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Abstract

Power control is essential in Code Division Multiple Access (CDMA) systems
in order to reduce the near-far effect, optimize the system capacity, and combat the
signal degradation due to fading. One problem with Closed Loop Power Control
(CLPC) is the delay introduced by power measurement and round-trip delay in the
power contro.l loop. We study the impact of power control loop delays on Frame Error
Rate (FER) performance under a range of channel conditions. A new CLPC algorithm
with delay compensation and fade prediction is then proposed to mitigate the effécts
of loop delays on CLPC. Delay compensation can reduce power oscillation amplitude
around the desired received power level and fade prediction can forecast an upcoming
fade in order to mitigate its effect. The FER performance on the forward link of an
Interim Standard — 2000 (IS-2000) CDMA system using the delay compenéated fade
prediction based CLPC algorithm is studied. Simulations with a detailed 1S-2000
physical layer model and various Third Generation Partnership Project 2 (3GPP2)
channel models are used to iilustrate the performance gains of the proposed CLPC
algorithm over the.conventional CLPC'a‘lgor,ithm'; Th§: performaﬁée of the proposed -
CLPC algorithm as. a‘v functiéﬁ of moBile ’si)ee;l, de.l;}./, and.‘carrjier'frequency *is
analyzed. It is found that the prpposed CLPC algorithm performs better than the
conventional CLP(:IA aigorithm By about 1 dB for a range of mobiie speeds of interest.
The performance improvement obtainable by using the proposed CLPC algorithm can
reduce the interference and result in an increase in the system capacity. Finally, the
effect of power control bit (PCB) errors on the performance of the proposed CLPC
algorithm is studied. Simulation results indicate that the proposed CLPC algorithm is

still beneficial when the PCB error rate is 5%.
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1.0 Introduction

Over the past decade, 'wireless technology has undergone an enormous
evolution. The rapid growth of the cellular telephone. industry and the increasing
demand for mobile multimedia servi.ces have necessitated an efficient cellular system.
As a result, Direct Sequence Code Division Multiple Access (DSCDMA) has been
proposed to meet the needs of the cellular industry. A popular Third Generation (3G)
mobile communication standard based on DSCDMA technology is the
Telecommunications Industry Association / Electronic Industries Alliance (TIA/EIA)
Interim Standard — 2000 (IS-2000). IS-2000 is the successor of the Second Generation
(2G) 1S-95 standard and it is an evolutional step to provide next generation capacity,
data rates, and services. TIA/EIA released the first version of IS-2000 in 1999, and
has published several revisions in subsequent years. The wireless industry is
enthusiastic about the commercialization of IS-2000 because it is a tecﬁnology
developed to accommodate the growing demand for higher data rates and increased
system capacity.

The incentive for using a DSCDMA communication system is its ability to
reject interference from other users simultaneously attempting to transmit over the
channel. Since a CDMA system is interference limited, system capacity is maximized
when signals are transmitted at the minimum required power to satisfy the signal-to-
“interference ratio (SIR) requirement. Therefore, power control is a critical issue in

CDMA systems, as efficient power control maintains the SIR and reduces a user’s

interference to other users in the system.




1.1 Motivation

Closed Loop Power Control (CLPC) is commonly used to compensate for
power fluctuations due to fast fading in a cellular multiple access environment. It is
closed loop in that the process involves both the transmitter and the receiver. Given
that CLPC is essential to reduce inter-user interference, much effort has been devoted
to improving the CLPC algorithm. A better CLPC -algorithm will not only help to
maintain the SIR in a fading environment, but it can also increase the system capacity
by mitigating the near-far problem. Therefore, it is highly desirable to make the
CLPC algorithm as efficient as possible.

Generally, a CLPC algorithm requires input data, i.e. power control command,
periodically with at ha;rd timing deadline, and adjusts the output powér .after‘a fixed
amount of time relative to the received power control command. The power control
command and output power can be treated as sampléd .values at the transmitter and
receiver of the CLPC algorithm with a fixed sampling rate. A major problem that can

hamper the performance of a CLPC algorithm is time delay. In practice, it takes some

time, ¢, , to measure the signal quality (assuming signal quality is averaged over a
certain period). After the signal quality is measured, there is a delay, ¢, , before the

power control command is sent to the transmitter. Furthermore, there are propagation

delays, ¢,, when the power control command is sent to the transmitter, and when the
adjusted power arrives at the receiver. The transmitter requires a time, ¢,, to detect

the power control command. In addition, there is a delay, ¢, before the power control

command is acted upon and applied in the transmitter output. Figure 1 shows the

sources of delay in the power control loop.




Transmitter

Ly [ t. - Measurement Delay
4 —> > t . - Signaling Delay
t » tp ‘
t , - Propagation Delay
< < y
' : t , - Detection Delay’
Receiver t, -Output Delay

Figure 1 Sources of Delay in Power Contrdl‘ Loop

In general, time is divided into slots by the CLPC algorithm and one power
control command is sent at a fixed‘ time in each slot. Let T be the slot duration .
(¢, <T) and b be a value béfweén .'O and 1 that r'epresent:s.thé time in frac.;ﬁoﬁ of a
slot at which a power co_ntroj command is sepf. For instance, f =Q.5 means the power

control command is sent in the middle of the slot. Assuming ¢, starts from the

beginning of each slot. For the signal quality measured in slot i to be used to generate

the power control command sent in slot i, ¢, +#, must be less than AT . Otherwise,

the signal quality measured in slot i can only be used to generaté a power control

command in some future slot. Let n_ be the delay in slot units in generating a power

control command based on the most recent signal quality measurement. Then,

t +t
n =|=2—=-41, n.=012.... 1.1
¢ [ T —I ‘ ( )

The round trip delay in the power control loop is the time interval between the -
transmission of the power control command and the arrival of the correspoﬁding-

adjusted power at the receiver, i.e. t, +7, +7,+7,. In most cases, the transmitter



output power is changed at a fixed time in each slot. Assuming the transmitter power
is only changed at the beginning of a slot and let n, be the round trip delay in slot

units. Then,

2-1,+1, +t,
n, = f*ﬁ , n =123.... (1.2)

Hence, the total delay, n,, in slot units in the power control loop is

Figure 2 shows two exampiés of power control loop delays in slot units. Let slot i be
the current slot and a power control command is just sent to the transmitter in slot i.

|
_ . n,=n_+n,, ‘ n,=123.... (1.3)

Figure 2(a) shows th'é case when n, =1 (n,=0,n, =1). It can be seen that the signal

quality measured in slot i was used to generate the power control command sent in

slot i. The power control command will be applied in the transmitfer Gutput at the

beginning of slot i +1. Figufe 2(b) shows the case when n, =3 (n,=1,n, =2). It
can be seen that the signal quality measure;d in slot i —1 was used to generate the

power control command sent in slot i . The power control command will be applied in

the transmitter output at the beginning of slot i +2.

2-8, +1+t,
Ly T, V L, +1, 2.t 18+,
] >| >| | N N|
| “ I
Sloti-1  Sloti  Sloti+l Sloti-2  Sloti-1  Sloti  Sloti+l Sloti+2
: | | L | | | | i
I H l T I i l I o1 | | | I
Jii B B b b g B 9
T : : T
@n, =1(n,=0,n,=1) (b) n, =3 (n,=1,n,=2)

Figure 2 Examples of Power Control Loop Delays




Since the channel condition is changing over time, a delay in the power
control loop means that the power control commands may be outdated and do:not
reflect the latest channel condition. As a result, the performance of CLPC is degraded

due to the loop delays.

1.2 Goals

The IS-2000 standard has been widely adopted because of its superior features
and CLPC is essential to the smooth operation.of an 1S-2000 system. Since loop
delays can cause CLPC to be ineffective, the overall system performance can be
improved if the effects of loop delays are reduced or compensated. The 6bjectives in
this thesis are fo investigate the impact of power control loop delays on the overall
system performance, improve the existing CLPC algorithm, and demonstrate the
advantages of the improved CLPC algorithm. Computer simulations will be used to
verify the performance gains of the improved CLPC algorithm and expressions will

be provided to show how the improvements will result in an increased system

capacity.

1.3 Contributions

The main contributions of this thesis are:

1. The effects of power control loop delays on Quality of Service (QoS) in terms
of Frame Error Rate (FER) in an IS-2000 system were studied.

2. A new CLPC algorithm based on delay cdmpensation and fade prediction was
proposed to mitigaté the effects of loop delays. The new algorithm is

applicable to IS-2000 compliant systems with no additional hardware

requirements as well as to other power controlled CDMA systems.




3. The performance of the proposed CLPC algorithm was examined using
simulations to confirm the benefits of using the proposed CLPC algorithm in
different fading environments and with different loop delays. A complete IS-
2000 forward link physical layer model that includes channel coding /
decoding, interleaving / deinterleaving, and spectrum spreading / despreading
was used to evaluate the overall FER performance. In this thesis, the focus is
on the forwafd link CLPC since it is not used in IS-95 but has been introduced

in IS-2000.

1.4 Thesis Outline

The rest of this thesis is organized as follows. In Chapter 2, some of the
fundamental qoncepté in CDMA systems are reviewed. ThlS chapter aisé é’urﬁmarizes
the standard CLPC algorithm used in IS-2000. Chapter 3 examines the state of the art
in power control and previous works. In this chapter, the effects of power co;ltrol loop
delays are studied. In Chapter 4, the 1S-2000 forward link system simulation model is
presented, along with the test conditions specified in Third Generation Partnership
Project 2 (3GPP2) C.S0011-A, Recommended Minimum Performance Standards for
cdma2000 Spread Spectrum Mobile Stations. In Chapter 5, the use pf delay
compensation and fade prediction in IS-2000 CLPC algorithm is discussed and a new
CLPC algorithm is proposed. Furthermore, the relationship between SIR and IS-2000
forward / reverse link system capacities are depicted. In Chapter 6, FER simulation
results of the proposed CLPC algorithm are provided and compared against those of

the conventional CLPC algorithm. Conclusions and future research suggestions are

given in Chapter 7.




2.0 Background

Spread spectrum has been used for a long time in military communications to
combat intentional jamming and reduce the probability of intercept. More recently,
spread spectrum has been employed in civilian applications, and has profoundly
influenced the digital cellular industry. 1S-2000 utilizes DSCDMA, which differs
from the traditional system design objective of minimizing. the utilization of channel
bandwidth, to achieve a higher system capacity. In DSCDMA, a wideband code
sequence that is independent of the data sequence is used to accomplish spectrum
spreading. The information—bearing signal is multiplied by the wideband code to
make the signal appear wideband and noise-like. Different users can occupy the same
band at the same time and they are separated from each other via a set of codes. The
transmitted signal, along with background noise, external interference (interference
from unknown sources), and internal interference (interference from co-channel .
users), arrive at the receiver at the same time. The receiver sifts the desired signal out
of the composite signal by correlating the composite signal with the original code. All
the unwanted signals that do not match the original code will result in a low

correlation when they are despread and are rejected by the receiver. Figure 3 shows

the spreading and despreadmg of the data 51gnal in an IS-95 /IS- 2000 system
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Figure 3 Spectral Spreading and Despreading in IS-95 / IS-2000
(adapted from [1])

In addition to noise and interference, the transmitted signal may be subject to
ther propagation impairments. Multipath fading is often a major impediment to
‘reliable communiéation. Another issue is the near-far problem caused by propagation
loss and tﬁe geographical locations of the users. In IS-2000, power control is
employed to mitigate multipath distortion and the near-far problem. A description of

the CLPC procedure in IS-2000 is given at the end of this chapter.

