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CHAPTER 4

Performance Evaluation of Downlink

Power Allocation Mechanisms for Soft
Handoff in the WCDMA System with

Power Control Errors

Soft handoff is a crucial technique for code division multiple access (CDMA) systems
to provide smooth and seamless real time multimedia services in wireless networks.
Soft handoff allows a mobile terminal to establish communication links to more than
one base station simultaneously, thereby improving the signal quality [33] [34] [12].
However, soft handoff may also decrease system capacity or introduce more interfer-
ence to other users because of assigning multiple channels to one mobile station.
Because the performance of CDMA systems is interference-limited, it is im-
portant to design a proper power allocation scheme for soft handoft to control the
amount of transmission power. In the literature, some downlink power allocation
schemes have been proposed for soft handoff in CDMA systems, including equal power
allocation (EPA) [20] [21] [22], quality balancing power allocation (QBPA) [23], site
selection diversity transmission (SSDT) [14] [15], and link proportional power alloca-
tion (LPPA) [18] [19]. Traditionally, the SSDT scheme, which selects the best base

station to transmit signals to the user, has been shown by simulation as the optimal



solution for downlink power allocation in soft handoff from the standpoint of power
efficiency.

However, the performance of downlink power allocation mechanisms in soft
handoff can be strongly influenced by transmit power control errors. In addition to
power control errors, base station power shortage is another factor causing perfor-
mance outage during soft handoff in CDMA systems. To our knowledge, the analysis
of the joint effects of power control error and power shortage on downlink power al-
location mechanisms in soft handoff is still lacking in the literature. The objective
of this chapter and [35] is to develop such an analytical method. We will incorpo-
rate the above two factor in our analytical model. The contribution of this work are
three folds. First, we apply a harmonic-arithmetic mean inequality and Chebyshev
inequality to prove that SSDT is the most efficient power allocation mechanism as
compared to other schemes, such as EPA, QBPA, and LPPA schemes. Secondly,
we further derive the closed-form expressions for the outage probabilities of different
power allocation mechanisms subject to transmission power control errors. Third,
from both the perspectives of base station power shortage and power control errors,
we develop a semi-analytical approach to evaluate the outage performance of different
power allocation schemes. From our numerical results, we find that LPPA exhibits
the lowest outage probability compared to SSDT and EPA when the traffic load is
not heavy, while SSDT is the best choice with a heavy traffic load.

The rest of this chapter is organized as follows. Section 4.1 describes the four
considered power allocation schemes, including LPPA, SSDT, QPA and QBPA. Sec-
tion 4.2 compares the power efficiency of the four power allocation schemes. Section
4.3 analyzes the impact of power control errors. Section 4.4 gives some numerical re-
sults and discusses the effect of base station power shortage and transmission power

control errors. We give our concluding remarks in Section 4.5.
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4.1 Downlink Power Allocation Strategies

A downlink soft handoff process requires multiple base stations to simultaneously
allocate power to a mobile terminal during handoff. There are four downlink power
allocation strategies considered in this chapter, including (1) link proportional power
allocation (LPPA), (2) equal power allocation (EPA), (3) quality balancing power
allocation (QBPA), and (4) site selection diversity transmission (SSDT). In this sec-
tion, we will detail the principles of each method. To begin with, we discuss how to

calculate signal-to-interference ratio (SIR) during soft handoff.

4.1.1 SIR performance

The purpose of soft handoff is to improve the SIR performance for a user. Assume
that a cellular system has total | Y| base stations, each of which has the maximum
transmission power P,,... According to [32], a user can apply the maximal ratio
combining scheme during the soft handoff process to combine the received signals
from all the base stations in the active set. Thus, the received signal for a user can

be expressed as

SIR= > SIRi= Y L;iiN’ (4.1)

icactive set icactive set
where STR; is denoted as the received SIR from base station ¢; .5; is the downlink
received power of the serving base station 7 at the user terminal; N is the noise power;
I; is the sum of the inter-cell and the intra-cell interference. Specifically, STR; can be

computed by
pi/Li

(4.2)

where p; is the allowable transmission power allocated to a single mobile from the base

station; P; is the total transmission power of base station 7 ; « is the orthogonality
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factor. In (5.6), L; is defined as

L;=10%d

(4.3)

where {2; is the log-normally shadowing component, d; is distance between the mobile

to base station 2, and A is the path loss exponent.

Substituting (5.7) into (5.6), we obtain

i/ Li
SIR= Y p/ |
: P; a—1)-F
icactive set -7 > TP N
(o p)+ e

jex 7

where T is the set of all base stations in the entire system.

From (4.4) we can express the downlink SIR as follows:

pi/ L

M
SIR =
Z<ZP>+NP<1>

L.

J

L;

i=1
M
- S
‘AL, - B’
j=1

where M is the number of base stations in the active set,

7|

Azgpgj””)w,

and

B=P,..(1—a) .

4.1.2 Link Proportional Power Allocation

(4.4)

(4.5)

According to the link proportional power power allocation (LPPA) method in [18],

it was suggested that the transmission power of the base station during a handoff
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process should be proportional to the link gain between a handover mobile to its
serving base stations. To determine the transmission power based on LPPA, we have
to find a set of p; (i =1 to M) such that STR > SIR,., and

1 1 1

= — . — e — 48
Ly Ly Ly (4.8)

PrL P2 PM

Subject to the constraint in (5.11), the transmission power from base station i

in the active set according to the LPPA principle (denoted as p; ,rp4) can be rewrite

as
PLPPA/Lz
Dirppa = 1 N 1 N N 1 5 (49)
L, L, °~ Ly

where Prppa is the total required transmission power for the system with LPPA.

Substituting (5.13) into (5.8), we have

Mo
u SIRyeq - (Z E)
Prrpa = Di,LppPA = = ) (4-10)
; i 1/L,
AL, — B

i=1

where A and B are defined in (5.9) and (5.10).

4.1.3 Site Selection Diversity Transmission

In [14], the site selection diversity transmission (SSDT) technique was proposed to
select the base station with the minimal path loss among the active set to serve the
user. Therefore, with SSDT technique, a user is always served by the base station
that transmits the least power to achieve the required performance, thereby achieving
the goals of power saving and interference reduction. The SSDT scheme is viewed
as a soft handoff process since it selects the best base station from the active set.
As mentioned before, SSDT is viewed as the best power allocation method from the

standpoint of power efficiency.
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Denote p; as the required transmission power from base station 7 (i = 1 to M)
in order to maintain the required link quality for a mobile user. According to the
SSDT scheme, the transmission power allocated to a target user from the selected

base station with the SSDT technique (denoted by Psspr) is expressed as

Psspr = Di.sspr
= min(py, ..., par)
= SIRyeq-min(AL, — B,..,ALy — B) (4.11)

where A and B are defined in (5.9) and (5.10).

