmit
power level locally based on the fixed threshold power level without input from other base
stations.  Each base station in a soft handoff should use the same value for the fixed threshold
power level when communicating with the mobile station in the soft handoff This fixed
threshold powér level can be determined by the primary base station and provided to the
secondary base stations at the start of the soft handoff, or the fixed threshold power level can
be determined at a central location, such as MSC 320, and provided to all of the base stations
in the soft handoff. The base stations in another soft handoff can use either this same value or
another value for the fixed threshold power level when communicating with the mobile station
in the other soft handoff.

In the case where the threshold power level is adjustable, there are two alternatives on
how each base station decides how to adjust its transmit power level. In one alternative, each
base station participating in a soft handoff sends its power control information to processor
328, such as the selection distribution unit. Processor 328 adjusts the threshold power level
and notifies each base station of the new adjusted threshold power level. In the meantime,
each base station uses its current threshold power level to locally adjust its transmit power
level. In the other alternative, each base station adjusts the threshold power level locally
without input from other base stations, and uses the threshold power level to adjust its transmit
power level. The fixed threshold power level and the threshold power level adjustable by a

processor are preferable to the threshold power level adjustable locally by each base station.
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Additionalljr, in each of the above-described cases, the threshold power level can be
either a mimimum or a maximum-threshold power level. Alternativély, each base station can
have both a minimum-threshold power level and a maximum-threshold power level. '

Figures 3, 4, 5A and 5B illustrate the case where the threshold power level is a
minimum-threshold power level that is adjusted by processor 328. Mobile terminal 126
transmits a power control bit (PCB) requesting an adjustment of the transmit power level of
forward link. For example, mobile terminal 126 transmits a power control bit requesting that
the base stations increase the transmit power level. In step 500, the base stations receive the
power control bit. Base station 312 and 316 receive a power control bit requesting that the
base stations increase their transmit power level. However, due to fading and/or interference
on the reverse traffic link between mobile terminal 126 and base station 314, base station 314
receives a power control bit requesting it to decrease its transmit power level. In step 510,
each of the base stations 312, 314, and 316 check if the received power control bit instructed it
to adjust its transmit power level toward the minimum-threshold power level. In this case,
each base station checks if the power control bit instructed the base station to adjust its
transmut power level down. For base stations 312 and 316, the answer in step 510 is no. As
shown 1n Figure 4, at time T, these two base stations proceed to step 520, where they adjust
their transmit power level 410 up by one step size, as indicated by the power control bit. Then.
in step 552, base stations 312 and 316 indicate their transmit power level to processor 328.
Processor 328 adjusts the minimum-threshold power level once every frame as described
below. Therefore, unless the processor determines that value of the minimum-threshold power
level should remain the same, each base station receives the adjusted minimum-threshold
power level from processor 328 once per frame. Typically, the base station receives the
adjusted .minimum-threshold power level from processor 328 at the same time within each
frame. In step 555, each base station checks if it is the time at which it receives the adjusted
mimimum power level from the processor. If the answer is no, then the base station returns to
step 500 and awaits the next power control bit. If the answer in step 555 is yes, then, in step

560, each base station receives the adjusted minimum-threshold power level 420 from
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processor 328 and’ changes its minimum-threshold power level to the adjusted threshold power
level. The base station then returns to step 500 and awaits the next power control bit.

For base station 314, the answer in step 510 is yes, and it proceeds to step 530, where
baSe station 314 checks if its transmit power level 430 is within one step size from the
minimum-threshold power level 420. If the answer in step 530 is no, in step 540, the base
station would adjust its transmit power level down by one step size, indicate its transmit power
level to processor 328 in step 552, check whether it is time to receive the adjusted minimum
power level from the processor, and return to step 500. If the answer in step 530 is yes, as it is
in this case, base station 314 proceeds to step 550 and adjusts its transmit power level 430 to
be equal to the minimum-threshold power level 420. In step 552, base station 314 indicates its
transmit power level 430 to processor 328, and in step 555, the base station checks if it is time
to recerve the adjusted minimum power level from the processor. If the answer is no, then the
base station returns to step 500 and awaits the next power control bits. If the answer in step
5355 1s yes, then, in step 560, the base station receives the adjusted minimum-threshold poWer
level 420 from processor 328 and changes its minimum-threshold power level to the adjusted
threshold power level. The base station then returns to step 500 and awaits the next power
control bit. |