2.1 Multipath Rayleigh Fading

A signal can be reflected from various physical structures, such as buildings
and walls, on its way to the receiver. Due to the reflections, the signal arrives at the

receiver via a number of different paths. The different reflected signals arrive at

slightly different times, with different amplitudes, and with different phases. These




reflected signals may add constructively or destructively to the original signal,
resulting in multipath fading [2]. The envelope of a received signal for a moving
mobile is often modeled by a Rayleigh disfributioh [3]. The performance of a
communication system can be severely degraded by Rayleigh fading. Possible
vsolutions to combat multipafh Rayleigh fading are to increase transmit power or to
use diversity techniques [4].

In IS-2000, with a pilot signal that provides timing reference, the signal
arriving from different paths may be independently received to reduce the severity of
the multipath fading. This multipath diversity is a form of time diversity in which the
signals from different paths are combined to reduce the effect of fading and improve
SIR. As long as the time sepérations between the signals are greater than one chip
time, the signals can be resolved and can be combined to provide Better signal quality
[5]. In IS-2000, the chip rate is 1.2288 Mcps. Thérefore, two signéls can be separately
combined using the technique discussed in the next section if they aré at least 814 ns

apart.

2.2 Maximal Ratio Combining

A common technique that is used in CDMA systems to combat multipath
fading is maximal ratio combining (MRC). With the aid of a pilot signal in IS-2000,
the outputs from the correlators that have been synchronized to the signals from the

multipaths are combined in an optimum manner. Let v, be the output of the n-th

correlator at the sampling time. In MRC, the outputs are combined with some weights,

w,, to give

I @




where r is the signal after MRC and & is the number of correlators. The weights are
selected to emphasize the contributions of stronger signal components. The optimum

combining law is [6]:
k
r=Yav,, (2.2)
=]

where «, is the complex conjugate of the gain of path n. The advantage of this

combining technique is that it avoids the loss of information about the received signal
frqm the multipaths. By combining the signal energy from different paths, the
multipath distortion is mitigated. This diversity combining receiver is als§ called a
rake receiver.

Note that the rake receiver impfoves signal quality by coherenﬁy combining
the multipath signals. The earliest arrived signal is delayed until the end of the fake
receiver combining window, which is the arrival time of the latest multipath signal

used for MRC. The added delay can contribute to the delay in the CLPC algorithm.

2.3 Near-Far Problem

The near-far effect, which is caused by propagation loss, distance between the
base station (BS) and the mobile station (MS), and transmitter power, is a critical
issué in CDMA systems. For example, MS’s are geographically dispersed but
transmit in the same fréquency band, B,, and'réceive in the same frequenC}; Band, B,.

In the forward link (BS to MS direction), an MS close to a BS usually requires a
lower received signal power than an MS which is far from the BS in order td aéhieve
the same SIR. This is because inter cell interference is more severe at cell boundaries.
In the reverse link (MS to BS direction), an MS transmitting near a BS can

significantly degrade the performance of an MS which is far away from the BS if all
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MS’s transmit at the same power. This is because the BS receives a higher power
signal from the closer MS, and this higher power signal can severely interfere with
the distant MS. Without solving the near-far problem, CDMA would be ineffective in
a wireless multiple access environment. In IS-2000, forward link and reverse link
power control are employed tt) ensure that the desired signals received at the MS and

BS all have the same strength.

2.4 Power Control

IS-2000 employs forward link and reverse link power control in order to solve
the near-far problem, achieve high capacity and meet SIR requirement. The objective
of BS / MS power control is to produce a nominal signal power at the receiver
regardless of the channel condition and MS’s locations.

From th.ev system operator’s point of view, it is highly desirable to maximize
the capacity of the .CDM_A system, i.e. the number of simultaneous traffic channels
that can be handled in a given bandwidth, while maintaining the QoS. If a transmitted
signal arrives at the receiver with a received power that is too low, the FER will be
too high to maintain high quality communications. On the other hand, if the received
power is too high, the FER will satisfy requirements, but the interference introduced
to other system users is increased. Powet control provides a way'to reduce average
power by transntitting at high t)ower le\jel"s t)ﬁly dLllr:i.rig.“fades and whétl tﬁterterertée is
severe. The system capacity is maximized when the transmitted power is controlled
so that signals arrive at the receiver with the minimum required SIR. For data services
traffic, power control can lower the FER and reduce the number of packet
retransmissions. Also, by reducing the reverse link average power, MS power

consumption is reduced, thereby resulting in a longer handset operating time.

1




i

- There are three types of powér control that are employed in IS-2000: open
loop power control, closed loop power control and outer loop power control [7]. The

purpose of each power control type is described below.

2.4.1 Open Loop Power Control

On the reverse link in an IS-2000 system, open loop power control is
employed. Open loop power control refers to the process of adjusting the MS transmit
power according to changes in the MS received power. The stronger the power
received by the MS, the lower is the MS transmit power. Thus, the MS transmit
power is made inversely proportional to the power received by the MS. Afier a traffic
channel is set up, and as the MS moves around, the path loss and shadowing effect
between the MS and the BS will change. As a result, th¢ received power at the
receiver will change, and the open loop p'owef control will continue to monitor the
received power and adjust the transmit power accordingly. The response time of the
open loop power control is made slow intentionally to ignore small—sc‘;ale fading [8].
In other words, open loop power control is used to compensate for slowly varying and
shadowing effects where there is a correlation between the forward link and reverse
link fades. However, since the forward and reverse links operate at different
frequencies, the open loop power control is inadequate and too slow to compensate

for fast fading.

2.4.2 Closed Loop Power Control

The goal of closed loop power control is for the BS to instruct the MS, or the
MS to instruct the BS, to change the transmit power in a rapid manner in order to
combat fast fading. In 1S-2000, the transmit and receive frequencies are separated,

and the frequency separation generally exceeds the coherence bandwidth of the
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channel [9]. Therefore, the fast fading processes on the forward and reverse channels
are not highly correlated, and it is more appropriate to power control the forward link
and reverse link separately. A one-bit power control sigﬁaling schetpg i_§ used for
powering up or down the transmitter by a ﬁx;:d am.ount, an.d the siénaling bit is called
the power control bit (PCB). The PCB is generated once every power control group
(PCG), which is 1.25 ms in duration, by comparing’the received SIR to an adjustable
threshold. While the method for measuring SIR is not specified in 1S-2000, it is
usually obtained by averaging the traffic channel signal quality over a short duration
in order to get an accurate SIR measurement. If the received SIR is larger than or
equal to the threshold, a power down command is generated. Otherwise, a power up
command is generated. The PCB is transmitted through the forward or reverse power
control subchannel with specific timing requirements. The closed loop power control
provides correction to the open loop power control.

It is important that the latency in generating a PCB based on the received SIR
and the signaling process be kept small so that the channel condition will not change
significantly before the PCB is received and acted upon. However, delay is introduced
when averaging the SIR over time, and this delay can degrade the power control
performance. Hence, there is a tradeoff between obtaining a more accurate SIR
measurement and shortening the power control delay. Furthermore, sending the PCB

over the power control subchannel adds an additional delay to the process.

2.4.3 Outer Loop Power Control

Outer loop power control is the process of adjusting the threshold value used
in closed loop power control. Since the power control objective is to maintain an
acceptable FER, and since in a cellular environment, there is no simple relationship

between FER and SIR, the SIR threshold has to be dynamically adjusted to maintain

13




the desired FER. Increasing the threshold reduces FER, thereby, improving the QoS.
Reducing the threshold tends to increase FER. The threshold is selected to ensure that
enough power is received to satisfy the required FER for the call and it can be
dynamically changed every frame. Closed loop power control and outer loop power
control work together to ensure that the desired SIR is maintained and the required
FER is met. Figure 4 shows the closed loop power control and outer loop power
control flow chart. The received energy per bit to the effective noise power spectral

density (E, /N, ) is used as the figure of merit for the received SIR and SIR threshold.

Set nitial E, / N,
threshold to satisfy
FER requirement

A A
Yy
s the received £,/ N;
Send up command «—No above the E, /N, Yes—p ~Senddown
command
threshold

Increase E, /N Is the received FER Decrease E, /N,
3 — b t

threshold No above the requirement Yes—» threshold

Figure 4 Closed Loop Power Control and Quter Loop Power Control Flow
Chart
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2.5 1S-2000 Closed Loop Power Control Procedure

This section describes the forward link CLPC procedure in 1S-2000 [10].
Forward link CLPC is newly introduced in IS-2000 and does not exist in IS-95.

An 1S-2000 BS can transmit up to thrée data channels (one fundamental
channel and up to two supplemental channels) for a single user, together with a
common pilot and some signaling channels for all users in a cell. The main purpose of
the forward link CLPC algorithm is to maintain the forward liﬁk FER of the target
channel at the desired level by adapting the BS transmit power. Recall that the outer

power control loop estimates the SIR threshold value based on E, /N, required to
achieve the target FER on the forward traffic channel. The MS estimates the E, /N,

using the received forward traffic channel and compares the estimated E, /N, with

the corresponding outer power control loop threshold to determine the value of the
PCB to be sent to the BS on the reverse power control subchannel. The estimation is
| performed in 1.25 ms PCG interval and la PCB is generated every PCG resulting in a
PCB rate of 800 bps. A ‘0> PCB corresponds to an up command, meaning an increase
in transmit power and a ‘1’ PCB corresponds to a down command, meaning a
decrease in transmit power. The PCB is transmitted to the BS through the reverse
~ power control subchannel in the reverse link. The PCBs are inserted in the reverse
pilot channel by a rﬁu.ltip'lexérA(MUX‘). Each 1'.25- rﬁs APCG dn fhe .reverse I;ilo£
channel contains 1536 chips for 1.2288 MHz chip rate;: The MS transmits the reverse
pilot signal in the first 1152 PN.chips, and transmits Fthe reversé power éontrol
subchannel in the following 384 PN chips in each PCG on the reverse pilot channel.
Each of the 384 PN chips on the reverse power control subchannel is a repetition of
the PCB generated by the MS. Figure 5 illustrates the reverse power control

subchannel structure.
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Figure 5 Reverse Pilot Channel Showing the Power Control Subchannel
Structure '

(adapted from [10])
In one 20 ms frame, there are 16 PCGs, and thus 16 PCBs. The PCGs within a

20 ms frame are numbered from 0 to 15. Figure 6 shows the reverse power control

* subchannel and the PCGs in a 20 ms frame.

I‘_ QOne Frame (20ms)

Power Controi Group Number V01 2 3 4 5 6 7 89 10 11 12 13 14 15
Reverse Pilot Channel s ; - .
. 1 Power Control Reverse Pilot Channel :
Frame Group {1.25 msj) Frame
Boundary Boundary

Reverse Power
Control Subchannel

‘ Figure 6 Reverse Power Control Subchannel
(adapted from [10])
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The_BS adjusts its mean output power level in response to each PCB received
in order to reduce the effects of the fading fluctuation and interference in the forward
link channel. The nominal change in mean output power per PCB vis ﬁx¢d and can be
1dB, 0.5dB or 025 dB dépending ;)n the BS’s ;e&ing. The total chanée in the closed
loop mean output power is the accumulation of the valid level changes.