4.1.4 Equal Power Allocation

Based on the equal power allocation (EPA) principle, all base stations involved in the
handoff process will allocate the same amount of power to the target user [20]. Based

on EPA, a set of p; (i =1 to M) are determined such that SIR > SIR,., and

PL=p2=‘"=pDMm - (4.12)

From (5.8), we know
M
o Di
SIRyeq = ;:1 T (4.13)

Applying the EPA constraint of (5.16) to (5.8), we obtain the transmission power

from base station ¢ in the active set is written as

DiLEPA= 5 (4.14)

where A and B are defined in (5.9) and (5.10). Then, the required transmission power

for a system with EPA technique (denoted by Pgp,4) is the sum of all the transmission

42



power from all the base stations in the active set. That is,

M
M- SIR,.
Prpa = Zpi,EPA = M—lq : (4.15)
B 2 AT B
— AL, — B

4.1.5 Quality Balancing Power Allocation

The quality balancing power allocation (QBPA) method was introduced in [23]. The
basic idea of the QBPA method is to make the received signal from all the handoff
base stations be equal. Specifically, the transmission power level of the serving base
stations are proportional to the path loss between the handoff user to the serving
base stations. Based on QBPA, the base station transmission power, p; (i =1 to M)
is determined subject to the constraints that SIR > SIR,., and

bv_ P2 _PM

= == . 4.1
Ly Ly Ly (4.16)

Applying the constraint of (5.19) to (5.8), the transmission power from base station

7 in the active set can be obtained as follows:

SIRyeq - Li
22 AL~ B

where A and B are defined in (5.9) and (5.10). Then by summing all the transmission

Pi,QBPA — ) (4.17)

power from all the base stations in the active set, the total required transmission power

for a system with QBPA allocated to a mobile (denoted as Poppa) can be computed

as y
y SIRpeq- ) Li
Pospa S Zpi,QBPA = =l . (4.18)
=1 Z Lz
— AL, — B
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4.2 Power efficiency comparison

In this section, we first analyze the power efficiency of different power allocation
schemes in terms of the base station power shortage. In the literature, SSDT is
shown to be the most efficient power allocation scheme by simulations. However,
the property that SSDT is the most power efficient scheme has not been proved
analytically. In the following, we will apply a harmonic-arithmetic mean inequality
and Chebyshev-inequality to prove that SSDT is the most efficient power allocation
mechanism as compared to EPA, QBPA, and LPPA mechanisms.

Lemma 1: For the same required received power at the handoff user termi-
nal, the total required transmission power allocated from the system with the EPA

method is less than or equal to that with QBPA method, i.e., Pgpa < Poppa.

Proof. From (5.18) and (5.21), we have

Moo
Pepa _ M 4 AL - B
M , (4.19)

Poppa 1
; b Zl AL; — B

where A and B are defined in (5.9) and (5.10).

Because the harmonic mean is smaller than the arithmetic mean, we can have

MM < Y L . (4.20)
211/ Ly M
Thus (4.19) implies that
M M I
Prpa < ;1/&.;’4[’ ~ B
Poppa M M 1
AL; — B



1 1. 1 L,
Gi 21 G AL, -5

— 22“1 — 1* . (4.21)
M';AL,-—B

Without loss of generality, assume

Li>Loy>..>Ly . (4.22)
Then, we have
L < L <. < L
Ly Ly Ly
1 5 Ly, (4.23)

AL.—B “AL,—B -~ AL, _B

According to the Chebyshev inequality, we know if

0<ai<ax<...<ay

(4.24)
0<b <by <...<buy
then
Mo N b, M. aibi
). )< “ ) 4.25
(;M) <;M)—<;M) (4.25)
Thus (4.21) leads to
( 1 i”: B L )
PEPA < M i=a Ll M i=a ALl - B
Poppa 1 XM 1
M z:: AL, — B
1 L
M 4~ AL,— B
S ZJ‘:JG/ — 1
1 1
M Z<AL - B
= Prra < Posra (4.26)
L]
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Lemma 2: The total required transmission power allocated from the sys-
tem with the LPPA method is less than or equal to that with EPA method, i.e.,

Prrra < Pepa.

Proof. From (5.14) and (5.18), we have

Prprpa _ i—1 i=1 (4.27)

Prra

Similar to Lemma 1, we assume Ly > Ly > ... > Lj; and AL; > B. From (4.23) and
(4.25), we obtain

ii 1
L, AL,—B

Prepa J=1 _q
Pepa — i 1 1
= L; AL; - B
= Prrpa < Pepa (4.28)

Lemma 3: The total required transmission power allocated from the sys-
tem with the SSDT method is less than or equal to that with LPPA method, i.e.,

Psspr < Prppa.
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Proof. From (5.15), (5.14), (4.23) and (4.25)

M
1/L;
min(AL; — B) - ( )
Psspr = ALi— B
Prppa i 1
=1
N
1/L;
AL;— B
Z AL;,—B 7
< J=1 ~ =1
1
pal
= Psspr < Prppa (4.29)

O

Theorem 1: The total required transmission power required for the system
with the QBPA, EPA, LPPA, and SSDT methods are listed from the least power

efficient to the most power efficient, i.e., Psspr < Prppa < Prpa < Poppa.

Proof. Theorem 1 is proved by observing Lemmas 1, 2, and 3. |

To summarize, different power allocation schemes lead to different total trans-
mission power allocated from the system. The less the power required, the higher
will be the power efficiency. From Theorem 1, we conclude that SSDT is the most

efficient power allocation scheme, while QBPA is the worst one.

4.3 Power Control Error Sensitivity

Besides base station power shortage, the power control error is another factor causing

performance outage. In this section, we will derive closed-form expressions for outage
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probability of downlink power allocation mechanisms due to power control errors.

The outage probability is defined as

P = PI‘Ob(SIR < SIRthreshold)? (430)

where

S[Rthreshold = SIRtarget . 105/10,

and x is the SIR outage margin in the dB domain. For notation simplification, let

I, = A— B/L;. From (5.8), the target SIR can be written as

pi/Li _ <Ny
STRiarget = Z’ T, : T (4.31)

where p; is the transmission power of base station ¢ serving a specific mobile with
perfect power control, and I; is the corresponding interference. Let a power control
error (denoted as x;) be modelled by a Gaussian random variable with zero mean and
a standard deviation of o, [20]. The received SIR can be expressed as

10x:/10

SIR = Zpl/L o ZpL I

(4.32)

Then, we have

L
P, = Prob(=F—— < 10710

= Prob(z S < 10710y, (4.33)

= 1n10 - log(~2L ), (4.34)
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and standard deviation
In10
O-Ci = 1—0 . O'X.

By using the Fenton-Wilkinson’s approximation [36], we approximate the sum of

(4.35)

log-normal random variables as another log-normal random variable . That is

M
¥ =) e, (4.36)
=1

where the mean of 1 is

pp = 21n(ug) — %11’1(1&2), (4.37)

and its variance is

ai = 2In(uz) — 21n(uy). (4.38)

Note that in (5.49) and (5.50),
M 2
up =y eatons? (4.39)
i

and

M

2

uy = E e2Heit2og,
i=1

M-1 M 1.2 4 2
+2 § : § :{eugi-ﬂt(j . eg(ﬂgi-l—crgj-l-%ijagiagj)}

i1 j=itl
(4.40)
Then (4.33) can be simplified as
M In10
Prob(3 6 < 107+/10) = (1) (4.41)
i=1 T
where
1 2
T) = —F— e 2dt . 4.42
Q) - —= [ (4.42)



Note that p; and oy are functions of p; depending on different power allocation
schemes from (4.34) to (5.52). Combining (5.13) and (5.14), we can obtain p; under
LPPA as

1
Pi,LPPA % (4.43)
By substituting p; pppa of (4.43) into p; in (4.34) and (4.41), we can obtain the outage
probability with LPPA subject to power control error.