Because base station 314 had the strongest forward link and reduced the transmit
power level 430 of the forward link, mobile terminal 126 is still not getting the signal at a
desired power. Mobile terminal 126 sends another power control bit requesting that the base
stations increase the power on the forward link. At step 500, base stations 312 and 316
recerve a power control bit requesting the base station to increase their power, and following
the steps described above, at time T+1.25, base stations 312 and 316 again increase the
transmit power level of their forward link 410 by a step size. If the reverse traffic link has not
improved, base station 314 can again receive a power control bit requesting it to decrease the
power (i.e., base station 314 again receives the incorrect power control bit). Base station 314
follows the same steps described above. As can be seen in Figure 4, when base station 3 14

reaches step 550 at time T+1.25, its transmit power level 430 is already at the minimum-
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threshold power lével 420.. Therefore, base station’s 314 transmit power level 430 remains at
the minimum-threshold power level 420. ' .

Mobile terminal 126 again sends a power control bit requesting that the power on the
forward link be increased. When base station 314 finally receives the correct power control
bit, it increases the transmit power level 430 on its forward link, and mobile terminal 126
finally receives the signal at an aCceptable power level. Base stations 312 and 316 also
recetved the power control bit, and also increase the transmit power level 410 on their forward
links.

As can be seen by comparing Figures 2 and 4, during soft handoff, the difference

between the transmit power levels 410 and 430 of the base stations having the minimum-

threshold power level is significantly smaller than the difference between the transmit power

levels 140 and 130 of the base stations not having it. This prevents some of the base stations
from transmitting at an excessive power level and, therefore, reduces the total power of the
system.

As mentioned above in step 552, base stations 312, 314, and 316 indicate their transmit
power levels to processor 328. As shown in Figures 3, 4, and 5B, in step 565, once every
power control group, processor 328 receives an indication from each of the base stations 312,
314, and 316 n the soft handoff whether the base station’s transmit power level is equal to the
minimum-threshold power level. Alternatively, each base station can keep a counter of the
number of times it is at the minimum-threshold power level during a frame, and it can transmit
the count to processor 328 once per frame. In step 570, processor 328 checks if it received
all the indications from each of the base stations for the time period, which is preferably one
frame. For example, since each base station sends one indication to processor 328 every
power control group, with 16 power control groups per frame, processor 328 receives 48

Indications per frame. If it has not received all indications, processor 328 returns to step 565

- and awaits the next set of indications.

If it has received all the indications, then, in step 575, processor 328 checks whether
during the frame all of the base stations had a transmit power level equal to the minimum-

threshold power level for a predetermined percentage of the power control groups. For




10

15

20

25

CA 02313555 2000-07-06

12

example, the predétermined percentage can be 50%, which is 24 power control groups for the
48 indications. Therefore, in step 575, processor 328 checks if for at least 24 power control
groups of this frame the transmit power levels were equal to the minimum-threshold power
level. If the transmit power level was equal to the minimum-threshold power level for 24 or
more power control groups, then the processor would reduce the minimum-threshold power
level, subject to any minimums on the minimum-threshold power. If the transmit power level '
was equal to the minimum-threshold power level for fewer than 24 power control groups, then
processor 328 would raise the minimum-threshold power level, subject to any maximums on
the minimum-threshold power.

The predetermined percentage should be selected to be the percentage that reduces the
total transmitted power by the largest amount. The predetermined percentage can be obtained
by performing a plurality of simulations or an empirical study to obtain the total power of the

forward links to a mobile terminal in a soft handoff from all the base stations in the soft

handoff. The base stations in the simulation are programmed with a minimum-threshold power

level. Each simulation should be set up with the base stations at full load, i.e.. at full capacity,
with a certain speed at which the mobile terminal is moving, with a certain signal-to-noise ratio

between the base stations and the mobile terminal. The signal-to-noise ratio can be expressed

A

/ s . . . .
as ———, where /_ is the power level per unit of bandwidth at the mobile station, i.e. the

"T_+N.
sum of the power levels of all the signals from the base stations in the soft handoff with the
mobile terminal, measured at the mobile terminal. L, is the sum of the power levels of all the
signals from the base stations in wireless communication system that are not in soft handoff
with the mobile terminal, measured at the mobile terminal.. N, 1s the thermal noise of the
recerver of the mobile terminal.