The forward fundamental channel aﬁd forWard supplemental channel have to
share the reverse power control subchannel. Thus, the reverse power control
subchannel is further divided into primary reverse power control subchannel and
secondary reverse power control subchannel. The reverse power co.ntrol subchannel
carries PCB on the primary channel for the fundamental channel and on the secondary
channel for the supplémental channel. The fundamentél channel and supplemental
channel PCBs are multiplexed onto the reverse power control subchannel. This results
in reduced effective PCB per second for each traffic channel. The forward link CLPC
has different modes (FPC_MODE) to control the PCB rate for the fundamental and
supplemental channel. The reverse power control subchannel configurations are

shown in Table 1.

Table 1 Reverse Power Control Subchannel Configurations
(adapted from [10])

Reverse Power Control Subchannel Allocations (Power

Control Group Numbers 0 — 15)

Primary Reverse Power | Secondary Reverse Power

Control Subchannel | Control Subchannel

/
FPC_MODE =°000" | 0, 1,2, 3,4, 5,6, 7, 8,9, 10, | Not Supported
11,12, 13, 14, 15

FPC_MODE = ‘001" | 0,2, 4,6, 8,10, 12, 14 1,3,5,7,9,11, 13, 15
FPC_MODE =010’ | 1,5, 9, 13 0,2,3,4,6,7 8,10, 11, 12,
14, 15
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Note that all 1S-2000 BS transmissions are referencéd to a common CDMA
system-wide time scale that uses the Global Positioning System (GPS) time. The
system time at various points in the transmission and reception processes is the
absolute time referenced at the BS transmit antenna offset by the one-way or two-way
delay of the transmission. Figure 7 shows the relation of system time at different
points in the CDMA system. The BS starts transmission for the i + 1™ PCG before it

has finished receiving the PCB on the reverse power control subchannel from the i™

PCG.

1 PCG
| |
| |
| b

BS Tx : {
| |
| |

MS Rx : :
| ]
| |

MS Tx ; ;
| |
| |

BS Rx ; |

+“—Ir—>
One-Way  One-Way
Delay Delay

Figure 7 CDMA System Timing

The idea of reverse link CLPC is similar to the forward link CLPC. The
reverse link CLPC controls the MS to transmitlenough power to achieve the target
FER for the target channel. The PCB is transmitted on the forward power control
subchannel, which is inserted on the forward traffic channel by puncturing the

symbols according to the MS’s Electronic Serial Number (ESN) and the long Pseudo-
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Noise (PN) code sequence [10]. In other words, the PCB is pseudo randomly
punctured in the forward traffic channel and the PCB starting position is determined

by the long PN code sequence masked by the MS’s ESN.

19




3.0 Previous Wbrkf

CLPC playé an important role in CDMA cellular radio systefns in redﬁcing
mutual interference and compensating for time varying propagation conditions. A
CLPC algorithm in which the transmitter power is increased or decreased based on é
comparison of the received SIR and a threshold is proposed in [11]. This algorithm is
used in IS-95 and IS-2000. In this thesis, this algorithm is referred to as the
conventional CLPC algorithm. Due to the increased interest in managing radio
resources efficiently, CLPC has been an area which has attracted much extensive
research attention in recent years. Many variations to the conventional CLPC
algorithm have been proposed, for instance, using multiple code PCBs, employing
centralized power control, and modified PCB signaling [12, 13, 14]. However, most
of these CLPC algorithms are not directly applicable to IS-2000 compliant systems.
On the other hand, some papers have proposed methods to improve the existing
CLPC algorithm. In [15], it is stated that time delays hamper the power control
performance in two different ways:

1. Internal dynamics of the power control loop.

2. Delayed reactions to changes in external disturbances.
Schemes fo compensate for delays and predict channel fades are possible methods to
overcome the performénce degradation. This section examines previous studies in

these two areas.

3.1 Delay Compensation

The ideal behavior of the CLPC algorithm in IS-2000 is that the received SIR

oscillates up and down around the threshold every alternate PCG. However, in real
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systems, CLPC is imperfect. One of the main problems in CLPC is time delay due to
measuring and reporting. CLPC is based on feedback information which may be
outdated. When the power control delay is large, the power conﬁol can become
ineffective. It is noted in [16] that power control performance is degraded when
subject to time-delays in the algorithm. Power control delay can lead to an oscillatory
- behavior in received power and reéult in larger bounds on the deviations from the
desired SIR [IZ].-‘In [_12}], an anal'_xs_is of power control in WCDMA revea{s tha_t a
distributed power control algoritiﬁh, wh'icli. works well under ideal circﬁmsta;nces,
may result in large power oscillation amplitude when subject to a small delay.

Since the power éonuol co@ahd signaling is s,ta'ndardizéd, the power control
delays are known exactly. Time Delay C‘ompensation (TDC) is proposed in [18] to
reduce the effects of time delays caused b'y internal dynamics of the power control

loop and hence mitigate the power oscillation amplitudes. Let y,[n] be the SIR

measured at receiver i and T, be the SIR threshold used in the CLPC. Then,

elnl=Tg ~7,ln~n], 3.1)
5,[n] = sign(e,[n). ' (3.2)
n, is from equation (1.1) and
e

The signals,[n] is sent to the transmitter using a single bit command (up or down) for

power control. Assuming the power control command is the only cause for a change
in the received signal power and there is no external disturbance such as fading, we

can write

p;[n+1}= p,[nl+As,[n—(n, —1)]. 3.3)




where p,[n] is the received signal power at receiver i in dB, A is the power control

step size in dB, and n, is the round trip delay before the power adjustment has arrived
at the receiver. Now, in order to compensate for the delays of the power control loop,
an adjustment is made to the measured SIR before it is used to generate a power

control decision. In logarithmic scale, let
p.n)=y.In-n1+ AZ';’:si [n—jl, (3.4)
where 7,[n] takes into account the delayed power control commands. The new

decision is based on 7,[n] and

s;[n] = sign(Ts,R - J?i[n]). (3.5)
When there is no exterﬂal disturbance such as fading, the merits of TDC are evident
since the delays are cancelled in the ioop. By employing TDC, the power control
algorithm exhibits lower power oscillation amplitude, which is important from a
network perspective (see [18] for the proof and analysis of TDC). With power control
loop deldys, the amplitude of the oscillations without TDC is larger than the one with

TDC as seen in Figure 8.

w0 O )
Siot No

Figure 8 Received SIR when Power Control Commands are Delayed by Two
Slots (a) TDC Employed and (b) No TDC !

(adapted from [18])
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3.2 Fade Prediction

In a mobile radio environment, the signal quality is significantly affected by
fading. Since outdated measurements used in power control result in delayed
reactions to changes in external disturbances, accurate prediction of the channel fade
may improve the performance of the power control loop. This is because the
transmitter power can be adjusted beforehand when an upcoming fad\e is predicted.
Prediction methods using recursive least square (RLS) algorithm and minimum mean
square error (MMSE) based polynomial have been proposed [19, 20]. While all the
proposed prediction methods show improvements in fade tracking capability, another
important factor that determines the applicability of a prediction algorithm is
complexity. On the MS side, where processing power is limited, a simpler algorithm
is especially important.

The use of the slope of the received SIR to predict the Rayleigh fading
envelope in a multi-step SIR-based power control algorithm is discussed in [21]. The
main idea is to predict the variation of Rayleigh fading from the received SIR and to
track it in time. In [21], the slope of the Rayleigh fading curve is assumed to be
constanf during the interval between adjacent local highest and local lowest points.
Figure 9 shows a block diagram of the multi-step SIR-based fade prediction power

control method.
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Figure 9 Block Diagram of Multi-step SIR-based Power Control Method with
Fade Prediction

(adapted from [21])

In [21], the signal outage probability, which is the probability of the received
SIR being less that the SIR threshold is used to access the performance of the
prediction method at 900MHz and vehicle speeds from 6 to 60 km/hr. From the
simulation results, the fade prediction based power control method performs better
than the method without fade prediction.

The algorithm in [21] is a multi-step CLPC algorithm, meaning that a multi- -
bit power control command is used, and the transmitter changes'its output power
based on the multi-bit command times the power control step size. With some
modifications, the prediction idea should be applicable to the single bit CLPC
algorithm used in IS-2000. However, no such studies can be found in previous works.
Also, as the Doppler rate decreases in lower frequency bahd and increasés in higher
frequency band, studies on linear fade prediction in different frequency bands, for

instance, the commonly used 800 MHz and 1900 MHz bands for [S-2000, are desired.
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4.0 Simulation Model

Many simulation studies have been carried out on CLPC [12 — 21]. However,
most of these ‘simulations are bgsed.on“ simplified 'ch{‘els which do not include éoding
and interleaving. When investigafing the performance of IS-2000 CLPC algorithm in
different fading environments, we need to take into account the effect of coding and
interleaving. It is commonly accepted that CLPC is effective at low speeds and
ineffective at high speeds [16]. When errors tend to occur in bursts, interleaving is the
main process to mitigate fading. As specified in [22], the QoS metric used is the FER.
In this thesis, simulation is done using the physical layer model in the IS-2000 library
provided by Signal Processing Worksystem® (SPW™), a software platform
commonly used for system design [23]. SPW’s IS-2000 library was a joint effort of
Cadence and the National Institute of Standards and Technology (NIST) to provide
library support for the physical layer of IS-2000. Figure 10 shows the block diagram

of the forward link simulation model.

Pilot, Sync,
Paging, OCNS
4
Channel
Traffic Data - Encoder / - Modulator »  Transmitter
Interleaver
Y
y
Channel
Power Control |«
Decoded Channel
Traffic Data Decoder / -t Demodulator |- Rake Receiver r=
Deinterleaver

Figure 10 Block Diagram of SPW IS-2000 Forward Link Model
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The Traffic Data block generates random bits to simulate the user data on the
forward fundamental channel. The Channel Encoder / Interleaver block and the
Modulator block implement the 1S-2000 forward fundamental channel structure,
which includes the convolutional encoder, interleaver, spreader, QPSK modulator, etc.
The Transmitter block adds the pilot channel, overhead signaling channels (sync
channel and paging channel), and orthogonal channel noise simulator (OCNS) to the
user traffic channel. The OCNS simulates the users on the other orthogonal channels
of a forward CDMA channel. The Transmitter block also adjusts the transmitter
power according to the accumulated power control commands. The Channel block
contains a Rayleigh fading simulator and an Additive White Gaussian Noise (AWGN)
generator. The flat Rayleigh fading channel is simulated using Jakes’ model [3]. The
Power Control block executes the CLPC algorithm and is the main focus of.this thesis.
It measures thé received SIR and makes a PCB decision every PCG. Th.e Rake
Receiver block has 3 correlator elements and uses MRC to combine the received
signals. The Demodulator block and the Channel Decoder / Deinterleaver block are
inverses of the IS-2000 forward link process. The received user data is collected and
FER is measured in the Decoded Traffic Data block.