Similarly, by substituting p; sspr, pippa and p;gppa obtained from (5.15),
(5.17) and (5.20) into p; of (4.34) and (4.41), we can obtain the corresponding outage
probability due to power control errors for power allocation mechanisms SSDT, EPA|
and QBPA  respectively. From (4.34) to (4.43), one can see that the outage probability
due to power control errors is related to of L; and A, both which are functions of the
distance between a mobile and base stations according to (4.3) and (5.9). Therefore,
the outage probability due to power control errors is dependent on both the mobile

locations and power allocation schemes.

4.4 Numerical Results

In this section, we provide the simulation and analytical results for four power alloca-
tion schemes. Both the effects of base station power shortage and power control errors
are considered. We first compare the power efficiency and the sensitivity to power
control errors for different power allocation schemes. Then we show the impacts of

both outage factors on the performance of downlink power allocation mechanisms.
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4.4.1 Simulation Environment

We apply a wrap around technique to simulate a cellular system with 19 cells as
shown in Figure 1. Refer to [32], the environment parameters used in simulation are
listed in Table I. We assume that all the mobiles are uniformly distributed in the
system. Each mobile moves at the speed of 80 km/hr with probability of changing

direction equal to 0.2, and the range of turning angle is 45 degrees.

4.4.2 Results of Power Efficiency

In Section 4.2, our analysis has shown that SSDT has the best power efficiency, while
QBPA performs worst. Figure 2 shows the simulation result of outage probability
with different system loads and different power allocation algorithms. As shown in
the figure, SSDT has the lowest outage probability under different system loads. In
this example, if the required outage probability is 10 %, the system capacity with
SSDT, LPPA, EPA, and QBPA are 46, 41, 35, and 23, respectively. This simulation

result verifies Theorem 1 in Section 4.2.

4.4.3 Effects of Power Control Errors

Now we present the outage probability performance of power allocation mechanisms
due to power control errors. We investigate the behavior of one mobile moving from
base station 1 to base station 2 along with a straight line. We compare the outage
probability purely caused by power control errors for LPPA, EPA, QBPA and SSDT.
Let the SIR margin x be 1, power control error factor o, be 0.5, and handoff threshold
be 5 dB. Figure 3 shows the impact of power control errors on the power allocation
mechanisms in terms by evaluating (4.41). One can observe that QBPA is the least
sensitive to power control errors, while SSDT is the most sensitive to power control

errors. The outage probability differences due to power control errors for four power
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allocation schemes can be as high as 5.9 % percent at the normalized distance equal

to one.

4.4.4 Effect of Both Power Efficiency and Power Control Er-

ror

So far we have shown the outage probability due to base station power shortage and
power control errors in Fig. 2 and Fig. 3, respectively. Now we want to combine

these two outage factors together.
Prob(outage) = Prob(BS power shortage) + [1 — Prob(BS power shortage)]
-Prob(outage due to power control errors) . (4.44)

Because the simulated outage performance of base station power shortage outage is
combined with analytical outage due to power control errors, this is a semi-analytical
approach. In this simulation, all the mobiles are uniformly distributed in the system
and the soft handoff threshold is set to be 5 dB. The sensitivity to power control
errors differs most at the normalized distance equal to one, so we first show the
performance of one fixed point at normalized distance equal to one.

First, we use a special case to verify our analytical result by simulation. Figure
4 shows the outage probability of a particular mobile located at the cell boundary
when applying the SSDT and LPPA mechanisms with base station power constraints
and power control errors, where the SIR margin « is 1, power control error factor o,
is 0.5, handoff threshold is 5 dB, and the other system parameters are listed in Table
1. The pure simulation results in the figure match our semi-analytical results. From
the figure, we find that when the average number of users in a base station is less than
40, SSDT exhibits higher outage probability, while LPPA is the better choice. This

observation implies that the advantage of SSDT on power efficiency is not sufficient
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enough to offset the degradation of the sensitivity to power control errors in a typical
system load.

Now, we provide a more general numerical result. Figure 5 shows the com-
parison of average outage probability for all the handoff users applying four power
allocation mechanisms with the total power constraint and power control errors, where
the handoff threshold is 5 dB as the previous case. We find that QBPA leads to the
lowest outage probability under the light system load. When there are 15 users per
cell, the outage probability of SSDT, LPPA, EPA, and QBPA are 7.5, 5, 4, and 2.5
percent, respectively. However, the system performances of four power allocation
schemes change as the system load increases. If the maximum outage probability
accepted is 9 %, the system capacity with SSDT, LPPA, EPA, and QBPA are 38,
38, 33, and 22, respectively. Note that LPPA approaches the maximum system ca-
pacity when the outage probability is set to be less than 9 %. Nevertheless, SSDT
outperforms other power allocation schemes only with the heavy load situation, i.e.,
the number of users is larger than 38 per cell. In this heavy load case, the outage

performance is as high as 9 %, which may not be practical in some situations.

4.4.5 Discussion

Each power allocation scheme has different pros and cons as seen in Fig. 5. However,
it is hard to say which one is the best power allocation strategy, because it depends
on the angle of comparing different power allocation schemes. For example, SSDT
achieves the highest system capacity if the maximum acceptable outage probability
is set to be 10 %. Nevertheless, the system with SSDT suffers a higher outage
probability when the system load is not so heavy, e.g., less than 37 mobiles in a
cell. Furthermore, QBPA provides the lowest outage probability when the number of
mobiles in a cell is less than 17, but QBPA system can only support 22 mobiles per
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cell, which is the lowest for the required outage probability is lower than 10 %. Note
that EPA exhibits slightly higher outage probability under light system load, but has
much higher capacity than QBPA. Interestingly, LPPA approaches almost the same
capacity as SSDT, while maintaining lower outage probability than SSDT. According
to above discussions, LPPA seems to be a better choice because it can achieve high

capacity. However, LPPA may requires more computations and signaling traffic.

4.5 Conclusions

In this chapter, we have investigated the performance of different downlink power
allocation schemes for soft handoff in CDMA systems subject to power control errors.
With consideration of both base station power shortage and power control errors, we
analyze the outage and capacity performances of equal power allocation (EPA), qual-
ity balancing power allocation (QBPA), site selection diversity transmission (SSDT),
and link proportional power allocation (LPPA) mechanisms.

Our numerical results demonstrate that due to power control errors the SSDT
system suffers from a higher outage probability in the moderate traffic load condition
although it can achieve the best outage probability performance in the heavy traffic
condition. Furthermore, we show that the LPPA system can almost approach the
capacity of the SSDT system, while maintaining lower outage probability than SSDT
in the moderate traffic.