In each simulation a particular percentage is set equal to the percentage of power
control groups at which the processor adjusts the minimum-threshold power level. The
simulation should obtain the total transmitted power for a significant enough length of time to
ensure that the frame error rate on the forward link is acceptable. For example, when the

desired frame error rate is 1% and significant enough length of time is about 10,000 frames.
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This total power ié then averaged over the length of time, thus obtaining the average transmit
power of the simulation.

The simulations should be repeated keeping all but one of the above factors the same.
and varying one of the factors. The signal-to-noise ratio should be varied. For example,
several simulations, such as 3, can be performed, each having a different signal-to-noise ratio,
such as 2 dB, 5 dB, and 8 dB.. The rest of the factors are kept constant, so all the base stations
are at full capacity, the mobile terminal is moving at a certain constant speed, and the
percentage 1s set to a constant percentage. Then, the speed at which the mobile terminal is
moving is changed and the 3 simulation with different signal-to-noise ratios are repeated. The
speed can be changed once or twice producing a total of 6 or 9 simulations. When two sets
simulations are run using two speeds, the speeds 3km/hr and 100kmv/hr can used. When three
sets of simulations are run 33km/hr can be added as the third speed. The number of base
stations in the soft handoff can also be changed, typically the simulations are run with either
two or three base stations. The simulations with different signal-to-noise ratios and different
speeds of the mobile should be repeated for the number of base stations being two and the
number of base stations being three. The percentage of power control groups at which the
processor adjusts the minimum-threshold power level is kept constant through these
simulations. The average transmit power obtained in each simulation is averaged over all the
simulation for the percentage. This averaged power is the power associated with the
percentage.

The percentage is then changed and the same simulations are performed for another
percentage. The simulations can be performed for another 2, 3 or many percentages depending
on the amount of processor time available to run the simulations. The power associated with
the percentages are then compared to each other and the lowest power is determined. The
percentage associated with the lowest power is the optimum percentage and it should be
selected as predetermined percentage of power control groups at which the processor adjusts
the minimum-threshold power level. Typically, this percentage can be between 10% and 70%

of the power control groups, such as 50%, although this percentage can be any percentage
between 0% and 100%.
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In addition. to measuring the total transmitted power each simulation also measures the
value of the minimum-threshold power level throughout the simulation. This value is' averaged
over the number of frames in the simulations, and then averaged over the number of
simulations to obtain an averaged minimum-threshold power level that is associated with each
percentage. The averaged minimum-threshold power level associated with the optimum
percentage should be the initial value of the minimum-threshold power level in base stations
312, 314, and 316. Typically, this value will be between about 8 dB and 10 dB below the
power level of the pilot. '

Returning to step 575, when the answer in step 575 1s no, processor 328 proceeds to
step 577, where it checks if the minimum-threshold power level is equal to the highest power
levél that the minimum-threshold power level is allowed to equal. This highest power level is
the power level needed for a signal when the base station is at full load and the path loss
between the base station and the mobile terminal is at its highest. The highest power level can
be obtained either from simulation or an empirical study. Typically, the highest power le\?el
can be between 0 dB and 11 dB below the pilot’s power level. For example, in a CDMA 2000
I1X system having a data rate of 9600, the highest power level can be 0 dB below the bilot’s
power level.

If the answer in step 577 is no, in step 578, processor 328 determines the threshold
step size. Preferably, the threshold step size varies in size based the number of times the
transmit power levels from all of the base stations are equal to the minimum-threshold power
level. This allows the threshold step size to be more responsive to the transmit power level
Alternatively, the threshold step size can be a fixed step size.