System performance is evaluated using the test conditions defined in 3GPP2
C.S0011-A [22]. The C.S0011-A specification details definitions, methods of
measurement, and minimum performance characteristics for an 1S-2000 MS. Test
3.4.7, Demodulation of Forward Traffic Channel in Multipath Fading Channel with
Closed Loop Power Control (FPC_MODE = ‘000’), in [22] is used to analyze the
impact of loop delays on CLPC, and compare the performances of the conventional

CLPC algorithm and other CLPC algorithms.
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All simulations are performed for the forward fundamental traffic channel,
with 20 ms frames and fixed data rate. With the SPW 1S-2000 model, random data is

transmitted from the BS to the MS. The MS measures the E, /N, of the received

forward fundamental traffic channel, and compares it with the E, /N, threshold. The

PCBs are transmifted from the MS to the BS, and the BS adjusts its transmitter power

accordingly. The following assumptions are made in the simulation:

1. There is no line of sight path to the MS; therefore, a Rayleigh fading model is
assumed.

2. The -total transmitted power of the BS is assumed to be constant in each PCG.
That is, the BS will not change the transmitter power in the middle of a PCG and.
the transmitter power is only adjusted at the beginning of a PCG according to the
PCB.

3. The mobile speed is assumed to be constant during the simulation.

4. The propagation loss and long-term fading effects are fully compensated for by
the open loop power control so that the propagation loss, long-term fading and
open loop power control are omitted from the simulation.

5. The data rate is fixed at 9600 bps on the forward fundamental traffic channel with
R=1/4 convolutional coding as in Radio Configuration 3 [10].

6. The outer lon, power f:ontrol threshold is fixed during the simulation.

| 7. The MS starts measuring the SIR from ‘the beéir'ming of each PCG for 0.625 mis

(half of a PCG), and the SIR mean during the first half of the PCG is used to

generate a PCB. Perfect SIR measuremenf is éssumed. Simulations were used to

verify that change in FER was negligible for an estimation error to signal power

ratio of =20 dB.
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8. Background noise is assumed to be negligible and inter cell interference is

assumed to be the dominant source of interference. Therefore, the figure of merit
for SIR, E, /N, , equals to the received energy per bit to the inter cell interference

power spectral density.
Figure 11 shows the functional block diagram of the set-up for the simulation

model. [, is the total transmit power spectral density of the forward CDMA channel

at the BS antenna. After the channel simulator, 7, becomes I, , which is the

or ?

received power spectral density of the forward CDMA channel as measured at the MS

antenna. Then, an AWGN source is used to simulate interference from other cells.

The power spectral density of the AWGN source as measured at the MS antenna, 7,_,

is added to fo, , to give I, which is the total received power spectral density,

o2

including signal and interference, as measured at the MS antenna.

Mobile Station|
Undcr Tcsét

- Base Stationn

Tx

Rx/Tx

- Rx

Figure 11 Functional Set-up for Traffic Channel Tests in Fading Channel
(adapted from [22])

The BS simulation parameters for the forward CDMA channel are shown in

Table 2. The Pilot E,/I,,, Sync E,/I,, , Paging E, /I, , and Traffic E, /I, are the
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ratio of the average transmit energy per PN chip for the corresponding channels to the
total transmit power spectral density. The paging channel data rate is the rate of the
signaling data that is sent on the forward CDMA channel. As the Traffic E. /I,
changes according to the received PCB and it is not possible to allocate unlimited
power for the traffic channel when the accumulated power control commands results

in continuous power increase, an upper limit is set for the Traffic E_ /I , . The Traffic

E_ /I, will be clipped at the limit when the maximum Traffic E_/I,, is reached and

the MS asks for more power by sending an up command. FPC_MODE is the reverse
power control subchannel configuration for sending PCB. The power control stép size

is the amount of power change in response to a PCB.

Table 2 BS Simulation Parameters

Parameter Value

Pilot E_ /I, [dB] -7

Sync E, /I, [dB] -16

Paging E_/I,, [dB] -12

Paging Channel Data Rate [bps] 4800

Maximum Traffic E, /I, [dB] -3

FPC_MODE _ T = ¢ | ‘000’ (800 bps anary)
Power Control Step Size [dB] 0.5

The equation below describes the relationship of the different channels and the

transmit power of the BS [22].

Pilot E E,. Pagi E. T E
ilo 4 Sync E, 4 Paging E. raffic

C

JONS B 4

4

1 1 I I 1

or or or or or




In our simulations, two different multipath configurations are used to
represent rural and urban fading environments. Table 3 specifies the channel

simulator configurations. All paths are independently faded.

Table 3 Channel Simulator Configurations

Parameter 1 path fading | 3 path fading
Number of Paths 1 _ 3

Path 2 Power (Relative to Path | N/A .0

1) [dB]

Path 3 Power (Relative to Path | N/A -3

1) [dB]

Delay from Path 1 to Inpqt [us] |0 1 0

Delay from Path 2 to Input [us] | N/A 2

Delay from Path.3 to Input [us] | N/A - 1145

According to the two multipath configurations, the ratio of the combined
received traffic channel energy per bit to the effective noise power spectpal density at
the MS antenna, Traffic E, /N, , can be described by the following two equations
where Traffic_Chip_Bit is the number of PN chips per traffic chénnel bit [22]:

One-Path Case:

E TMﬁ‘iIC‘—IE‘ X Traffic _ Chip _ Bit
E,__ 1, 4.2)
Traffic N I _
i,
Three-Path Case:
2 1
E T E 5 5
Traffic Lo =T Ee o rathic Chip Bitx| 2x—3—+— 35 | (@43 .
N I 10(‘ 3 IOC 4 i
t or ",\_— + _— — + —
or 5 or 5
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As the Doppler frequency is a function of carrier frequency and mobile speed,
a range of carrier frequencies and mobile speeds are selected for simulations. Two
common [S-2000 frequpncy bands are the 800 MHz cellular band and the 1.9 GHz
Personal Communicati“ons Services (PCS) band. Since the forward link traffic is
simulated, two BS transmitting frequencies, 870 MHz and 1.93 GHz, from the
cellular band and PCS band are chosen for simulations. The channel simulation
configuration sp.eciﬁes the channel simulator configuration from Table 3 and the

mobile speed to be used. Table 4 shows the simulation parameters for the channel

model. These parameters are suggested in [22].

Table 4 Channel Parameters and Target FER

Channel I, / 1,, [dB] I, [dBm/1.23 MHz] | Target FER
Simulation |
Configuration

1 path 3 km/hr 6 -61 10 %

I path 30 km/hr | 4 -59 1%

3 path 100 km/hr | 2 -57 1%

In addition to the settings specified in [22], more scenarios are selected for
simulations. This is because the channel parameters from [22] are selected to ensure
the MS meets @inimufn Istandard. requireﬁents. To study the ‘CLPC‘ algorithéq .
.performance, extended coverage is needed to show the effectiveness of CLPC at
different mobile speeds and channel configurations. Trabvle 5 shows the additional

simulation parameters used for simulations.
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Table 5 Additional Channel Parameters and Target FER

Channel i /1,1dB] ¢ |1, [dBm/1.23 MHz] ‘Taréet’ FER
Simulation

Configuration

1 path 50 km/hr | 4 _ -59 1%

1 path 100 km/hr | 4 -59 1%

3 path 30 km/hr | 2 -57 1%

In our simulations, 5000 frames are run when the targeted FER is set to 10%
and 10000 frames when the targeted FER is set to 1%. This translates into a minimum
of approximately 500 frame errors and 100 frame errors for 10% FER and 1% FER
respecti;/ely. The simulation duration and number of fade cycles for various channel

simulation configurations are shown in Table 6.

Table 6 Simulation Duration and Number of Fade Cycles

CDMA Vehicle Speed | Doppler Number of 20 | Number of
Frequency [km/hr] Frequency ms Frames Fade Cycles in
[MHz] [Hz] Simulation
870 3 24 5000 241.7

30 _ 242 10000 4833.3

50 40.3 10000 8055.6

100 80.6 10000 16111.1
1930 3 5.4 5000 536.1

30 53.6 10000 10722.2

50 89.4 10000 17870.4

100 178.7 10000 35740.7

At the end of a simulation, a FER will be obtained, and the Traffic E, /N,

measured in each PCG is averaged over the simulation duration to obtain a mean
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Traffic E, /N, . For each test case, two simulations are run to obtain two (mean
Traffic E, /N, , FER) sets. The two (mean Traffic E, /N, , FER) sets are plotted and

joined by a straight line. The mean Traffic E, /N, needed to achieve the target FER

is used for performance evaluation. -
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5.0 Delay Compensated Fade Prediction Based Closed Loop Power

Control Algorithm

In the conventional CLPC algorithm, power control can become ineffective if
the loop delay is large or the fade rate is high. As seen in Chapter 3, delay
compensation can eliminate the delays introduced by SIR measurement and round trip
delay of the power control loop. However, changes in channel conditions which occur
during the loop delay are not compensated for. One method for keeping track of
channel fading is fade prediction. Since a PCB command is executed every PCG and
the PCB could be delayed for several PCGs, fade prediction can be disturbed in the
sense that changes in measured SIR are not only caused by fading, but also by PCB
command executions. Consequently, PCB commands should be takenv into
consideration in order to :predict the {channel fade more accilrately.' Thé effect.of PCB
command execution on fade prediction is specially significant when the Doppler
frequency is low because the SIR change‘ as a result of PCB comfnands may be
c-omparable to the change in fading envelope between SIR samples.

In this chapter, it is first verified that loop delays in the conventional 1S-2000
CLPC algorithm produces large power oscillation amplitudes as described in [18].
Then, the linearity of Rayleigh fading is studiéd to access the applicability of
piecewise linear fade prediction for CLPC when the PCG interval is 1.25 ms. A new
CLPC algorithm that combines the benefits of both delay compensation and fade

prediction is proposed.
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5.1 Power Oscillations

First, we study the effects of loop delays in the conventional IS-2000 forward
link CLPC algorithm using the SPW model described in Chapter 4. A PCB is
generated every PCG and we assume that the BS transmitter power is constant in each
PCG. The sources of delay in PCG slot units are given in equations (1.1), (1.2) and
(1.3). Figure 12 shows the effects of three different loop delays on the received
E,/N, and BS power gain adjustment in a 1 path 3 km/hr Rayleigh fading
environment. Figure 12 (a) represents the minimum delay case in our model since the

total delay, n,, cannot be less than 1. Each E, /N, sample is compared against the
threshold to generate a PCB that is sent to the BS. If the E,/N, is above the
threshold, a “down” command is generated, and if the E, /N, is below the threshold,

an “up” command is generated. The BS Tx Gain is the transmitter gain which
corfesponds to the. accumulation of the PCBs and the difference between two
consecutive BS Tx Gain samples is the power control step size (i.e. 0.5 dB in our
simulations). The difference between two consecutive E, /N, samples is the result of |
changes in the BS Tx Gain, the total noise power, and the channel fading gain. It can
be seen that as the loop delay increases, so does the received SIR oscillation
amplitude. When the total delay, n,, is 1 PCG, the oscillation amplitude is about £0.5
dB around the desjrgd \%alqe. "Ijhlelosicillati‘on ;amp"litude;;‘is‘ appro;iirhately 3:1 dB when .
there is a 2 PCG delay, and approximately +1.5 dB when there is a 3 PCG delay.
Simulation results s'how that when TDC is employed, the oscillétion amplitudes in

Figure 12(b) and (c) are reduced, and the received E,/N, and BS power gain

adjustment with 2 PCG delay or 3 PCG delay are similar to those with 1 PCG delay
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as shown in Figure 12(a). The simulation results indicate that TDC stabilizes the"
power control algorithm by reducing the power oscillation arﬁplitude.