Some interesting research topics extended from this work include the selection
of optimal handoff parameters, and the impact of correlated shadowing and Rician

factor on the downlink power allocation schemes.
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Figure 4.1: Base station layout in simulations.

55



20 ! !

— —_ — —_
\v] L » <«
T T T T

The outage probability %

45 50

The average number of users in a base station

Figure 4.2: Outage probability comparison of four power allocation mechanisms with
total power constrain and without power control error. This simulation is under

environment with system parameters listed in Table 1.
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Figure 4.3: Sensitivity of power allocation mechanisms to power control error with-
out the total power constraint. This simulation is under environment with system
parameters listed in Table 1 while letting the SIR margin  be 1, power control error

factor o, be 0.5, and handoft threshold be 5 dB.
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Figure 4.4: Outage probability of a particular mobile located at the cell boundary
when applying the SSDT and LPPA schemes. The pure simulation results are also
provided to verified our analytical results, where the SIR margin « is 1, power control
error factor o, is 0.5, and handoff threshold is 5 dB, and the other system parameters

are listed in Table 1.
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Figure 4.5: Comparison of average outage probability for all the handoff users ap-
plying four power allocation mechanisms with the total power constraint and power
control errors, where the SIR margin x is 1, power control error factor o, is 0.5, and

handoff threshold is 5 dB.
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Table 4.1: Simulation Para

meters

the total number of cells, T

19

antenna type

omni-directional

radius 1211 m

max. base station tran. power, Ppay 30 dBm

processing gain 24.9 dB

the required signal quality, Ey/N, 7.9 dB
de-correlation distance, dg.. 20 m
shadowing standard deviation, o 10 dB
handoff threshold 5dB

orthogonality factor, « 0.5
noise power, N -99 dBm
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CHAPTER 5

Performance Analysis of Downlink Power
Allocation Mechanisms for Soft Handoff
in the WCDMA System with Co-channel

Interference

The growing demands for the mobile multimedia services have posed a new challenge
on the next generation wireless systems. On of the key challenges is to provide seam-
less handoff for a high-speed mobile transmitting high-volume real-time multimedia
traffic.

Soft handoff has been viewed as an inevitable technique of the code division
multiple access (CDMA) system to maintain the radio link quality for a user termi-
nal moving across the cell boundary since the introduction of the second generation
cellular mobile systems. The conventional soft handoff mechanisms are effective in
the 2"? generation voice-oriented cellular mobile networks, and the soft handoff issue
has been investigated for ten years [12,33,34]. Nevertheless, it is still a hot research
area to improve the soft handoff mechanisms for supporting high data-rate real-time
services, especially in the downlink.

To support high volume downlink transmission for soft handoff users, various

downlink power allocation mechanisms have been proposed in the literature [14, 15,



17-23]. The key challenges in designing downlink power allocation mechanisms lie
in two folds. First, power efficiency of the power allocation mechanisms is required
to be carefully evaluated because each wireless Internet user demands more power to
support its high data rate services. Second, outage performance subject to co-channel
interference becomes a critical issue since the link quality is the key requirement for the
wireless multimedia service. To our knowledge, an analytical evaluation on the power
efficiency and the outage probability subject to co-channel interference of different
power allocation mechanisms in soft handoft is still lacking in the literature.

The prior studies on the downlink power allocation mechanism for soft handoff
can be summarized as follows. Four different downlink power allocation mechanisms
have been reported in the literature, including the site selection diversity transmission
(SSDT) [14] [15], the link proportional power allocation (LPPA) [17-19], the equal
power allocation (EPA) [20-22], and the quality balancing power allocation (QBPA)
[23]. The SSDT mechanism was shown to be most power efficient downlink power
allocation scheme by simulations in [23] and by proof in [19], respectively. However,
in [19], the exact amount of consumed power was still obtained by simulations. The
impact of power control errors on the power allocation mechanisms was investigated
in [35]. Recently, in [37], the authors analyzed the outage performance of the EPA-
based soft handoff in the Rayleigh fading channel. However, the power efficiency of
the considered soft handoff algorithm and the impact of co-channel interference were
not considered in [37].

This chapter includes two major objectives. The first goal of this chapter is
to develop an analytical approach to evaluate the power efficiency of different power
allocation mechanisms in soft handoff. The second goal of this work is to present an
analytical expression for evaluating the outage probability of a soft handoff user when
applying different power allocation mechanisms in the lognormally-shadowed Rician

fading channel subject to multiple lognormally-shadowed Rayleigh fading co-channel
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interferences. We will apply the developed analytical methods to explicitly estimate
the consumed power for different power allocation mechanisms and evaluate the effects
of soft handoff threshold, orthogonality factor of the channelization codes, and the
Rician fading K factor on the outage performance of the soft handoff algorithms
subject to co-channel interference.

The rest of this paper is organized as follows. Section 5.1 describes radio
channel, SIR performance model. Section 5.2 illustrates the four considered power
allocation schemes, i.e. SSDT, LPPA, EPA, QBPA. Section 5.3 analyzes the power
efficiency of the four power allocation schemes. Section 5.4develops the analytical
model for evaluating the outage probability of soft handoff algorithm in the log-
normally shadowed Rician fading channel subject to co-channel interference. Section

5.5 gives some numerical results. We give our concluding remarks in Section 5.6.

5.1 Radio Channel and SIR Performance Models

In this chapter, we consider a radio channel model characterized by path loss, log-

normally shadowing and Rician fast fading.

5.1.1 Path Loss and Shadowing

To begin with, the joint path loss with log-normally distributed shadowing in decibels

is characterized by a multivariate Gaussian variable, i.e.

Ly 106 log(d,)
L = ~ N 9 O-QC 9 (51)
L~ 106 log(dy)
where T is the total number of base stations in the system, ¢ is the path loss exponent,

d; is the distance between a mobile and base station i, o2 is the variance of the log-
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normal shadowing. In (5.1), C = [Ci,j];{j:p and ¢; ; is the path loss correlation between

base stations ¢ and j, defined as
Cs;=0a + bcos 01-,_7- s (52)

where 6, ; is the subtending angle of base stations 7 and j to the mobile and {a, b}

are tunable parameters.

5.1.2 Rician Fading

In the propagation model with a line-of-sight (LOS) or specular component, the
instantaneous received signal amplitude (denoted as x4) is Rician distributed. If
the scattered power of the received signal is 02 and the amplitude of the dominant
component is Ay, then the probability densiti function (pdf) of the instantaneous

received signal is

z —(x2 + A2 Ax
Fus(alot, Ag) = 22 expp—Tat Aoy Adtay (5.3)
o 2073 o

where [ is the zeroth order modified Bessel function of the first kind. Then the
instantaneous received signal power (denoted as s; = x23/2) conditioned on the local

mean power (denoted as {2y = A%2/203%) has the non-central chi-square distribution

Kqg+1

f8d|9d(3d|Qd) = Q,

exp[—Kq —

(Kd + 1)8d]10 \/4Kd(Kd + 1)8d (54)

Qq Q4 ’

where Rice factor Ky = A2/202 is defined as the ratio of the direct power to the

scattered power.