Equation 1 illustrates one method of obtaining a threshold step size that varies in size
based on the number of times the transmit power levels from all of the base stations are equal
to the minimum-threshold power level. E, is the number of times that the relevant base
stations’ transmit power levels are not equal to the minimum-threshold power level. N is the
number of power control groups in the frame. Ay is the number of base stations in the soft

handoff. F, is the predefined fraction of power control groups having transmit power levels
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equal to the minimum-threshold power level that trigger an adjustment in the minimum power

~ level. Aqis the largest possible threshold step size per frame, expressed in dB.

Eu_N*AN *(I_Fd)*é_g_

threshold step size =
1-F, N

(1)

For example, if there are 3 base stations in the soft handoff, the predefined percentage
1s 50%, the number of times that the relevant base stations’ transmit power levels are not equal .
to the minimum-threshold power level is 20, and the largest possible down step size per frame
1s .5, then using equation 1,

20-16*3*(1-5) , 5

the threshold step size equals - 1_6-:2*(20'24)*'03 125=-.25 dB.

After determining the threshold step size, then, in step 580, processor 328 increases the
minimum-threshold power level by the smaller of either the threshold step size or a value that
would make the minimum-threshold power level equal to its allowed highest power level.
Processor 328 proceeds to step 595 and transmits the adjusted threshold power level to the
base stations. Processor 328 then returns to step 565 to await the next transmit power levels.
If the answer in step 577 is yés, the processor does not adjust the minimum-threshold power
level and returns to step 565 to await the next transmit power levels.

When the answer in step 575 is yes, in step 585, processor 328 checks if the minimum-
threshold power level is equal to the lowest power level that the minimum-threshold power
level is allowed to equal. This lowest power level is the power level needed for a call when the
base station is at full load and the path loss between the base station and the mobile terminal is
at its lowest. The lowest power level can be obtained either from simulation or an empirical
study. Typically, the lowest power level can be between 8 dB and 20 dB below the pilot’s
power level. For example, in a CDMA 2000 1X system having a data rate of 9600 and a chip
rate of 1.2288 M chips/sec, the highest power level can be 20 dB below the pilot’s power
level.

If the answer in step 585 is no, in step 587, processor 328 determines the threshold
step size using equation 1 as described above. For example, if there are 3 base stations in the

soft handoff, the predefined percentage is 50%, the number of times that the relevant base
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stations’ transmit power levels are not equal to the minimum-threshold power level is 30, and

the largest possible down step size per frame is .5, then using equation 1,

30-16*3*(1-5), 5

the threshold step size equals
1-35 - 16

=2*(30-24)*.03125= 375 dB.

After determining the threshold step size, then, in step 590, processor 328 decreases
the minimum-threshold power level by the smaller of either the threshold step size or a value
that would make the minimum-threshold power equal to its allowed lowest power level.
Processor 328 proceeds to step 595 and transmits the adjusted threshold power level to the
base stations. Processor 328 then returns to step 565 to await the next transmit power levels.
If the answer in step 585 is yes, the processor does n;)t adjust the minimum-threshold power
level and returns to step 565 to await the next transmit power levels.

Optionally, when the minimum-threshold power level is equal to either the highest or
the lowest power level that it is allowed to be in steps 577 and 585, respectively, the processor
can go to step 595 to transmit the minimum-threshold power level although. Processor 328
then returns to step 565 to await the next transmit power levels.

Figures 6, 7, and 8 illustrate the case where each base statiori adjusts the threshold
power level locally without input from other base stations, and then adjusts its transmit power
level. Mobile terminal 126 transmits a power control bit (PCB) requesting an adjustment of
the transmit power level of forward link. For example, mobile terminal 126 transmits a power
control bit requesting that the base stations increase the transmit power level. In step 700,
each of the base stations 612, 614, and 616 receives the power control bit. Base station 612
and 616 recetve a power control bit requesting that the base stations increase their transmit
power level. However, due to fading and/or interference on the reverse traffic link between
mobile terminal 126 and base station 614, base station 614 receives a power control bit
requesting that to decrease its transmit power level (i.e., it receives an incorrect power control
bit). In step 710, each of the base stations 612, 614, and 616 checks if the received power
control bit instructed it to adjust its transmit power level toward the minimum-threshold power
level. In this case, each base station checks if the power control bit instructed the base station

