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Summary

Soft handover is analysed and optimized in the downlink direction of a WCDMA system in this paper. Downlink is

chosen because the asymmetric nature of most new services supported by the next generation of mobile networks

requires more capacity in that direction, and so this is likely to be the limiting factor. The study also sets out to

resolve the often controversial opinions about the system level performance with soft handover in the downlink

direction. Here, the performance of soft handover is investigated on the link level and on the system level

separately. Apart from power control, the cell-selection scheme and power limits (which are ignored by most of the

previous work in the literature) are also included. Results show that from the point of view of link quality, soft

handover can prevent the downlink traffic channel power going beyond the power limit. From the system level

point of view, the downlink capacity can be increased by choosing a proper soft handover overhead. The optimum

value of the overhead depends closely on the cell-selection threshold and the radio environment. The paper proves

that soft handover is an effective way for interference-reduction and radio resource optimization in the downlink

direction for WCDMA systems. Copyright # 2003 John Wiley & Sons, Ltd.
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1. Introduction

In the last 20 years, mobile communications has

grown rapidly from a new technology into a massive

industry. Following-on from the success of second

generation networks, third-generation mobile net-

works are intending to offer new broad-band services,

such as Internet, multi-media and online games, to the

end user. Quite a few technologies have emerged and

have been standardized by 3GPP. Wide-band Code

Division Multiple Access (WCDMA) technology is

one of the most promising. It expands the limited

radio resource by spreading user information bits over

a wider bandwidth [1]. In IS-95, commonly referred

as narrowband CDMA systems, the carrier bandwidth

is about 1 MHz. In WCDMA, a 5 MHz carrier is

supported, corresponding to a 3.84 Mcps chip rate.

However, radio resource management still plays a

very important role in WCDMA systems because of

the dynamic and unpredictable changes of the location

of mobile terminals, the radio transmission environ-

ment and the increasing demand from end users.

Optimal usage of the radio resource is crucial for

maintaining the planned coverage, offering high
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capacity and guaranteeing the quality of service (QoS)

[2].

There are several tasks involved in the radio

resource management for mobile networks: power

control, handover control, admission control, load

control and packet scheduling. Among these tasks,

handover control deals with the mobility of the mobile

terminals and it has been under investigation since the

emergence of the cellular concept. When an active

mobile terminal moves from the coverage of one cell

to another, the service can be continued by changing

the terminal’s serving base station. Before CDMA

technology appeared, hard handover was implemen-

ted in cellular networks such as IS-136 and GSM

networks. In these systems, each mobile terminal only

communicates with one base station at one time; if a

handover decision is made, the mobile terminal can

only set up a new link with the new base station after

breaking the original connection with the original

base station. Quite differently, soft handover

(designed for CDMA networks) allows the mobile

terminal to communicate with more than one base

stations simultaneously [3]. Compared to hard hand-

over, soft handover has several advantages: overcom-

ing the ping-pong effect that might happen in the hard

handover situation and avoiding a ‘break’ during the

handover process. This makes soft handover a

smoother way for handling the mobility of mobile

terminals.

It is well accepted that (i) in the uplink direction,

soft handover brings benefit to both the individual link

and the whole system by providing the selection

diversity [4–6] and (ii) in the downlink direction,

soft handover improves the individual link quality

by providing the macrodiversity. For example, in

Reference [7], a comparison in terms of signal-to-

interference ratio (SIR) between soft handover and

hard handover is investigated and the paper verified

that, compared with hard handover, soft handover has

better performance in terms of SIR. However, from a

system level point of view, different opinions exist on

whether soft handover can benefit the system in the

downlink direction or not [8,9]: this paper sets out to

answer the question. Although the individual link

quality can be improved by the macrodiversity pro-

vided by soft handover, extra downlink channels are

needed for supporting the soft handover process.

Therefore, there is a trade-off between the macrodi-

versity and the extra resource consumption. In Refer-

ence [8], the downlink performance of soft handover

is analysed on a system level for IS-95 CDMA

systems. The results show that there is a small

percentage loss of capacity in the downlink direction

when soft handover is employed in unsectorized

cells. However, the paper ignored the downlink

power control and simplified the soft handover as a

distance-based process. However, according to our

previous work [10,11], there is a close relationship

between soft handover and power control in the

downlink direction.