5.1.3 SIR Performance

The purpose of soft handoff is to improve the signal-to-interference ratio (SIR). Here,

we discuss how to calculate SIR during soft handoff. Assume that each base station
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has the maximum transmission power P,,,, and define f = | M| as the number of base
stations in the active set for a particular user. Specifically, the active set is defined

as

Pio Pio
M = {71|1§7Z§T,1010g plL_tZIOlog(max pé,)—T}
10T 1<7=Y 1055

1<5<T
where Py is the pilot signal power and 7 is soft handoff threshold. According to [32],
a user can apply the maximal ratio combining scheme during soft handoff to combine
the received signals from all the base stations in the active set. Thus, the received
signal for a handoff user can be expressed as
S,
SIR = SIR; = — :
I g 59
ieM ieM

where STR; is denoted as the received SIR from base station ¢; .5; is the downlink

received power of the serving base station ¢ at the user terminal; N is the noise power;
I; is the sum of the inter-cell and the intra-cell interference. Specifically, STR; can be

computed by
pi/L;

o P/Li+ (S0 Pi/L) + N

where p; is the allowable transmission power allocated to a single mobile from the base

SIR; = (5.7)

station 7; P; is the total transmission power of base station 7 ; « is the orthogonality
factor.

Substituting (5.7) into (5.6), we obtain

SIR = 3 p@'(/Li |
P; a—1)- P
icM 23 Al
(7]
jeT
_ J
- ZALj—B ’ (5-8)
j=1
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where

Y p
A:(Zf:)JrN, (5.9)
and .
B=P(l—a) . (5.10)

5.2 Downlink Power Allocation Mechanisms

A downlink soft handoff process requires multiple base stations to simultaneously
allocate power to a mobile terminal during handoff. There are four downlink power
allocation strategies considered in this chapter, including (1) link proportional power
allocation (LPPA), (2) site selection diversity transmission (SSDT), (3) equal power
allocation (EPA), and (4) quality balancing power allocation (QBPA).

5.2.1 Link Proportional Power Allocation

According to the link proportional power power allocation (LPPA) method in [18], the
transmission power of the base station during a handoff process should be proportional
to the link gain between a handover mobile to its serving base stations. To determine

the transmission power based on LPPA, we have to find a set of p; (i =1 to f) such

that
pLipo .pf—Ll.Lz. T .
and
SIR > SIR,eq , (5.12)
where SIR,., is the received target SIR.
Then, the transmission power from base station ¢ in the active set is
SIR,,
Dirppa — — (513)
, f  1/L
Li Zj:l ALJ——jB
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Substituting (5.13) into (5.8), the total required transmission power for the

system with LPPA (denoted by Prppa) allocated a particular user is equal to

f
1
f S]Rreq ) (Z fl)
Prrpa = Zpi,LPPA = 7 =l ) (5.14)
i=1 1/L;
AL, — B

where A and B are defined in (5.9) and (5.10).

5.2.2 Site Selection Diversity Transmission

In [14], the site selection diversity transmission (SSDT) technique was proposed to
select the base station with the minimal path loss among the active set to serve the
user. Therefore, a user in the system applying the SSDT technique can be always
served by the base station requiring the least transmission power to achieve the re-
quired SIR performance, thereby achieving the goals of power saving and interference
reduction. The SSDT scheme is viewed as a soft handoff process since it dynamically
maintains an active set of better serving base stations. As mentioned before, SSDT is
viewed as the best power allocation method from the standpoint of power efficiency.

Denote p; as the required transmission power from base station ¢ in order to
maintain the required link quality for a mobile user, where ¢ = 1 to f. According to
the SSDT scheme, the transmission power allocated to a target user from the selected

base station with the SSDT technique (denoted by Psspr) is expressed as

Psspr = Di.sspr
= min(py, ..., ps)
= SIRyeq-min(AL, — B,..,AL; — B) , (5.15)

where A and B are defined in (5.9) and (5.10).
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5.2.3 Equal Power Allocation

Based on the equal power allocation (EPA) principle, all base stations in the active set
will allocate the same amount of power to the target user [20]. Based on this principle,

aset of p; (i =1 to f) are needed to be determined such that STR > SIR,., and

PL=p2=---=Dp; . (5.16)

Applying the EPA constraint of (5.16) to (5.8), we obtain the transmission

power from base station ¢ in the active set is

PippA =~ > (5.17)

where A and B are defined in (5.9) and (5.10). Then, the required transmission power
for a system with EPA technique (denoted by Pgp4) is the sum of all the transmission
power from all the base stations in the active set. That is,

f

Prpa = Zpi,EPA: 7

S o ey (5.18)
i=1 1

5.2.4 Quality Balancing Power Allocation

The quality balancing power allocation (QBPA) method was introduced in [23]. The
basic idea of the QBPA method is to equalize the received signal from all the handoff
base stations. More specifically, the transmission power level of the serving base
stations are proportional to the path loss between the handoff user to the serving
base stations. Based on QBPA, the base station transmission power, p; (i =1 to f)

is determined subject to the condition that STR > SIR,., and

v _ P2 _Ps

P _ P 1
L, L Ly (5.19)
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Applying the constraint of (5.19) to (5.8), the transmission power from base station

7 in the active set can be obtained as follows:

SIRyeq - Li
22 AL~ B

where A and B are defined in (5.9) and (5.10). By summing all the transmission

Pi,QBPA — ) (5.20)

power from all the base stations in the active set, the total required transmission

power for following the QBPA priciple (denoted as Pgppa) can be computed as

f
; SIRyeq - Z L;
Poppa = Zpi,QBPA = =1 : (5.21)
i=1 L;

5.3 Power Efficiency Analysis

Power efficiency is an important performance measure to evaluation power allocation
schemes. The power efficiency will be directly related to the system capacity due to
the limitation of the total transmission power at a base station. The power efficiency
of the four aforementioned power allocation schemes has been compared relatively
in [35]. However, the exact consumed power of each power allocation scheme was
obtained only by simulation in [35]. Thus, we aim to develop an analytical method
to calculate the power efficiency performance.

In the following, we utilize the concept of active set distribution in [37] to cal-
culate the consumed power when applying different power allocation schemes. Denote
the path loss of the dominant base station k& as L. Here, the dominant base station

represents the base station with the smallest path loss. Next, we define the path loss
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difference matrix as

Ly — L
Li 1 —L _
via | YT VU, ety (5.22)
Ly — Ly,
Ly — L
where ) )
106 log(dy) — 106 log(dy)
106 log(ds,_1) — 106 log(d
U, — g( k—1) g(dy) ‘ (5.23)
106 log(dk+1) — 100 log(dk,)
106 10g(dr) — 106 log(dk)
Note that

ak - [/c\k,m,n]rTnm:l >Ek,m,n =1- Ckn — Ckym + Cmn (524)
where ¢; ; is defined in (5.2).