to adjust its transmit power level down. For base stations 612 and 616 the answer in step 710
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1s no. As shown 1n Figure 8, at time T, these two base stations proceed to step 720 where they
adjust their transmit power level 810 up by one step size, as indicated by the power control bit.
Base stations 612 and 616 then proceed to step 735, where each of the base stations checks
whether a predetermined percentage of the power control groups, received during the last
frame, had transmit power levels equal to the minimum-threshold power level. For example,
when the predetermined percentage is 50%, since each base station receives 16 power control
groups per frame and 50% of 16 power control groups is 8, then, in step 735, each of the base
stations checks if for at least 8 power control groups the transmit power levels were equal to
the minimum-threshold power level. When the answer in step 735 is no, in step 740 each of
the base stations 612 and 616 checks if the minimum-threshold power level is equal to the
highest power level allowable for the minimum-threshold power level.

If the answer in step 740 is no, in step 742, each of the base stations calculates the
threshold size using equation 1. However, since the base station only has information related
to itself, An, which is the number of base stations involveci in the soft handoff, is set to 1
regardless of the number of base stations actually involved in the soft handoff. Then, in step
745 base stations 612 and 616 increase the minimum-threshold power level by the smaller of
either the threshold step size or a value that would make the minimum-threshold power equal
to the highest power level it is allowed to be. Base stations 612 and 616 then return to step
700 to await the next power control bit. If the answer in step 740 is yes, the base stations do
not adjust the minimum-threshold power level and just return to step 700 to await the next
power control bit.

Returning to step 735, when the answer in step 735 is yes, then, in step 750, each base

station checks if the minimum-threshold power level is equal to the lowest power level

allowable for the minimum-threshold power level. If the answer in step 750 is no, in step 752,
each of the base stations calculates the threshold size using equation 1. However, since the
base station only has information related to itself, Ay is set to 1 regardless of the number of
base stations actually involved in the soft handoff Then, in step 755, each base station
decreases the minimum-threshold power level by the smaller of either the threshold step size or

a value that would make the minimum-threshold power equal to the lowest power level it is
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allowed to be. Bése stations 612 and 616 then return to step 700 to await the next power
control bit. If the answer in step 750 is yes, the base stations do not adjust the minimum-
threshold power level and just return to step 700 to await the next power control bit.

Returning to step 710, for base station 614 the answer in step 710 is yes, and it
proceeds to step 760 where base station 614 checks if its transmit power level 830 is within
one step size from the minimum-threshold power level 820. If the answer in step 760 is no, in
step 765, the base station would adjust its transmit power level down by one step size, and
proceed to step 735 from which it proceeds to adjust its minimum-threshold power level as
described above. If the answer in step 760 is yes, as it is in this case, base station 614 proceeds
to step 770 and adjusts its transmit power level 830 to be equal to the minimum-threshold
power level 820. Base station 614 then proceeds to step 735 from which it proceeds to adjust
its minimum-threshold power level as described above.

Because base station 614 had the strongest forward link and reduced the transrhit
power level 830 of the forward link, mobile terminal 126 is still not getting the signal at a
desired power. Mobile terminal 126 sends another power control bit requesting that the base
stations increase the power on the forward link. At step 700, base stations 6 1 2 and 616
receive a power control bit requesting that the base stations increase their power. Then,
following the steps described above, at time T+1.25, base stations 612, and 616 again increase
the power level of their forward link by an up step. If the reverse traffic link has not improved,
base station 614 can again receive a power control bit requesting that it decrease its power
level. Base station 614 follows the same steps described above. As can be seen in Figure 8,
when base station 614 reaches step 760 at time T+1.25, its transmit power level 830 is already
at the minimum-threshold power level 820. Therefore, base station’s 614 transmit power level
830 remains at the minimum-threshold power level 820.

Mobile terminal 126 again sends a power control bit requesting an increase in the
power on the forward link. When base station 614 finally receives the correct power control
bit, it increases the transmit power level 830 on its forward link, and mobile terminal 126
finally receives the signal at an acceptable power level. Base stations 612 and 616 also receive

the power control bit, and also increase the transmit power level 810 on their forward links.
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As can be seen in Figure 8, because each base station adjusts its own minimum-

threshold power level, the minimum-threshold power level can vary from one base station to

‘another. However, the transmit power levels are not as widely separated since the base

stations adjust the minimum-threshold power levels by a threshold step size, and the transmit
power level cannot be less then the minimum power level. Therefore, during soft handoff the
difference between the transmit power levels 810 and 830 of the base stations having the
minimum-threshold power level is significantly smaller than the difference between the transmit
power levels of the base stations not having minimum-threshold power level. This prevents
some of the base stations from transmitting at an exce§sive power level and, therefore, reduces
the total power of the system.