When the Doppler frequency is low, the merit of TDC is clear. However,
when  the Dopplér frequency increases -and the chapge in channel gain between -
adjacent PCGs b:eco-mes lafgef, the; cﬁénge iﬁ SIR can Be larger fhan what the power
control step size can compensate for. In this case, large power oscillation amplitudes
are often unavoidable. TDC is fnbst effective when the chaﬁge in -channel gain is
comparable to the power control step size. Figure 13 shows the effects of three
different loop delays on the received E, /N, and BS power gain adjustment in a more
rapidly changing channel environment, namely the 1 path 30 km/hr Rayleigh fading
environment. We can see that the differences between consecutive samples in thé first
40 faded E, /N, samples have a magnitude comparable to the power control step size,
and TDC can reduce the oscillation amplitude. However, TDC cannot rgduce the

oscillation amplitudes when the change in fading envelope is large, as in samples 40

to 100 in Figure 13.
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5.2 Fade Linearity

In [21], it is proposed that the slope of the fading curve can be used to predict
future fades. In this section, the linearity of Rayleigh fading is studied. Figure 14
shows the Rayleigh fading envelopes for different channel environments at 870 MHz
with a sample period of 1.25 ms. Futﬁre channel conditions can be pfedicted using
linear extrapoletion, ie. x[n+al]= (x[n]—x[n —-1D-a+ x[n] . The mest ?ecent SIR
sample and the p‘r’ece’ciing SIR sample in Ii.nea; scale can be used to esfimate the sibpe
of the fading curve for predicting channel conelitions. .

Ideally, the E, /N, measured in PCG i is used to generate a PéB that is sent
in PCG i to control the power in PCG i +1. This happens when n, =1. Without fade
prediction and assuming the PCB is delayed by n, >1 PCG (i.e. PCB generated using
E,/N, measured in PCG i is executed in PCG i+n,), the E, /N, error is the
difference between the E, /N, measured in PCG i delay compensated By the n, -1
previously sent PCBs, and the actual E, /N, in PCG i+n, —1. Note that PCG
i+n, —1 immediately precedes the PCG in which the currently generated PCB (i.e. in
PCG i+n,) is executed. Using linear extrapolation to predict fade can improve the
aceuracy of the estimated E,/N, . However, the predicted value may differ. |

significantly from the actual value when the fading curve passes through local
maxima and minima. Therefore, prediction performance will degrade when the
number of local maxima and minima increases in a given time period. In a cellular

environment with pedestrian and vehicular users, the advantage of using linear fade

prediction can be significant when the user mobility is low or moderate.
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Assuming changes in SIR are only caused by fading and ignoring PCB
execution for the moment, we study how prediction can improve SIR estimation in
the presence of loop delays. Table 7 shows the MSE betweeh the fading envelope

values at time n and n+a with and without the use of prediction.

Table 7 MSE Comparisons of Fade Envelopes with No Prediction and with
Linear Prediction

No Prediction MSE: average value of (x[n] —x[n+ a])2
“Linear Prediction MSE: average value of ((x[n] —-x[n- 1])- a+x[n]-x[n+ a])2

Channel No Linear
Simulation " a [Prediction|Prediction
Configuration MSE MSE
a 1 } -4 37e-7 |
1 path 3 kmv/hr 3.32 8.37e-7
2 1.33e-3 | 4.13e-6
1 } -2 | 2.74e-
1 path 30 kmv/hr 3.50¢ T4e-3
2 1.37e-1 | 2.41e-2
1 9.27e-2 | 1.94e-2
1 path 50 km/hr ©
2 3.51e-1 | 1.64e-1
) 1 46e-1 | 2. -1
1 path 100 km/hr 3.46e 68e
2 1.12 1.90
| 1 82e-3 | 4.07e4
3 path 30 3.82e-3 07e
2 1.49e-2 | 3.49e-3
1 .80e-2 | 3.55e-2
3 path 100 km/hr 3.80¢ ©
2 1.16e-1 | 2.23e-1

With linear prediction, the MSE is reduced at low and moderate speeds (less
than or equal to 50km/hr), and is about the same or worse (depending on delay) at
high speed. Recall that local maxima or minima degrade fade prediction accuracy.

This explains why the MSE with prediction is larger at high mobile speeds. Note that .
Table 7 only shows how prediction can improve the MSE of the E, /N, estimation

when there are loop delays. Since there is no simple relationship between the received
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E,/N, and FER, computer simulations will be used to show the FER performance

improvements when fade prediction is used in the CLPC algorithm.

5.3 Proposed Closed Loop Power Control Algorithm

Based on the available information from previous works and simulation
results using the SPW 1S-2000 model, a new CLPC algorithm using delay
compensation and linear fade prediction is proposed. The proposed CLPC algorithm
can be easily implemented in software for both the forward link and reverse link
traffic channels. No modifications are required in the IS-2000 standard, the mobile
terminal hardware, or the base station hardware. The only component in the cellular
system that has to be changed is the firmware which generate the PCBs. This new
CLPC algorithm is not only applicable to IS-2000, but can also be used ‘in other
power controlled CDMA systems employing a command-based, threshold comparing
CLPC scheme.

Figure 15 (a) shows the block diagram of the conventional CLPC algorithm.

The MS measures the E, /N, and compares the measured value against a threshold

value to make a decision on the PCB. The algorithm is simple and straightforward.
Figure 15 (b) shows the block diagram of the proposed CLPC algorithm. The .

MS measures the E, /N, in the same wéy as for the conventional CLPC" algorithm.
But the measured E,/N, is further processed to improve the accuracy of the .
estimated channel condition. The new prediction block performs deléy compensation
and linear fade prediction using past PCB decisions and E, /N, samples. For n, >1,

the proposed CLPC algorithm expressed in a linear scale is

-

' Zsi[""j]
?,-[n]={(7,-[n—nC]—7,-[n—1—nc]-A"'["‘"”)-(n, —1)+7,~[n—nc]}- AT 5
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First, the second last measured SIR, y,[n—1-n_], is power adjusted using the PCB
that was sent as s;[n—n,] and executed in PCG n—n_. This power adjusted SIR is
subtracted from the latest measured SIR, },[n—n_], to give the slope of the fading

envelope. Second, fading envelope is linearly extrapolated for n, —1 PCG slots.

Finally, the extrapolated fade envelope is added to the latest measured SIR, and the

nlz_l-‘i["‘j]
delay compensated PCBs, A’ , are used to adjust the SIR estimation. #,[n], the

SIR estimation with delay compensation and fade prediction, is then compared
against the threshold to generate a PCB just like the conventional CLPC algorithm.
Comparing Figure 15 (b) with Figure 9 in Chapte_r 3, we note that ;hc two
block diagrams differ 1n the lobations of the pfediction algc;fith;ns. In IS—ZdGO, the BS
does not know the power control threshold of the MS since the MS’s outer loop |
power control élgorithmmaintains the threshold locaily.'Due to this feason, in order
to use the improved SIR estimation with the threshold, the prediction block must

reside in the MS.

5.4 System Capacity

Capacity is defined as tﬁe number of simultaneous users which the system can
support while the radio link conditions of all users still meet QoS requirements. In IS-
2000, the QoS requirement is stated in terms of the FER. In a CDMA system, each-
user accessing the system is power controlled so that system resources can be shared
equitably among users and capacity maximized. Due to the interference limited nature -
of CDMA networks, any reduction in interference translates directly into an increase

in capacity [24]. For completeness, this section summarizes the relationship between

CDMA capacity and SIR from [24, 25].




In digital communications, E, /N, is often used as the radio link metric [4]. In |
[22], E,/N, refers to the E, /N, at the MS antenna. This quantity can be related to

the SIR. We will start with a simplified SIR definition in a single cell environment,
and then refine the equation according to the forward link and reverse link
characteristics of IS-2000 in a multi-cell environment.

We first consider a single cell CDMA system with M users, in which all the
user signals are';assuméd to be pei'fec'tly po;ver contrélled and éach is received ‘with
‘power>S . Let n be the background noise due to spurious interference as well as
thermal noise. Then, a simplified SIR expression 4t.hat ign&res various perf&fnance
factors (e.g. voice activity and sectorization gain) at any receiver is

S 1

SIR = = —.
M-DS+n M-D+n/S

(5.2)

This is so because the total interference power in the band is equal to the sum of

powers from individual users and the background noise. To get E, /N, , whose

numerator is obtained by dividing the desired signal power by the information bit rate,
R, and the denominator is obtained by dividing the noise (or interference) by the total

bandwidth, W, equation (5.2) becomes

S/R ___W/R
(M =-DS+m)/W (M-D+n/S’

E,/N, = A | (5-3)

The term W/R is generally referred to as the processing gain. Therefore, the capacity

in terms of number of users supported is

_WR 7n

+1. 54
Eb/Na S ( )
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Generally,77/S is small. As shown in equation (5.4), the capacity in terms of
number of simultaneous users is approximately inversely proportional to E, /N, .

Next, we show the capacity equations for IS-2000 forward link and reverse link.

5.4.1 Multi-cell IS-2000 Forward Link Capacity

Sectorization is used in I1S-2000 to improve capacity. Typically, three antennas
per cell site, each having a 120° effective beam width, are used to reduce mutual
interference. With three sectors, M =3M where M , 18 the number of users in each-
sector.

In a multi-cell environment, more forward link power must be provided to
users near the boundaries of cells because they receive more interference from other
cell-site transmitters [25]. Suppose that MS i, communicating via the -sector 1

antenna, receives power S T from the sector 1 BS, and MS i can receive a total of K

signal powers from K different sector antennas. Therefore, the total power received

. :
by MS i is ZST, and Sr, for j#1 are interference powers. For MS i to select the
j=1

sector 1 BS as the home BS, §; should be the largest power among all the received
signal powers. Let

Sy, > 8 >...> 8, >0. 5.5
In general, a fraction of the total power transmitted by any sector is devoted to the
pilot signal and other overhead signals destined to all MS’s. The remaining fraction

e is then allocated to all M , users of the sector. Let f; be the relative received

sector power at MS i where

ﬁ:‘(u'ZSTj/STl], i=L...M_. 5.6)
j=2 i
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Then, it can be shown that [25]

& W/R & » S
V<L ST (5.7)
i=l E,/N, 3 ST,A

The background noise is usually negligible even when compared to the smallest

received sector power from the home BS of any MS, i.e. min{STll ,Sle "“’STlM }-

Therefore, the second sum in the right hand side of (5.7) is almost negligible. As the

E,/N, requirement in the system is lowered, the value in the right hand side of (5.7)
increases. However, -the relative received sector power at MS i, f, , remains
unchanged when E, /N, changes. Therefore, more users can be added to the system

when the E,/N, requirement is lowered. For a given decrease in E,/N, , the
number of users which can be added depends on their relative received sector powers,
f; - The smaller these powers are, the larger is the number of additional users which

can be supported, e.g. more MS’s can be supported if they are close to their home

BS’s.