Assume that base station k is the dominant base station in the active set M.
Then, it is possible to have Hj ; different combinations of active set, i.e.
T-1
Hy = . (5.25)
f—1
Denote V', 1., as the corresponding path loss difference matrix for the ¢'* combination
out of I} ;. For the expression notation’s simplification, we use a permutation matrix

Py, s, to move the path loss difference elements of base stations in the active set to
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the first f — 1 elements of a new matrix V7 . . We define the permutation matrix as

t=zand j=m, ;
7. L o ’ 3 . o~
Pryq= [pm]ij‘ 1> Pij = i=z+f—1land j=m, (5.26)

0, else

where m,, is the 2** element of active set M, f, except the index of the dominant base
station k, and M, is the 2™ element of the complemental set (denoted by J\/Zk £.4) Of
active set.

The matrix after the process of rearrangement becomes

V.t
k? 7q71
! . 2 . pT
kfa = : = PiqViga~ N (P kfaUks 0 P oGP k,f,q) - (5:27)

!
,Ukaqua’r_l

The corresponding base stations of vy, ;... v} ¢, ; and base station k are in the
active set. The probability that V7  occurs is equal to the probability of My .
Specifically,

PTO{ V;c,f,q} = PT’O{M].ZJ’(]}

i ! 7 ’ ,
- /(o i-1 Wegar - dvk’f’q’f_l/( yT-f D fq,f - Wi, g1-1
T 7,00

exp {_[V;c,f,q — P UL|" P, qu 1Pk;q[ ;c,f,q - Pk»f,qu]/(Qaz)}
\/(27r02)T*1 det[Pk,f,qupg,qu]

(5.28)

Note that the summation of probability of all possible M}, ¢, should be equal to 1,

1.e.

m

k,f

DD D Pro{Mysg}=1. (5.29)

k=1 =1 ¢=1
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Similar to the calculation of active set PMF above, we calculate the mean
power consumption of different power allocation schemes by using the probability
distribution of joint pathloss difference. From (5.14), (5.15), (5.18), and (5.21), we
find that the total power consumption of a mobile with different power allocation
schemes (Prppa, Psspr, Pepa, and Poppa) are functions of pathloss to base stations

and thereby functions of L, and V. The mean power consumption of a mobile (P)

with different power allocation schemes at a fixed point can be obtained by

B T Hk,fi
P=>.2>.> Pria (5.30)
k=1 f=1 ¢=1
where
flwﬁq

— ! 7 ’ ;
N /(0 JF-1 AV g1 - - WV g, 51 /( )7 AV faf - Wi 11
T 7,00

Al
exp {—[ Vita— PrraUd TP, Cr Py [V 5, — PiypgUil/(20 2)}

\/(27r02)T*1 det[Pk,f,qakpg,f,q]

P(Lka ;c,f,q)‘

(5.31)

The P(Ly, Vi 4,) in (5.31) can be substituted by Prppa, Psspr, Pepa, or
Poppa to obtain the mean power consumption of a mobile at a fixes location with

different power allocation mechanisms.

5.4 Outage probability

This section discusses the effects of fast fading on the different power allocation strate-
gies in terms of outage probability performance. We analyze the outage probability
due to Rician fast fading considering co-channel interference when applying different

power allocation schemes, including EPA, QBPA, SSDT and LPPA.
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5.4.1 Single Link Case (SSDT)

To begin with, we analyze the outage probability due to fast fading of single link case
without maintaining the active set (not SSDT). We consider a system with Rician
distributed received desired-signal power and Rayleigh distributed interfering-signal
power. The outage probability for single link case without maintaining active set, is

defined as

() = Prob (%) <]

br

-1-/ ) [ / Oo fp,<y>dy] dyy () | (5.32)

where py is the desired signal power with pdf f,,, pr is the interfering signal power with
pdf f,,, and 7 is the minimal required SIR. Denote {24 as the local mean power of the
desired signal, Q; as the local mean power of interfering signal where Q; = {Q;}1,
and € ; is the local mean interfering signal for base station i. Note that £1; and {2

are log normally distributed because of the slow fading. The pdf of €24 is
1

—(ny — hlﬂd)?
T amow 5.33
foly) = e { - 5.33)
Assume the €, and €y are given, and substitute (5.4) into (5.32). According to [3§],
we obtain
T T-1
Qr, K+ 1 — K,
P00y = 3 ot [ e ]
S T Qs — Q) Ko+ 1+ 5% Ko+ 1+ 0t

(5.34)

where K is Rice factor of the desired signal. Assume {Q,;}X; are independent, the

joint pdf of 2; is

Jo,(z H V. 27r01 i Ti

—(lnxl- —1In ﬂI,i)2
exp [ 207, , (5.35)
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where z = (21, -+ ,xy). By combining (5.33), (5.34), and (5.35), we have

P(n) — / / P (0] ;) fou () fo, (2)dydlz

1
= P (0]Q4, Q) - ex
/ / out 77| d —T) /—27T0'dy

> {—(hﬂy - lnudq

2
2073

1 —(In T; — In i 2
I exp ( o )
o V2O T 207,

] dydz (5.36)
By using the substitution

O = In(Qa/na)/ (V2r0y) (5.37)

and
\I/i = 1H(Q[7i/,u1'7i)/(v 27T0'[7i) 5 (538)
where 7 =1,--- , T, we transform (5.36) into a Hermite integration form [39], which

can be evaluated with numerical ease. In particular,

O R A= p[—@Z—iw?

dod¥

12

kaxkl e, Tk )
Z Z T+1 Wy Wey (5.39)

ky=1 ko=1

where W = (Wq,--- ,Wy), x4, is the root of the h;th order Hermite polynomial, and

wg, is its corresponding weight factor. Here G(0©, ¥) is obtained by substituting
Qg = pgexp V2004 (5.40)
and

Ql,i = MU1; €XP \/5\110']71' 5 (541)
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where i = 1,---, T, into P&, (n|Qq,Q;) in (5.34). That is

1 Kd -+ 1 —Kdei
G(@,E) - ; CeXp |: :| )
; 1= {1 = B2 exp[V2(8 01, — Wiop,)]} Ka + 1+ 6 Ka+1+e
(5.42)
where
& = 9 exp[v2(Qoy — Wi01,)] - (5.43)

- UI®
The SSDT scheme also belongs to the single link case, but SSDT maintains

active set. When applying the SSDT scheme, the mobile selects the best base station

in the active set. Therefore, we have to slightly modify the outage probability of the
SSDT as

T T Hiy

Plinlssor = 32305 Prob (%) <u| Pob(Mug) . (54

k=1 f=1 ¢=1

We obtain the outage probability by combining (5.39) and (5.44).