Referring to Figures 6 and SA the case is now described where the threshold power
level 1s fixed, each base station is programmed with the fixed threshold power level, and each
base station decides on how to adjust its transmit power level locally. In this case, the base
stations follow a portion of the method described above for the case for a minimum-threshdld
power level adjusted by the processor. The applicable portion includes the steps performed by
the base station that do not include the processor, i.e., steps 500 through 550.

In step 500, the base stations receive the power control bit. In step 510, each of the
base stations 612, 614, and 616 checks if the received power control bit instructed it to adjust
its transmit power level toward the minimum-threshold power level. In this case, each base
station checks if the power control bit instructed the base station to lower its transmit power
level. If for a particular base station the answer in step 510 is no, the base station proceeds to
step 520, where it adjusts its transmit power level up by one step size. The base station then
returns to step 500 and awaits the next power control bit. If the answer in step 510 1s yes, the
base station proceeds to step 530, where the base station checks if‘ its transmit power level is
within one step size from the minimum-threshold power level. If the answer in step 530 is no,
In step 540, the base station adjusts its transmit power level down by one step size, and return
to step 500 to await the next power control bit. If the answer in step 530 is yes, the base'

station proceeds to step 550 and adjusts its transmit power level to be equal to the minimum-
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threshold power level. The base station then returns to step 500 and awaits the next power
control bits.

Similarly to the methods described above, the fixed minimum-threshold power level
keeps the differences between the transmit power levels of the base stations in a soft handoff
smaller than the differences between the transmit power levels of the base stations not having
the fixed minimum-threshold power level. This prevents some of the base stations from
transmitting at an excessive power level and, therefore, reduces the total power of the system.

The fixed minimum-threshold power level should be selected to be the minimum-
threshold power level that reduces the total transmitted power by the greatest amount.
Typically, this value will be between about 8 dB and 10 dB below the power level of the pilot.

The fixed minimum-threshold power level can be obtained by performing the
simulations or an empirical study described above for the case having a minimum-threshold
power level adjusted by the processor. The averaged minimum-threshold power level
associated with the optimum percentage should be the fixed minimum-threshold power level 'of
the base stations.

Each base station in a soft handoff should use the same value for the fixed threshold
power level when communicating with the mobile station in the soft handoff This fixed
threshold power level can be determined by the primary base station and provided to the
secondary base stations at the start of the soft handoff, or the fixed threshold power level can
be determined at a central location, such as MSC 620, and provided to all of the base stations
in the soft handoff. The base stations in another soft handoff can use either this same value or
another value for the fixed threshold power level when communicating with the mobile station
in the other soft handoff.

Although, the above illustrative embodiments have been described for the minimum-
threshold power levels, all of these embodiments can include either a maximum power level, or
both a minimum and maximum-threshold power level. Similarly to the minimum-threshold
power levels, the maximum-threshold power levels are selected to obtain the lowest total

power. The maximum-threshold power levels can be selected in a manner similar to the

minimum-threshold power level. However, care should be taken to ensure that adding a
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maximum-threshold power level does not lead to an unacceptable number of errors in the
transmutted signal. For example, the cases where the maximum-threshold power levels are
adjustable, the maximum-threshold power levels should be adjusted when the percentage of
power control groups having a power level equal to the maximum-threshold power level is
about 1% to 5% of the power control groups from all the base station in the soft handoff
during the frame. |

The foregoing is merely illustrative. Thus, for example, although in the illustrative
embodiment the time period is one frame and the time interval is one power control group, any
time period having at least one time interval can be used, and any time interval can be used
during which a power level measurement of the forward link can be taken. For example, the
time period can be several frames, or one or several power control groups, which are 1.25 ms
time intervals for which power measurements of the forward link can be taken. The time
interval can be several power control groups, or one or several frames.