5.4.2 Multi-cell 1S-2000 Reverse Link Capacity -

Similarly, we can estimate the reverse link capacity. In the reverse link,
although MS’s commumcatmg via dlfferent sector antennas are power controlled by
their respective BS’s, the s;gnal powers from these MS’s constitute 1nterference to the
neighboring cells. Therefore, a loading factor I, which typically has a value between
0% and 100%, is used to account for this interference [26]. Furthermore, a fraction of
the total power transmitted by the MS is devoted to the reverse pilot signal. The .
remaining fraction ¢ is then used for traffic channel signal. Equation (5.3) then

becomes
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oW /R

(5.8)

E,IN, = .
(M, -DA+D)+n/S
The capacity is
SW/R n_ 1
M, =(——-2)(—)+1. 5.9
s (Eb/No S)(1+l) (3.9

The reverse link capacity is seen to be approximately inversely proportional to
E,/N, .

From the capacity analyses of the forward link and reverse link, it can be seen
that a reduction in the E, /N, requirement results in an increase in .the system

capacity.
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6.0 Simulations

In power controlled cellular networks, a power competition between users
occurs since a power increase by one transmitter creates additional interference to
unintended receivers, which can result in the receivers contending for more power to
improve their: SIR. The opposite is tfue when one transmitter reduces its pdwér and
the overall interference is reduced. The proposed CLPC algorithm can reduce power
oscillation amp‘litude'-and improve SIR eStimatidri;_whiéh means less fading mérgin is
needed and the mutual interference in the system is reduced. In this chapter, system
sirﬁulations using the IS-2000 model described in Chapter 4 are used to illustrate the
performance of the proposed CLPC algorithm. Simulation runs have been carried out
by changing the total delay, #,, and the channel condition. The effect of PCB errors
on the proposed CLPC algorithm performance is also studied using system

simulations. The numerical results from simulations are presented in sections 6.1, 6.2

and 6.3, and the results are analyzed in section 6.4.

6.1 Numerical Results for 800 MHz Band

We first study the effect of loop delays on FER. The various delay values
considered are n, = 1, 2 and 3 PCG slots. Furthermore, we compare the FER
performance of the conventional and the proposed CLPC algorithms. Two results for
the proposed CLPC algorithm, Proposed(D) and Proposed(D+0.5), where D is the
number of PCG slots that is linearly extrapolated (D=r,—1) in order to obtain a SIR
estimation are run. The two results show the performance of the proposed CLPC

algorithm from equation (5.1) when linear extrapolation is used to predict fade values

D PCG slots and D+0.5 PCG slots ahead. In our simulations, we use half of a PCG to
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measure SIR and the SIR measurement is available in the middle of the PCG slot. As
a PCB is executed at the beginning of a PCG, there is a gap of 0.5 PCG between the
SIR estimation using Proposed(D) and the execution of the corresponding PCB. Since
the channel condition is changing over time, Proposed(D) and Proposed(D+0.5) show
the outcome of including the 0.5 PCG delay in the prediction algorithm. Figure 16

illustrates the difference between Proposed(D) and Proposed(D+0.5).

Proposed(D+0.5)

o
la]
=3
g
=
w
9]
[e
A~
=)
=

Y 05PCGgap |
|
|

A

—p

PCB PCB
execulion execution

-~

1pEG

Figure 16 Difference between Prdposed(D) and Proposed(D+0.5)

Figure 17 illustrates the effects of delays on FER in a 1 path 3 km/hr Rayleigh
fading environment at 870 MHz. The minimum FER requirement stated in [22] and
the FER performance without any CLPC are shown for comparison purposes. As
expected, the FER performance is degraded when loop delay is increased.

Figure 18 and Figure 19 compare the proposed CLPC algorithm against the
conventional CLPC algorithm in a 1 path 3 km/hr Rayleigh fading environment at

870 MHz when delay is 2 and 3 PCG respectively.
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Similarly, different channel configuration simulations were run following the

above structure. Table 8 summarizes the 800 MHz band simulation figures.

Table 8 Summary of 800 MHz Band Simulation Figures

Channel Configuration | Description Figure Number
1 path 3 km/hr Effects of PCG delays on FER Figure 17

Comparison of conventional and | Figure 18
proposed algorithms when n, =2

Comparison of conventional and | Figure 19
proposed algorithms when n, =3

1 path 30 km/hr Effects of PCG delays on FER | Figure 20

Comparison of conventional and | Figure 21
proposed algorithms when n, =2

Comparison of conventional and | Figure 22
proposed algorithms when n, =3

3 path 100 km/hr Effects of PCG delays on FER Figure 23

Comparison of conventional and | Figure 24
proposed algorithms when n, =2

Comparison of conventional and | Figure 25
proposed algorithms when n, =3
1 path 50 km/hr Effects of PCG delays on FER Figure 26

Comparison of conventional and | Figure 27
proposed algorithms when n, =2

Comparison of conventional and | Figure 28
proposed algorithms when n, =3

1 path 100 km/hr Effects of PCG delays on FER Figure 29

Comparison of conventional and | Figure 30
proposed algorithms when n, =2

Comparison of conventional and | Figure 31
proposed algorithms when n, =3

3 path 30 km/hr Effects of PCG delays on FER Figure 32 .

Comparison  of . conventional and | Figure 33 =
- proposed algorithms when n, '=2 T

Comparison of conventional and | Figure 34
proposed algorithms when n, =3
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Figure 17 Effects of PCG Delays on FER (1 path 3 km/hr Rayleigh Fading at 870
MHz)
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Figure 18 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 3 km/hr Rayleigh Fading at 870 MHz)

53




RC3 Forward Fundamental Channd

—o—Conventional Delay=3  ~#~Proposed(2) Delay=3  —— Proposed(2.5) Delay=3

1

FER

0.01 . T
19 21 23 2.5 2.7 29

Traffic E» /N: (dB)

Statistical Accuracy:

‘ Higher FER Point Lower FER Point
Conventional Delay=3 +7.4% +14.9%
Proposed(2) Delay=3 +7.8% +16.6%
Proposed(2.5) Delay=3 +7.8% +16.8%

Figure 19 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 3 km/hr Rayleigh Fading at 870 MHz)
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. Figure 20 Effects of PCG Delays on FER (1 path 30 km/hr Rayleigh Fading at
870 MHz)




RC3 Forward Fundamental Channd

—&— Conventional Delay=2

—#— Proposed(1) Delay=2

Delay=2

0.1

[a 4
TN
i
1
OIml - i1 L L 1 1 L L i} L 1 L L L L L L L
- 7.5 8 85 -9 9.5
Traffic Eb /N: (dB)
Statistical Accuracy:
Higher FER Point Lower FER Point
Conventional Delay=2 +14.1% +26.9%
Proposed(1) Delay=2 +17.5% +34.7%
Proposed(1.5) Delay=2 +18.2% +35.2%

Figure 21 Comparison of Conventional and Proposed Algorithms when Delay=2
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Figure 22 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 30 km/hr Rayleigh Fading at 870 MHz)
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Figure 23 Effects of PCG Delays on FER (3 path 100 km/hr Rayleigh Fading at

870 MHz)
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Figure 24 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (3 path 100 km/hr Rayleigh Fading at 870 MHz)
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Figure 25 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (3 path 100 km/hr Rayleigh Fading at 870 MHz)
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Figure 26 Effects of PCG Delays on FER (1 path 50 km/hr Rayleigh Fading at
870 MHz)
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Figure 27 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 50 km/hr Rayleigh Fading at 870 MHz)
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Figure 28 Comparison of Conventional and Proposed Algorith-ms when Delay=3
PCG Slots (1 path 50 km/hr Rayleigh Fading at 870 MHz)
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Figure 29 Effects of PCG Delays on FER (1 path 100 km/hr Rayleigh Fading at
‘ 870 MHz)
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Figure 30 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 100 km/hr Rayleigh Fading at 870 MHz)
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Figure 31 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 100 km/hr Rayleigh Fading at 870 MHz)
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Figure 32 Effects of PCG Delays on FER (3 path 30 km/hr Rayleigh Fading at
870 MHz)
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Figure 33 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (3 path 30 km/hr Rayleigh Fading at 870 MHz)
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Figure 34 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (3 path 30 km/hr Rayleigh Fading at 870 MHz)




6.2 Numerical Results for 1.9 GHz Band

Another popular carrier frequency used for IS-2000 is in the 1.9 GHz band.
Fading is more severe in the 1.9 GHz band when compared to the 800 MHz band for
the same mobile speed because the Doppler frequency is higher. Table 9 summarizes

the 1.9 GHz band simulations figures.

Table 9 Summary of 1.9 GHz Band Simulation Figures

Channel Configuration | Description Figure Number
1 path 3 km/hr Effects of PCG delays on FER Figure 35
Comparison of conventional and | Figure 36
proposed algorithms when n, =2

Comparison of conventional and | Figure 37
proposed algorithms when n, =3
1 path 30 km/hr Effects of PCG delays on FER " | Figure 38
Comparison of conventional and | Figure 39
proposed algorithms when n, =2

Comparison of conventional and | Figure 40
proposed algorithms when n, =3
3 path 100 km/hr Effects of PCG delays on FER Figure 41
Comparison of conventional and | Figure 42
proposed algorithms when n, =2

Comparison of conventional and | Figure 43
- | proposed algorithms when n, =3 ’
1 path 50 km/hr Effects of PCG delays on FER Figure 44
Comparison of conventional and | Figure 45
proposed algorithms when n, =2

Comparison of conventional and | Figure 46

proposed algorithms when n, =3 '
1 path 100 km/hr Effects of PCG delays on FER Figure 47
Comparison of conventional and | Figure 48
proposed algorithms when n, =2 '

Comparison of * conventional and | Figure 49
proposed algorithms when n, =3 v
3 path 30 km/hr Effects of PCG delays on FER Figure 50
Comparison of conventional and | Figure 51
proposed algorithms when n, =2

Comparison of conventional and Fighre 52
proposed algorithms when n, =3
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Figure 35 Effects of PCG Delays on FER (1 path 3 km/hr Rayleigh Fading at
1.93 GHz)
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Figure 36 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 3 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 37 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 3 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 38 Effects of PCG Delays on FER (1 path 30 km/hr Rayleigh Fading at

1.93 GHz)
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Figure 39 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 30 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 40 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 30 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 41 Effects of PCG Delays on FER (3 path 100 km/hr Rayleigh Fading at
.1.93 GHz)
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Figure 42 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (3 path 100 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 43 Comparison of Conventional and Proposed Algorithms when Delay=3
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Figure 44 Effects of PCG Delays on FER (1 path 50 km/hr Rayleigh Fading at
1.93 GHz) :
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Figure 45 Comparison of Conventional and Proposed Algorithms when Delay=2
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Figure 46 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 50 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 47 Effects of PCG Delays on FER (1 path 100 km/hr Rayleigh Fading at
1.93 GHz)
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Figure 48 Comparison of Conventional and Proposed Algorithms when Delay=2
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Figure 49 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 100 km/hr Rayleigh Fading at 1.93 GHz)