In this paper, soft handover is analysed and opti-

mized in the downlink direction of a WCDMA sys-

tem. Apart from power control, the cell-selection/

reselection scheme and power limits (which are

ignored by most of the previous work in the literature)

are also included. Results show that, under the same

requirements, the downlink capacity can be increased

by choosing a proper soft handover overhead. The

optimum overhead relates closely to the cell-selec-

tion/reselection scheme and power control. The

results prove that soft handover is an effective way

for interference-reduction and radio resource optimi-

zation in the downlink direction for WCDMA

systems.

The paper is organized into 7 sections. Section 2

describes the system scenario and the radio channel

model used in the analysis. Section 3 explains the

principles of the ideal, non-ideal cell-selection

schemes and the UTRA soft handover algorithm. In

Section 4, the downlink traffic channel transmit power

allocation is analysed. Afterwards, Section 5 presents

the method for analysing the downlink capacity gain

for different values of soft handover overhead. Finally,

the results are discussed in Section 6, followed by the

conclusions in Section 7.

2. System Scenario and Radio
Channel Model

The analysis in this paper is based on WCDMA

systems. Figure 1 shows the system model with 19

co-channel macrocells. Each cell has a perfect hexa-

gonal shape so there will not be any unbalanced

downlink interference caused by the asymmetric dis-

tribution of the base stations (BS).

To a mobile terminal linked to BS1 in cell 1, the

intra-cell interference comes from its serving BS, BS1,

and theoretically, the inter-cell interference comes

from all the BSs around it. Here, we consider the

BSs in the first and second tiers around BS1. As the

interference sources are fixed, the downlink interfer-

ence received by a certain mobile terminal inevitably

depends on the terminal’s location.
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Assuming that fast fading can be effectively com-

bated by the receiver, the radio channel is modelled

as the product of the ��th power of distance and a

log-normal component representing shadowing

losses. For a mobile at a distance r from BSi, the

propagation attenuation is proportional to

Lðr; �iÞ ¼ r�� � 10�i=10 ð1Þ

where � is the path loss exponent and �i (in dB)

represents the attenuation due to shadowing from ith

BS, with zero mean and a standard deviation of �,

which is independent of the distance; it ranges from 5

to 12 with a typical value of 8 dB. Using the model in

Reference [12], the shadowing loss is correlated

between BSs.

3. Cell Selection and Handover Algorithm

Cell selection is responsible for choosing the proper

BS for a mobile to camp on when it is switched on and

it is the first step of radio resource allocation in a

mobile network. Handover control is responsible for

reselecting the proper BS or BSs to communicate with

when a better quality radio channel is detected. Cell

selection and handover decisions are both made using

a measurement of the received Ec/I0 of the downlink

pilot channel. The different cell-selection schemes

used in the systems do have an impact on the perfor-

mance of soft handover. Most of the previous

literature for analysing soft handover simplified the

cell-selection scheme as a distance-based process. In

this paper, we consider the proper cell-selection

scheme which is based on the received pilot Ec/I0.

3.1. Cell-Selection Scheme

Consider a mobile located in the coverage of cell 1 as

shown in Figure 2. r1, r2 and r3 are the distances from

the mobile to the three nearest base stations, BS1, BS2

and BS3 respectively.

In the ideal situation, the mobile always chooses

the best BS to camp on: that from which the mobile

receives the strongest pilot Ec/I0. Because of the

shadow fading, the nearest BS, BS1, might not be

the best BS. Figure 3 shows the principle of the ideal

cell selection where Ep1, Ep2 and Ep3 represent the

received pilotEc/I0 fromBS1,BS2 andBS3 respectively.

Assuming that all the mobile users are uniformly

distributed within the whole network and the same

Fig. 1. 19 co-channel WCDMA systems.

Fig. 2. Cell selection and handover control.