Furthermore, although in the illustrative embodiment the processor is located in a
central location, such as the MSC, the processor can be located at one of the base stations.
Alternatively, the processing function can be distributed among the MSC and several base
stations, or distributed just among several base stations.

While the invention has been described with reference to a preferred embodiment, it
will be understood by those skilled in the art having reference to the specification and drawings
that various modifications and alternatives are possible therein without departing from the

spirit and scope of the invention.
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Claims

1. A method for controlling a transmit power level for one of a plurality of base
stations 1n communication with a given mobile unit in a wireless system, the method

comprising the steps of:

maintaining a transmit power level of each of the plurality of base stations at or

above a minimum-threshold power level;

receiving at each of the plurality of base stations power control information for a

plurality of power control groups; and

adjusting the threshold power level by a threshold step size in response to the
transmit power levels of the plurality of base stations being substantially equal to the
threshold power level for at least a predetermined percentage of the plurality of power

control groups received at the plurality of base stations.

2. The method of claim 1, wherein:
the threshold power level 1s a minimum-threshold power level;
the predetermined percentage 1s between about 10% and about 70%; and

the step of adjusting the threshold power level comprises adjusting the minimum-

threshold power level down by a threshold step size.

3. The method of claim 1, wherein:
the threshold power level is a minimum-threshold power level;
the predetermined percentage 1s at least 50%; and

the step of adjusting the threshold power level comprises adjusting the

minimum-threshold power level down by a threshold step size.
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4. The method of claim 1, further comprising the step of:

adjusting the transmit power level of the base station to be at the threshold power
level responsive to the power control information indicating to adjust the transmit power
level toward the threshold power level and responsive to the transmit power level of the

base station being within one step size of the threshold power level.

5. The method of claim 2, further comprising the step of adjusting a
maximum-threshold power level up by a threshold step size responsive to the transmit
power level being equal to a maximum-threshold power level for at least between about

1% and about 5% of the time intervals.

6. The method of claim 1, wherein:
the threshold power level 1s a maximum-threshold power level;
the predetermined percentage is between about 1% and about 5%; and

the step of adjusting the threshold power level comprises adjusting the

maximum-threshold power level up by a threshold step size.

7. The method of claim 1, wherein the threshold step size 1s a factor of the number of

time intervals for which the transmit power level 1s equal to the threshold power level.

8. The method of claim 1, wherein the time interval comprises one power control
group.

9. The method of claim 1, wherein the time period comprises one or more time
intervals.

10.  The method of claim 1, wherein the time period comprises one frame.
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11, The method of claim 1, wherein:

the step of receiving power control information comprises each of a plurality of
base stations receiving power control information for each time interval, wherein

each of the plurality of base stations are participating in the same soft handoft; and
the step adjusting the threshold power level of the base station comprises:

forwarding the power control information received on each of the

plurality of base stations to a processor;

adjusting the threshold power level by a threshold step size responsive
to the transmit power levels from all of the base stations being substantially equal to

the threshold power level for at least a predetermined percentage of the time intervals; and

forwarding the adjusted threshold power level to each base station.

12, The method of claim 11, wherein the processor is located at a mobile switching

center of the wireless communication system.

13.  The method of claim 11, wherein the processor 1s distributed between at least two

of the plurality of base stations.

14, The method of claim 11, wherein the processor is distributed between at least one
of the plurality of base stations and a mobile switching center of the wireless

communication system.

15. The method of claim 1, wherein:

the step of receiving power control information comprises each of a plurality of

base stations receiving power control information for each time interval;

the step of adjusting the transmit power level of the base station comprises each
base station adjusting the transmit power level of that base station to be at a threshold
power level responsive to the power control information received at that base station

indicating to adjust the transmit power level toward the threshold power level and
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responsive to the transmit power level of that base station being within one step size of

the threshold power level; and

the step of adjusting the threshold power level comprises each base station
adjusting 1ts threshold power level by a threshold step size responsive to the
transmit power level received at that base station being equal to the threshold

power level for at least a predetermined percentage of a time period.

16.  The method of claim 1, wherein the step size 1s 0.5dB.
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FIG. 54
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