85




RC3 Forward Fundamental Channel

—6—No CLPC

—&r— Conventional Delay=2

—8— Conventional Delay=1
—>— Conventional Delay=3

|

i 001
0.001
21 26 31 3.6 4.1
Traffic Ev /N: (dB)
Statistical Accuracy:
Higher FER Point Lower FER Point
No CLPC +16% +40.6%
Conventional Delay=1 +11.7% +44.4%
Conventional Delay=2 +11.5% +35.8%
Conventional Delay=3 +10.6% +33.7%

Figure 50 Effects of PCG Delays on FER (3 path 30 km/hr Rayleigh Fading at
1.93 GHz)
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Figure 51 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (3 path 30 km/hr Rayleigh Fading at 1.93 GHz)
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Figure 52 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (3 path 30 km/hr Rayleigh Fading at 1.93 GHz)
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6.3 Numerical Results for 800 MHz Band with 5% PCB Error

Rate

The PCBs in iS-ZOOO are not protected by coding so that a PCB can be used
immediately after it is received and no decoding is required. However, this means that
the PCBs are unprotected and subject to higher error rate. Since the MS does not
know whether the PCB transmitted is correctly received by the BS or not, an increase
in PCB error probability degradeé 'the_\pe_rformance of the pfopoéed CLPC algorithm.
In this section, we study the effect of PCB errors on the FER and the performance of
the proposed CLPC: algorithm using_th'e standard channel configurations in [22] (1
path 3 km/hr, 1 path 30 km/hr and 3 path 100 km/hr). The additional channel
configurations (1 path 50 km/hr, 1 path 100 km/hr and 3 path 30 km/hr) are not used
because the standard channel configurations are sufficient to show the effect of PCB
errors on the proposed CLPC algorithm. The PCB error rate is set to 5%. Table 10

summarizes the 800 MHz band with 5% PCB error rate simulation figures.

Table 10 Summary of 800 MHz Band with 5% PCB Error Rate Simulation
Figures

Channel Configuration | Description - | Figure Number

1 path 3 km/hr Effects of PCG delays on FER Figure 53

Comparison of conventional and | Figure 54
proposed algorithms when n, =2

Comparison of conventional and | Figure 55
proposed algorithms when n, =3

1 path 30 km/hr Effects of PCG delays on FER Figure 56
| Comparison of conventional and | Figure 57
proposed algorithms when n, =2

Comparison of conventional and | Figure 58
proposed algorithms when n, =3

3 path 100 km/hr Effects of PCG delays on FER Figure 59

Comparison of conventional and | Figure 60
proposed algorithms when n, =2

Comparison of conventional and | Figure 61
proposed algorithms when 7, =3
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Figure 53 Effects of PCG Delays on FER (1 path 3 km/hr Rayleigh Fading at 870

MHz with § % PCB Error Rate)
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Figure 54 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 3 km/hr Rayleigh Fading at 870 MHz with 5§ % PCB Error
Rate)
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Figure 55 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 3 km/hr Rayleigh Fading at 870 MHz with 5 % PCB Error
- Rate)
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Figure 56 Effects of PCG Delays on FER (1 path 30 km/hr Rayleigh Fading at

870 MHz with 5 % PCB Error Rate)
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Figure 57 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (1 path 30 km/hr Rayleigh Fading at 870 MHz with 5 % PCB Error
Rate)
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Figure 58 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (1 path 30 km/hr Rayleigh Fading at 870 MHz with 5 % PCB Error
Rate)
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Figure 59 Effects of PCG Delays on FER (3 path 100 km/hr Rayleigh Fading at
870 MHz with 5 % PCB Error Rate)
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Figure 60 Comparison of Conventional and Proposed Algorithms when Delay=2
PCG Slots (3 path 100 km/hr Rayleigh Fading at 870 MHz with 5 % PCB Error
Rate)
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Figure 61 Comparison of Conventional and Proposed Algorithms when Delay=3
PCG Slots (3 path 100 km/hr Rayleigh Fading at 870 MHz with S % PCB Error
Rate)
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6.4 Discussion of Simulation Results

As mentioned in Chapter 4, we use the mean traffic E, /N, required to

achieve the target FER for performance evaluation. The relative performance gain or

degradation is the difference between the two traffic £, /N, values obtained. The

lower the required mean traffic E, /N, to achieve the target FER, the better is the

performance of the CLPC algorithm. We first investigate the impact of loop delays on

the FER performance of the conventional CLPC algorithm. Table 11 and Table 12

B

show the change in E, /N, required to 'achieveA the target FER. The required E, /N,

1

when there is no CLPC is shown for comparison purposes.

Table 11 Imbact of CLPC and Loop Delays on Ep/N¢ Required by the
Conventional CLPC Algorithm to Achieve the Target FER at 870 MHz

Channel E,/N, E,/N, E,/N, (Delay=2) — | E, /N, (Delay=3) —
Configuration | o (Delay=1) | E, /N, (Delay=1) | E, /N, (Delay=1)
CLPC) |

path3 km/hr | 1122 | 2.07 +0.046 +0.17

I path 30 km/hr | 12.42 | 7.78 +1.00 1221

1 path 50 km/hr | 10.38 | 7.6 +0.91 +1.72

1 path 100 km/hr | 8.07 6.56 +0.58 +1.10

3 path 30 km/hr | 4.27 2.66 10.16 10.57

3 path 100 km/hr | 3.03 2.59 +0.12 +0.25

Table 12 Impact of CLPC and Loop Delays on Ey/N¢ Required by the
Conventional CLPC Algorithm to Achieve the Target FER at 1.93 GHz

Channel E,/N, E,/N, E,/N, (Delay=2) — | E, /N, (Delay=3) —
Configuration | (No (Delay=1) | E, /N, (Delay=1) | E, /N, (Delay=1)
CLPC)

I path 3 km/hr__| 10.1 2.62 +0.23 +0.60

I path 30 km/hr | 9.36 7.01 0.67 +1.24

1 path 50 km/hr | 7.74 6.37 +0.57 +0.89

I path 100 km/hr | 6.16 5.35 +0.34 +0.55

3 path 30 km/hr_| 3.43 2.56 +0.17 +0.32

3 path 100 km/hr | 2.71 2.55 +0.024 +0.10
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It can be seen that CLPC improves performance significantly at low Doppler
frequencies and its perfdrmance decreases as Doppler frequency increases. This is
because CLPC can keep up with the channel changes at lower Doppler frequencies.
However, as the Doppler frequency increases, CLPC can hérdly keep up with the
channel changes.

As the loop delay increases, the conventional CLPC algorithm requires é

higher E, /N, to achieve the target FER in all the channel configurations. However, it

is found that at low Doppler frequencies (1 path 3 km/hr at 870 MHz), the FER
degradations due to loop delays are relatively small. Again, this is because the
conventional CLPC algorithm can keep up with the channel changes at lower Doppler
frequencies éven when there is a small loop delay. At moderate Doppler frequencies
(1 path 30 km/hr and 1 path 50 km/hr at 870 MHz), the FER performance of the
conventional CLPC algorithm is very sensitive to loop delays. This is because the
conventional CLPC algorithm can cope with fading in this Doppler frequency range
when the loop delay is 1 PCG slot. However, any further loop delays slow down the
reaction of the CLi?C algorithm to a fade. As a result, the FER performance is .
degraded by a signiﬁcant arﬁdunt. It can be seen that the'delay sensitivi-fy decreases as
the Doppler frequency increases beyond some yalue (1 path 30 km/hr at 870 MHz ’and
1.93 GHz). At hiéher A.Do;;pl'er freqi;encies, the cdn\'/éﬁtioﬁal' CLPC .al‘go'rithm is
ineffective and interleaving is the main process that mitigates fading. Therefore, loop
delay sensitivity decreases at high .Doppler frequencies. The delay sensitivity is
smaller when there are 3 multipaths. This is because the multipaths reduce .the
received signal power variance.

Next we study the relative performance of the proposéd CLPC algorithm

compared to the conventional CLPC algorithm. Table 13 and Table 14 summarize the
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relative performance gain of the proposed CLPC algorithm in dB (a positive gain

corresponds to an improvement and a negative gain corresponds to a degradation).

Table 13 Relative Performance Gain of Proposed CLPC Algorithm at 870 MHz

Channel Delay (n,) Proposed(D) Proposed(D+0.5)
Configuration Performance Gain (dB) | Performance Gain (dB)
Compared to Compared to
Conventional Conventional
1 path 3 km/hr 2 PCG belay 0.044 0.054
3 PCG Delay |0.16 0.17
1 path 30 km/hr | 2 PCG Delay | 0.85 0.97
3 PCG Delay | 1.7 1.8
1 path 50 km/hr | 2 PCG Delay | 0.56 0.63
| 3 PCG Delay | 0.93 0.92
1 path 100 km/hr | 2 PCG Delay | 0.14 0.13
3 PCG Delay | 0.26 0.16
3 path 30 km/hr | 2 PCG Delay | 0.12 0.13
3 PCG Delay | 0.41 0.43
3 path 100 km/hr | 2 PCG Delay | 0.043 -0.012
3 PCG Delay | 0.0043 -0.033
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Table 14 Relative Performance Gain of Proposed CLPC Algorithm at 1.93 GHz

Channel Delay (_n,) Proposed(D) Proposed(D+0.5)
Configuration Performance Gain (dB) | Performance Gain (dB)
Compared to Compared to
Conventional Conventional
1 path 3 km/hr 2 PCG Delay |0.19 0.24
3 PCG Delay | 0.50 0.54
1 path 30 km/hr | 2 PCG Delay | 0.31 0.30
3 PCG Delay | 0.40 0.43
1 path 50 km/hr | 2 PCG Delay | 0.059 0.023
3 PCG Delay | -0.054 -0.13
1 path 100 km/hr | 2 PCG Delay | -0.41 -0.58
3 PCG Delay |-0.67 -0.75
3 path 30 km/hr | 2 PCG Delay | 0.054 0.040
3 PCG Delay | 0.085 0.082
3 path 100 km/hr | 2 PCG Delay | -0.16 -0.22
3 PCG Delay |-0.17 -0.26
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In the 800 MHz band with no PCB error (Table 13), the proposed CLPC
algorithm has a positive gain for all channel configurations except for the 3 path 100
km/hr case with Proposed(D+0.5). The proposed CLPC algorithm shows the best
performance in 1 path 30 km/hr with gains of approximately 1 dB and 1.8 dB using
Proposed(D+0.5) when the loop delay is 2 PC'G and 3 PCG slots respectively. The
FER performances of the proposed CLPC algorithm when delay is 2 and 3 PCG slots
are almost the same as the FER of the conventional CLPC when there is 1 PCG delay.
This indicates that the proposed CLPC is quite effective in reducing the impact of the
delay in the power control loop. ‘As the speed is increased to 50 km/hr__wit'h 1 signal
path, the performance gain becomes smaller; but there is still 0.6 dB and 0.9 dB gain
using Proposed(D+0.5) when delay is 2 PCG and 3 PCG slots respectively. It can be
seen that when the mobile sbeed is low (1 path 3 km/hr), the improvement using the
proposed CLPC algorithm is small. This is expected because the conventional CLPC
algorithm can effectively track the fade variations when the channel changes slowly
even when there are some delays. In general, when a single bit PCB scheme is used
for CLPC, prediction will only improve CLPC performance when the E, /N, crosses
the power control threshold. That is, with prediction, the future E, /N, value will be
used for decision making for the current PCB. If the signal is entering or exiting a
 fade, the corresponding PCB based on the predicted E, /N, value can be sent earlier
to mitigate the effect of the upcoming channel condition. At low speed, the Doppler
frequency is low and the number of times E, /N, crosses the power control threshold
ina given time interval is small. Therefore, the gain from the use of prediction is less
obvious at low speeds. But TDC reduces power oscillation amplitudes when the

Doppler frequency is low. This means that a smaller fade margin is required which in

turn increases the capacity. At high speed (1 path 100 km/hr and 3 path 100 km/hr),
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the improvement is small because the Doppler frequency is too high for accurate

prediction of future fades. This is because for E,/N, to cross the power control

threshold, there must be a local maximum or minimum. An incrcased number of local
maxima or minima in a given time period generally results in poorer fade prediction
accuracy. It is found that Proposed(D+O.5) gives similar results to Proposed(D) in all
channel configurations. Therefore, the impact of the 0.5 PCG delay between the SIR
estimation and the execution of the PCB is small.