Fig. 3. Flowchart of the ideal cell selection.
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amount of power is allocated for all the pilot channels,

Ep1 can be expressed as

Ep1 ¼
Ppilotr

��
1 10�1=10

PT1 � Ppilot

� �
ð1 � aÞr1��10�1=10 þ

P19
i¼2 PTir

��
i 10�i=10

ð2Þ
where PTi is the total transmit power of BSi, Ppilot is

the transmit power of the downlink pilot channel and a

represents the downlink orthogonal factor with 1 for

perfect orthogonallity and 0 for non-orthogonality.

Ep2 and Ep3 can be obtained from Equation (2) by

replacing r1 with r2 and r3.

However, in the real situation, the mobile might not

be always linked to the best BS because of the

mobility of the user or changes in the radio propaga-

tion channel. We can modify the cell-selection scheme

to include the imperfect situations in the analysis. The

basic principle is: the mobile always chooses the

nearest BS to camp on except where the Ec/I0 differ-

ence between the best BS and the nearest BS is higher

than a certain threshold which is represented by

CS_th. Figure 4 shows the flowchart of the non-

ideal cell selection under the assumption that BS1 is

the nearest BS and BS3 is the furthest BS to the

mobile. When the threshold CS_th equals to 0 dB, it

corresponds to the ideal cell-selection situation.

3.2. Soft Handover Algorithm

The performance of soft handover is related closely to

the actual algorithm. In our previous work [13],

typical soft handover algorithms, including distance-

based, IS-95A and UTRA soft handover algorithm

were investigated and compared in terms of downlink

capacity gain. Results in that paper show that UTRA

soft handover algorithm has better performance than

distance-based and IS-95A because of the relative

handover threshold. In this paper, we analyse the

standard UTRA soft handover algorithm adopted by

3GPP for WCDMA UMTS systems as shown in

Figure 5. More detail can be found in Reference

[14].

In this algorithm, relative thresholds are used for

initializing and finishing the soft handover process.

It is more flexible than the IS-95A soft handover

algorithm in which absolute thresholds are used.

Fig. 4. Flowchart of the non-ideal cell selection.

Fig. 5. Soft handover algorithm. AS_Th: Threshold for macro diversity (reporting range); AS_Th_Hyst. hysteresis for the above
threshold; AS_Rep_Hyst: Replacement hysteresis; �T: Time to trigger.
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Assuming that the mobile in Figure 2 has already

chosen BS1 to camp on and only two-way soft

handover is supported, the handover decision process

can be presented as Figure 6, where SHO_th is the

soft handover threshold. SHO_th¼AS_Th–AS_

Th_Hyst.

4. Power Allocation

After choosing one or more BSs (soft handover) to

communicate with, the power of the downlink traffic

channel or channels needs to be allocated. In order to

minimize the radio-resource consumption, the system

tries to allocate as little power as possible to each

channel according to the QoS requirement. With

perfect downlink power control, the received bit

energy-to-interference power spectral density ratio

Eb/I0 of all mobiles is kept just at the target value.

When the mobile is only linked to one BS, only one

downlink traffic channel is active to this mobile, but

when the mobile is in soft handover status, power

allocation includes two downlink channels. We ana-

lyse these two situations separately.

4.1. Not in Soft Handover Status

To a mobile not in soft handover status, assuming BS1

is its serving BS, the Eb/I0 can be expressed as

Eb

I0
¼ W

vR

� Psr
��
1 10�1=10

ðPT1 � PsÞð1 � aÞr��
1 10�1=10 þ

P19
i¼2 PTir

��
i 10�i=10

ð3Þ

where W is the chip rate, R is the service bit rate, v is

the activity factor, r1 is the distance from the mobile to

its serving BS and PTi is the total transmit power of

BSi. Here, the thermal noise is ignored. Thus, the

transmit power of the downlink traffic channel Ps can

be derived from Equation (3) as

Ps ¼

vR

W
Eb=I0ð Þt PT1ð1 � aÞ þ

P19
i¼2 PTi ri=r1ð Þ��

10ð�i��1Þ=10
h i

1 þ vR

W
Eb=I0ð Þtð1 � aÞ

� �
ð4Þ

where ðEb=I0Þt is the target value of Eb=I0.