5.4.2 Multiple Links Case (LPPA, EPA, and QBPA)

In the previous subsection, we have derive a close-form expression for outage proba-
bility due to Rician fading in the single link case, i.e. there is only one base station
in the active set. Here, we would like to extend the single link case to the multiple

links case. First, we define the outage probability of multiple links case as

Pri(n) = Prob [Z(@)i < 77]

e P1
T YT Hgy
= Y3 S Pobs S Bi<np - Prob{Muy,) . (5.45)
k=1 f=1 q= €My 4. pr

where (pg/pr); is the SIR of link to base station ¢ and the probability of My ¢, is

derived in (5.28). Assume {(py/p;):}/_, are independent, we rewrite the first term of
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right hand side of (5.45) as

br

n—ms-1 nN—nf-1-""M2
/ dny—1 / dnys_2 - / dny

.prob{(pl)l <m | [(g—j)z ot (Z;_j)f < 77—771]}

Prob [( )i +...+(pd)f<n}

Pd Pd
Prob{ (P, <y | |(P)st...+ (2 < H
{(p1)2 n2 | [(p1)3 (p Jf<n—m =N
Pd
'Prob{( )f-1 <mp-1 | [(—)f <n—mp—e nf—l}}
br Pr
-Prob {(p Jf<nm—m— T]f_l}
7 n-n5-1 N=ng_1-12
/ d’l]f_l/ d’l]f_g .. / d’thI‘Ob |:( )1 < 171:| Prob |:( )2 < 772:|
0 0 0 pr pr
Prob | (%) < Prob (24 <= = | (5.46)
where 1y, - -+ ,n5_1 are dummy variables. By substituting outage probability expres-

sion for single link of (5.39) into (5.45) and (5.46), we obtain the outage probability
for multiple links case.

Power allocation mechanism calculate the transmission power of each base
station in the active set based on the path loss and log normal shadowing. Different
power allocation scheme leads to different pg; of (5.45) thereby change the scnsitivity
to fast fading. Take LPPA as an example, the received signal power from base station

i (denoted as pq;) can be obtained from (5.13). Specifically,

pz LPPA SIRreq 1
Pai =~ Tl (5.47)
Li g, > p = Li
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where p; Lppa is the power transmitted from base station ¢ based on LPPA. Assume
all the base stations transmit their maximum amount of power, i.e. P, = Paz, 1 =
1---7,in (5.9). Then, the only random variable in (5.47) is L, which is log normally
distributed. By using the Fenton-Wilkinson’s approximation [36], we approximate the

sum of log-normal random variables as another log-normal random variable. That is

M
el =) e, (5.48)
i=1
where both ¢ and ( are normal distributed, and the mean of ¢ is
1
pp = 21n(ug) — 5 In(us), (5.49)

and its variance is

05 = 2In(uy) — 2In(u). (5.50)

Note that in (5.49) and (5.50),
M 2
up =y et/ (5.51)
i1

and

M

2

Uy = E e2Hei T2,
i—1

M-1 M 1.2 4 2
42 § : § :{eugi-ﬂt(j . €§(UCi+U<j+2TijO'<io'Cj)}
i=1 j=it+1

(5.52)

The pg; of (5.47) can be approximated as a new log normal variable with mean
taqLppa and standard deviation oq4; ppa. Similarly, the received power from base
station ¢ by using other multiple link power allocation schemes, such as EPA and

QBPA, can also be approximated as log normal variables with mean and standard
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deviation Hdi EPA, Odi EPA, Hdi QBPA, and 0diQBPA; respectively. By substituting
[d,i,LPPA; Odi,LPPAs Hdi,EPA> OdiEPA, [d,i,QBPA, and g qppa into p1g and aq of (5.40),
we introduce the effects of different power allocation schemes into our analysis of

multi-link outage due to fast fading.

5.5 Numerical Results

In this section, we give some numerical results of power efficiency and outage probabil-
ity due to Rician fast fading for different power allocation schemes, including LPPA,
SSDT, EPA and QBPA. Through analysis provided in Section 5.3, we can evaluate
the impacts of key system parameters on system performance, including orthogonality

factor o and soft handoff threshold 7.

5.5.1 Power Efficiency Comparison

We provide the numerical results of the power efficiency for different power alloca-
tion schemes according (5.30) (5.31) in Section 5.3. Figure 1 shows a two-cell layout
with a mobile moving from cell A to cell B. Let the standard deviation of log normal
shadowing to 8 dB, the orthogonality factor o be 0.4, the soft handoff threshold 7
be 9 dB, SIR requirement to be —10 dB, and the base station radius to be 1000
meeters. Figure 2 shows the total power consumption for a mobile with different
power allocation schemes at different locations. As we can see in Figure 2, the av-
erage consumed power at the cell boundary for SSDT, LPPA, EPA, and QBPA are
1333, 1510, 1767, and 2480 milliwatts, respectively. SSDT is the most power efficient
power allocation schemes, while QBPA performs worst. We also provide the pure
simulation results of SSDT and LPPA cases to verify our analytical values. Figure

3 shows the power consumption of different power allocation schemes if we change
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the orthogonality factor a to be 0.2, and the soft handoff threshold 7 to be 3 dB. In
this case, the power consumed by the mobile at the cell boundary with SSDT, LPPA,
EPA, and QBPA are 933, 1001, 1026, and 1057 milliwatts, respectively. Notice that
the power consumed by a mobile with different power allocation schemes differs most
at the cell boundary. Because the consumed power difference among different power
allocation schemes occurs only when the mobile is in the handoff process and the

handoff probability is highest at cell boundary.

5.5.2 Impacts of Handoff Threshold and Orthogonality Fac-

tor

Figures 4 and 5 illustrate the impact of orthogonality factor « at the middle point
of two base stations (distance to base station 1 is 1000 meters) with soft handoff
threshold 7 equal to 6 dB and 3 dB, respectively. A orthogonality factor consumes
more power in all power allocation schemes. Comparing Fig. 4 and Fig. 5, it is shown
that the larger handoff threshold enlarges the difference of power consumption of four
power allocations.

In Figure 6, we fix the orthogonality to be 0.2 and illustrate the impact of soft
handoff threshold with different power allocation schemes. Different power allocation
schemes has different sensitivity to the change of soft handoff threshold. The power
consumption of SSDT almost remains constant in all all values of soft handoft thresh-
old, while the power consumed of the other three power allocation schemes increases
in different degrees as soft handoff threshold increases. The QBPA is most sensitive

to the change of soft handoff threshold, and the SSDT is the least sensitive one.
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5.5.3 Effects of Fast Fading

Figures 7 and 8 compare the outage probability due to Rician fading when applying
different power allocation schemes. These numerical results are obtained when the
handoff threshold 7 is set to be 3 dB, 7 is set to be —14 dB, and the Rice factors are
set to be 3 dB and 10 dB, respectively. As shown in the figures, SSDT suffers the
highest outage probability due to Rician fading, while QBPA is least sensitive to the
Rician fading effects. The outage probability decreases when the mobile moves to the
cell boundary when applying multi-link power allocation schemes (EPA, QBPA, and
LPPA), because the soft handoff probability increases near cell boundary and the soft
handoff mechanism ease the instantaneous SIR shortage due to Rician fading. The
outage probability of the single-link power allocation scheme (SSDT) and the multi-
link power allocation schemes (EPA, QBPA, and LPPS) differ most at cell boundary.
The outage probability difference is equal to 4.5% at cell boundary.