In the 1.9 GHz band with no PCB error (Table 14), the proposed CLPC
algorithm has positive gains in all 3 km/hr and 30 km/hr simulations. However, the

proposed CLCP algorithm has negative gains in the 1 path 50 km/hr simulation when

delay is 3 PCG slots, and all 100 km/hr simulations. The performance of the proposed

CLPC algorithm running in the 1.9 GHz band follows the observations made for the

800 MHz band. That is, the proposed algorithm performs better at low to moderate

- Doppler frequencies and its performance degrades at high Doppler frequencies, as

fade prediction is inaccurate at high Doppler frequencies. In the 1.9 GHz band, the
Doppler frequenéy is more than two times the Doppler frequeh_cy in the 800 MHz
band. In Table 14, wé céx; see that‘,t_he_perforrr“l.anéé at low speed (1‘ path 3 km/hr) is -
improved when compared to the results in Table 13. As the proposed CLPC algorithm
gives best performance at moderate spé@& (30.to 50 km/hr) in the 800 MHz band, we
can expect similar performance at approximately 15 to 25 km/hr in the 1.9 GHz band.

One way to avoid degradations caused by the proposed CLPC algorithm is to
check the fade prediction accuracy during run time. When the differences between the
predicted SIR’s for successive PCG slots and the actual SIR’s of these PCG slots afe
greater than some threshold value for a certain period of time, we can conclude that

the proposed CLPC algorithm can no longer track the channel changes. In this case,
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the proposed CLPC algorithm can run with TDC only until prediction is re-enabled
when the differences between the predicted SIR’s and the actual SIR’s are below
some threshold value for a certain period of time.

When PCB errors occur at a rate of 5%, a higher E, /N, is required to achieve -

the target FER in all the channel configurations simulated. Table 15 shows the impact
of a 5% PCB error rate on the conventional CLPC algorithm. The E, /N, required to

achieve the target FER when PCB error rate is 5% is compared to the case when PCB

error rate is 0%.

Table 15 Impact of 5% PCB Error Rate on Ep/N; for the Conventional CLPC
Algorithm to Achieve the Target FER at 870 MHz

Channel E,/N, 5%PCB E,/N, 5%PCB E,/N, 5% PCB
) error rate ‘ error rate error rate

Configuration (Delay=1) - (Delay=2) — (Delay=3) -
E,/N, No PCB E,/N, No PCB E,/N, No PCB
error (Delay=1) error (Delay=2) error (Delay=3)

1 path 3 km/hr +0.049 +0.061 +0.059

1 path 30 km/hr +0.58 +0.34 +0.14

3 path 100 km/hr | +0.073 +0.096 +0.12

In the 1 path 3 km/hr and 3 path 100 km/hr simulations, the impact of a 5%

PCB error rate on the required E, /N, to achieve the target FER is relatively small.
However, it is noted that the impact of PCB errors on the required E, /N, to achieve

the target FER in the 1 path 30 km/hr channel configuration is significant and the
impact decreases as the loop delay increases. This is because with no PCB errors, the
performance degrades as the loop delay increases. This is most noticeable for the 1

path 30 km/hr channel configuration as shown in Table 11. It is expected that PCB

105



ol

errors will tend to ha\;e' the grealesf impéfcix when the CLPC algor:ithm> i.s-_ quite
effective and the loop delay is small.

Next, we"investigate the impact of PCB e‘rr;Srs on the proposed CLPC
algorithm. Table 16 summarizes the relative performance gain of the proposed

algorithm in dB when the PCB error rate is 5%.

Table 16 Relative Performance Gain of Proposed CLPC Algorithm at 870 MHz
with 5% PCB Error

Channel Delay (n,) Proposed(D) Proposed(D+0.5)
Configuration Performance Gain (dB) | Performance Gain (dB)
Compared to Compared to
Conventional Conventional
1 path 3 km/hr 2 PCG Delay | 0.036 : 0.047
3 PCG Delay {0.11 0.13
1 path 30 km/hr | 2 PCG Delay 04.55 ' 0.74
3 PCG Delay 1..2 1.3
3 path 100 km/hr | 2 PCG Delay | 0.016 -0.067
3 PCG Delay | 0.020 -0.037

In the 800 MHz band with 5% PCB error rate, the relative performance gain
of the proposed CLPC algorithm is smaller compéred to the case with no errors. The
proposed CLPC élgorithm still shows the best performance in the 1 path 30 km/hr
channel configuration with gains of approximately 0.7 dB and 1.3 dB using
Proposed(D+0.5) when delay is 2 PCG and 3 PCG respectively. The performance
gains drop by about 0.3 dB and 0.5 dB for delay of 2 PCG and 3 PCG respectively
when compared to the | path 30 km/hr channel configuration with no PCB errors. A

PCB error results in cascaded errors in the proposed CLPC algorithm since previously
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transmitted PCB values are used for delay compensation and fade prediction. From
equation (5.1), it can be seen that in the proposed CLPC algorithm, a PCB error
affects up to n, PCB decisions.

Overall, with the proposed CLPC algorithm, the same system performance can
be achieved with a lower traffic E, /N, for a range of mobile speeds of interest,

thereby increasing the capacity of the IS-2000 system.
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7.0 Conclusion

In this thesis, the effects of power control loop delays on the FER of an IS-

2000 forward link using the conventional CLPC algorithm and a proposed delay

compensated, fade prediction based CLPC algorithm have been studied. In this

chapter, we summarize the main contributions of this thesis and provide some

suggestions for further study.

7.1 Contributions of the Thesis

1.

The effects of loop delays on IS-2000 forward link CLPC

The FER performance of the conventional IS-2000 forward link CLPC
algorithm in the presence of loop delays is studied. It is shown that the
increase in power oscillation amplitude with loop delays reported in [17]
exists in the conventional IS-2000 CLPC algorithm. Furthermore, simulations
were used to show the impact of loop delays on the FER using a detailed
system model that includes coding / decoding, interleaving / de-interleaving,
and spreading / despreading. The forward link CLPC test"cqnﬁgufations from ‘
[22] were used, ana simulatioxtls.vx‘/ére run for the 800 MHZ and 1.9 GHz

frequency bands with total delay n,=1, 2 and 3 PCG slots. It is also observed

that the conventional” CLPC algorithm l;‘ER degrr:;dations dﬁe to loop delays
are relatively small at low Doppler frequencies. This is because at low
Doppler frequencies, the CLPC algorithm can track the fading envelope €ven
when there is a small time delay. For moderate Doppler frequencies, the FER
performance of the conventional CLPC algorithm is sensitive to loop delays.

However, the delay sensitivity decreases as the Doppler frequency increases
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from moderaté éo high. At high Doppler frequencies, the CLPC algorithm is
ineffective and interleaving is the main process that mitigates fading.

A delay compensafed fade prediction based CLPC algorithm

A delay compensated, fade prediction based CLPC algorithm that can reduce
power oscillation amplitude and improve SIR estimation in the presence of
» loop delays is proposed. The proposed CLPC algorithm can reduce the

required fading margin andv lower the E, /N, needed to achieve the target

FER thereby resulting in an increase in the system capacity. The proposed
CLPC algorithm can be easily implemented in an [S-2000 compliant system
with no additional hardware requirements. The only change required is an
upgrade of the firmware which controls the generation of the PCBs.

FER performance comparison of the conventional and proposed CLPC
algorithms

A detailed 1S-2000 system model was used to simulate the FER performance
of the proposed CLPC algorithm. Using CLPC test setups from [22],
simulation results for the forw;':lrd link show that the proposed CLPC
algorithm performs better than the conventional CLPC algorithm for a range
of Doppler frequencies of interest. As the Doppler frequency increasgs from 0,
the relative performance of 'the proposed CLPC algorithm improves until some
threshold value, £, . Above f, , the relati.ve performance degrades gradually.
This is because the prediction algorithm cannot accurately track the fading
envelope and the SIR estimation becomes inaccurate at high Doppler
frequencies. Studies on the effect of PCB errors on the proposed CLPC

algorithfn show that the difference between the FER performance of the

conventional and proposed algorithms decreases when the PCB error rate is




5%. ’fhi‘s is beéaiil,se the prop'dsed CLPC algorithm usés-previously sent PCBs
to correct the SIR estimation and PCB errors reduce the accuracy of the SIR
estimation. it is found that the proposed CLPC algorithm offers a noticeable
improvement in the FER performance compared to the conventional CLPC -

algorithm when the Doppler frequency is moderate.

7.2 Topics for Further Study

Several methods by which the performance of the proposed CLPC algorithm

can be improved are suggested below.

1.

Suppression of fade prediction at high Doppler frequencies

It was observed that at high Doppler frequencies, the proposed CLPC
algorithm could have a worse FER performance than the conventional CLPC
algorithm. Thus a scheme which disables fade prediction when the Doppler
frequency exceeds some threshold value could be studied. Its performance
coqld be compared with the scheme suggested in Chapter 6.4 which is based
on the difference between the predicted SIR and the actual received SIR.
Application of prediction on each multipath

The proposed CLPC algorithm uses the E, /N, values after MRC to predict

channel fades. Simulation results show that the relative FER performance of
the proposed CLPC algorithm is better in the 1 path case than in the 3 path
case at moderate Doppler frequencies. It is expected that if channel
information from each multipath were used for prediction, the performance in
the 3 path case would be improved. The predicted channel condition from

each multipath can be combined at the end and then used to generate an
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E, /N, estimation for future PCGs. The performance improvement which can

be obtained by such an approach should be studied.

Higher order prediction algorithm

Linear extrapolation was used in this thesis to predict channel fades. Other
fade prediction algorithms can be studied and used with delay compensation
to possibly improve the proposed CLPC algorithm performance. For example,
quadratic curve fitting can be used on the SIR samples to predict channel
fades. It is expected that when a highér order prediction algorithm is used,
more delay compensated E, /N, “samples will be needed by thehpr'ediction
algofithm. Hiéher ofder prediction algorithm sensitivity to PCB errérs should

be studied. _
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