4.2. In Soft Handover Status

To a mobile in soft handover status, assuming BS1 and

BS2 are its serving BSs, the desired signals from the

two BSs are combined together. Here, we consider

maximal ratio combining. The Eb=I0 of the mobile

can be expressed as

Eb

I0
¼ Eb

I0

� �
1

þ Eb

I0

� �
2

¼ W

vR

� Ps1r
��
1 10�1=10

ðPT1 � Ps1Þð1 � aÞr��
1 10�1=10 þ

P19
i¼2 PTir

��
i 10�1=10

"

þ Ps2r
��
2 10�2=10

ðPT2 � Ps2Þð1 � aÞr��
2 10�2=10 þ

P19
j¼1

ð j 6¼2Þ
PTir

��
i 10�1=10

3
5
ð5Þ

where r1 and r2 represent the distance from the mobile

to BS1 and BS2 respectively. During the soft handover

process, two power control loops are active. To pre-

vent power drifting, several strategies are proposed. In

this paper, we use the balanced power control which is

adopted by 3GPP [14,15]. Apart from the inner closed

loop power control, an adjustment loop is also

employed for balancing the downlink power among

Fig. 6. Flowchart of the two-way UTRAN soft handover
algorithm.
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active set cells during macrodiversity. This power

control strategy avoids power drifting that leads to

increased transmission power and stability problems.

In the perfect situation, Ps1 ¼ Ps2. Using the same

assumptions as in Section 3, users are uniformly

distributed and the total transmit power is the same

for all the BSs. From Equation (5), the transmit power

for each downlink channel can be derived as

In most cases, fast and accurate power control can

bring benefits to the system by compensating for the

transmission loss in the radio channel. However, for a

bad radio channel, the BS may allocate high power,

causing extensive interference to other active chan-

nels. That is why power limits should be predefined

when dimensioning the mobile network in order to

avoid this kind of situation. The typical values of

power limits for a macrocell environment are 43 dBm

(20 W) and 30 dBm (1 W) for the maximum total BS

transmit power and maximum downlink traffic chan-

nel power respectively [16]. Assuming that all the BSs

are transmitting power at the maximum value,

PT¼ 43 dBm, Figure 7 shows the average downlink

traffic channel power for mobiles at different loca-

tions. The x-axis shows the relative distance from the

mobile to the cell radius. The power, which is calcu-

lated from Equations (4) and (5), depends only on the

relative distance.

It is clear that without implementing soft handover,

in order to keep the Eb=I0 above the target value, the

average downlink traffic channel power needed for the

mobile at the cell boundary is higher than the max-

imum power limit. Soft handover can solve the

problem by splitting power between the two BSs.

For the mobile at the cell boundary, the Eb=I0 can

be guaranteed to be above the target value without

allocating high power to each downlink channel.

Another advantage of implementing soft handover is

the power floating due to shadowing loss which is not

as much as the case with a single BS because the two

signals being combined are transmitted through dif-

ferent radio channels.

5. Downlink Capacity Analysis

In this paper, downlink capacity gain is used as the

system level performance indicator of soft handover.

Under the assumption of uniform distribution of

mobile users, the density of users � can be expressed

as

� ¼ N

A
¼ 2N

3

ffiffiffi
3

p
R2 ð7Þ

where N is the average number of active users per cell,

A is the area of each cell and R is the radius of

hexagonal cell.

The total transmit power from BS PT is composed

of power for common control channels and the sum of

the powers for each downlink traffic channel. Assum-

ing that the pilot channel is the only common control

channel in the downlink direction, PT can be

expressed as

PT ¼ Ppilot þ
XN
i¼1

Psi ¼ Ppilot þ
ðð

S

�Psdsþ
ðð

S0
�Ps1ds

ð8Þ

where S is the area of non-soft handover zone and S0 is

the area of soft handover zone. A mobile can be in S or

S0 depending on the location, the shadow loss experi-

enced and the decision of the cell-selection and the

soft handover scheme. Substituting Equations (4), (6)

Fig. 7. Average downlink traffic channel power. (A) No soft
handover; (B) In soft handover status when r/R> 0.9; (C) In

soft handover status when r/R> 0.8.