5.6 Conclusions

In this chapter, we have derived the closed-form expressions for the consumed power
and outage probability due to fast fading effects. Both co-channel interference and
different power allocation schemes are taken into consideration. We consider four
power allocation schemes, including equal power allocation (EPA), quality balancing
power allocation (QBPA), site selection diversity transmission (SSDT), and link pro-
portional power allocation (LPPA) mechanisms. According to our numerical result,
SSDT is most power efficient, but it suffers highest scnsitivity to Rician fading effects.
As compared to the SSDT method, the LPPA mechanism achieves better outage in

presence of fast fading at the cost of slightly sacrificing power efficiency.
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Figure 5.1: A two-cell base station layout.
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Figure 5.2: Comparison of the required transmission power for different power allo-
cation schemes at different locations, where SIR,., = —10 dB, a =04, and 7 =9

dB.
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Figure 5.3: Comparison of the required transmission power for different power allo-

cation schemes at different locations, where o = 0.2, and 7 = 3 dB.
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Figure 5.4: Effect of orthogonality factor on the required transmission power for

different power allocation stategies during soft handoff, where 7 = 6 dB.

83



3000 T T T T T

N

[}

(=]

o
T

N

[

o

[«
T

1500

Total power consumption (mWatt)

== SSDT
-9~ LPPA
-4 EPA
1000 | =B= QBPA |~
500 1 1 1 l l l l
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Orthogonality factor

Figure 5.5: Effect of orthogonality factor on the required transmission power for

different power allocation stategies during soft handoff, where 7 = 3 dB.
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Figure 5.6: Effect of handoff threshold on the required transmission power for different

power allocation stategies during soft handoff, where o = 0.2 dB.
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Figure 5.7: Comparison of outage probability due to Rician fast fading with Rice
factor K; = 3 dB.
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CHAPTER 6

Concluding Remarks

The objective of this thesis is to evaluate the performance of downlink power alloca-
tion mechanisms and soft handoff for supporting high bit rate multimedia services in

WCDMA systems. This thesis includes the following topics:

1. A Contour Overlapping Technique for Soft Handover Parameters Design in the

WCDMA System;

2. Performance Evaluation of Downlink Power Allocation Mechanisms for Soft

Handoff in the WCDMA System with Power Control Errors;

3. Performance Analysis of Downlink Power Allocation Mechanisms for Soft Hand-

off in the WCDMA System with Co-channel Interference.
Contributions from this research are listed as follows.

1. Present a contour overlapping technique to design downlink soft handoff pa-
rameters setting for the WCDMA system. The proposed methodology focuses
on two parameters (AS_TH and AS_TH Hyst), which influence the system per-
formance more significant than the other parameters. The optimal parameters
achieving multiple system requirements can be designed systematically by the

proposed methodology.

2. Evaluate the outage probabilities of different power allocation mechanisms sub-

ject to transmission power control errors and base station power shortage by a



semi-analytical approach. The proposed LLPPA has better outage performance
compared to SSDT with moderate load considering the joint effect of power

control errors and base station power shortage.

3. Present an analytical approach to evaluate the outage probability of a handoff
user in the WCDMA system when applying different downlink power allocation
mechanisms in the log-normally shadowed and Rician fading channel subject
to co-channel interference. An analytical formula for calculating the power

efficiency of different power allocation schemes is also derived in this chapter.

The following summarizes the results from the above contributions.

6.1 A Contour Overlapping Technique for Soft Han-
dover Parameters Design in the WCDMA Sys-
tem

In Chapter 3 and [24], we have discussed the impact of the soft handoff parame-
ters with respect to the WCDMA system. We find that only two parameters, i.e.
AS TH and AS TH HYST, affect the system performance significantly. Based on
this observation, we propose a contour overlapping technique to simplify soft handoft
parameters design with emphasis on the setting of AS.TH and AS. TH HYST. By
using the proposed methodology, we can easily find the optimal handoff parameters
subject to different performance requirements. Thus the proposed handoff parameter

design approach can be used to optimize the performance for the WCDMA system.
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6.2 Performance Evaluation of Downlink Power Al-

location Mechanisms for Soft Handoff in the

WCDMA System with Power Control Errors

In Chapter 4 and [35], we have investigated the performance of different downlink
power allocation schemes for soft handoff in CDMA systems subject to power control
errors. With consideration of both base station power shortage and power control
errors, we analyze the outage and capacity performances of equal power allocation
(EPA), quality balancing power allocation (QBPA), site selection diversity transmis-
sion (SSDT), and link proportional power allocation (LPPA) mechanisms.

The contribution of this work are three folds. First, we apply a harmonic-
arithmetic mean inequality and Chebyshev inequality to prove that SSDT is the most
efficient power allocation mechanism as compared to other schemes, such as EPA,
QBPA, and LPPA schemes. Secondly, we further derive the closed-form expressions
for the outage probabilities of different power allocation mechanisms subject to trans-
mission power control errors. Third, from both the perspectives of base station power
shortage and power control errors, we develop a semi-analytical approach to evaluate
the outage performance of different power allocation schemes. Our numerical results
demonstrate that due to power control errors the SSDT system suffers from a higher
outage probability in the moderate traffic load condition although it can achieve the
best outage probability performance in the heavy traffic condition. Furthermore, we
show that the LPPA system can almost approach the capacity of the SSDT system,

while maintaining lower outage probability than SSDT in the moderate traffic.
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6.3 Performance Analysis of Downlink Power Al-
location Mechanisms for Soft Handoff in the

WCDMA System with Co-channel Interference

In Chapter 5 and [40], we have derived the closed-form expressions for the consumed
power and outage probability due to fast fading effects. Both co-channel interference
and different power allocation schemes are taken into consideration. We consider
four power allocation schemes, including EPA, QBPA, SSDT, and LPPA mechanisms.
According to our numerical result, SSDT is most power efficient, but it suffers highest
sensitivity to Rician fading effects. As compared to the SSDT method, the LPPA
mechanism achieves better outage in presence of fast fading at the cost of slightly

sacrificing power efficiency.

6.4 Suggestions for Future Research

6.4.1 A Contour Overlapping Technique for Soft Handover
Parameters Design in the WCDMA System

In this work, we have developed a wireless network dynamic simulation platform
(WINDSP) to evaluate the performance of soft handoff algorithm. To enhance the
quality of WINDSP is an interesting extension work for future. More functions can
be included into the WINDSP, such as the the impacts of multi-rate demanding users,

realistic data traffic model, and different power allocation schemes.
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6.4.2 Performance Evaluation of Downlink Power Allocation
Mechanisms for Soft Handoff in the WCDMA System

with Power Control Errors

We have evaluated the four power allocation schemes from the standpoint of power
efficiency and sensitivity to power control errors with predefined soft handoff param-
eters. How to determine the optimal soft handoft parameter when applying different

power allocation schemes is an interesting topic for future research.

6.4.3 Performance Analysis of Downlink Power Allocation
Mechanisms for Soft Handoff in the WCDMA System

with Co-channel Interference

We have analyzed three outage-resulting factors in Chapters 4 and 5, including base
station power shortage, power control errors, and fast fading effects. The joint effects
of the three factors when applying different power allocation schemes may be an

interesting topic for the future research.
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