Ps1 ¼ Ps2 �
vR

W
Eb=I0ð ÞtPT

1

1 � aþ
P19

i¼2 ri=r1ð Þ��
10ð�i��1Þ=10

þ 1

1 � aþ
P19

j¼1 rj=r2

� ���
10ð�j��2Þ=10

: ð6Þ
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and (7) to (8), we can obtain the average downlink

capacity under certain soft handover overhead. The

soft handover overhead is defined as the proportion of

users in soft handover status out of all the users and it

is a function of the handover threshold.

where

� ¼ Ppilot

PT

;
X

f1g ¼
X19

i¼2

ri

r1

� ���

10ð�i��1Þ=10;

X
f2g ¼

X19

i¼1
i 6¼2

ri

r2

� ���

10ð�i��2Þ=10:

The average downlink capacity under different soft

handover overhead can be obtained by changing the

threshold of the soft handover. By comparing the

capacity under certain overhead to the capacity

under zero overhead, the gain of the downlink capa-

city due to soft handover can be determined.

6. Results and Discussion

Figure 8 shows the downlink capacity gain versus the

soft handover overhead under different situations. The

parameter values are taken from practical ranges as

shown in Table I.

Curve A, B and C correspond to the non-ideal cell-

selection cases with different thresholds or different

shadow loss. Curve D corresponds to the ideal cell-

selection case. It is clear that if the cell selection is

perfect (the mobile is always linked to the best BS),

soft handover cannot bring any benefit to the system

capacity. However, in the real network, the ideal

situation will not occur because of the mobility of

the users and the unpredictable changes in the radio

channels. In the more realistic non-ideal cell-selection

situation, shown as curves A, B and C, the downlink

capacity can be increased by implementing soft hand-

over. For example, in curve B, when CS_th equals

5 dB and � equals 8 dB, the maximum capacity gain is

about 9% corresponding to 12% soft handover over-

head, i.e. soft handover does not cause any capacity

loss as long as the overhead is kept under about 32%.

The difference between curves B, C and D shows

that soft handover brings more benefits to systems

with higher CS_th. This means that soft handover

works better in the system with more dynamic factors

such as faster speed of movement of the users.

Comparing curves A and B, we can obtain another

conclusion: the capacity gain caused by the soft

handover is higher in a bad radio environment with

higher shadow loss under the same overhead.

7. Conclusions

Soft handover has been analysed and optimized for

the downlink direction of a WCDMA system in this

Table I. System parameters.

Symbol Value

� Path loss exponent 4
� Standard deviation of shadowing 8 dB
� Pilot channel power ratio 0.2
a DL orthogonal factor 0.6
W Chip rate 3.84 Mcps
R Service bit rate 12.2 kbps
ðEb=I0Þt Eb=I0 target 5 dB

N ¼ E

3
ffiffiffi
3

p

2
ð1 � �ÞW

vR

1

ðEb=I0Þtðð
S

1 � aþ
P

f1g
1 þ ð1 � aÞ Eb=I0ð ÞtvR=W

dsþ
ðð

S0

1

1

1 � aþ
P

f1g þ
1

1 � aþ
P

f2g

ds

2
6666664

3
7777775

ð9Þ

Fig. 8. Downlink capacity gain versus soft handover over-
head. (A) �¼ 10 dB, th_CS¼ 5 dB; (B) �¼ 8 dB, th_CS¼
5 dB; (C) �¼ 8 dB, th_CS¼ 3 dB; (D) �¼ 8 dB, th_CS¼

0 dB.
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paper. Downlink power control, cell-selection/reselec-

tion scheme and power limits, all of which are ignored

in most of the literature, are also included. Results

show that from the link quality point of view, soft

handover can prevent the downlink traffic channel

power going beyond the power limit and from the

system level point of view, the performance of soft

handover is related closely to the cell-selection

scheme. In the situation with non-ideal cell selection,

the downlink capacity can be increased by choosing

proper soft handover overhead. The optimum value of

the overhead depends closely on the cell selection

threshold and radio environment. This paper proves

that soft handover is an effective way for interference-

reduction and radio resource optimization in the

downlink direction for WCDMA systems.
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