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Analysis of Optimal Parameters for Hopping Pilot Beacon in a CDMA
Mobile Cellular Network
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Abstract

In this paper, optimal parameters of a hopping pilot beacon are analyzed in a CDMA mobile cellular network. The hopping
pilot beacon is used for inter-frequency handoff. It can reduce the number of pilot beacons needed for the inter-frequency handoff
by transmitting neighbor frequency pilots periodically through a pilot beacon. The optimal parameters for transmission time and
period of the hopping pilot bacon are derived by mathematical approach. It is highly recommended that the optimal values for

the hopping pilot beacon under various operation environments.
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I. INTRODUCTION

In CDMA (code division multiple access) mobile
cellular networks, handoff plays an important role
in determining overall system performance [1,2].
The handoff process provides a means of seamlessly
transferring calls from one base station (BS) to
another BS so that mobile calls in progress are not
interrupted. When a call in progress is forcibly
terminated, this is the epitome of service quality
degradation because the call has to be reestablished.
The handoff process is essential in maintaining
quality of a call in progress and in keeping as low
as possible both forced terminated calls and load to

the network from signaling and switching [3-6].

The handoff process can be largely classified into
two categories: hard and soft handoff [5]. In the hard
handoff, the old radio link is broken before the new
radio link is established, and a mobile station (MS)
always communicates with one BS at any given
time. If the old radio link is disconnected before the
network completes the setup, the call is forcibly
terminated. In the soft handoff, a MS may com-
municate with multiple radio links through different
BS’s at the same time. It is well known that the soft
handoff link transfer may not be faster than the hard
handoff whereas the soft handoff is not time critical
compared to the hard handoff.

When the MS moves from the BS to another BS

and these two BSs have different frequency, inter-
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frequency handoff is required in order to maintain
a call in progress. In the inter-frequency handoff, the
radio link is interrupted during a short time while
support is swiched from one frequency to another
[7]. The inter-frequency hanoff has two basic types:
handdown and handover. The handdown is a hard
handoff between two different frequencies within the
same cell. A MS entering a sector configured as
border is instructed to issue frequent and periodic
pilot strength measurement messages. This allows
the BS to closely monitor the MS situation without
waiting for reports triggered by pilot. When the pilot
report indicates that the serving pilot has dropped
below a threshold, the MS is directed to handdown
from serving frequency to target frequency. The
handdown from one frequency to another is done
without knowledge of another frequency’s pilot
energy level. It works well for a border area where
traffic flow is linear and predictable. For the
handdown, the border area needs to deploy multiple
frequencies (i.e. Dummy FA) [8,9].

The handover is a hard handoff between two
different cells with different frequencies. In the
handover, the MS simply handoffs from one fre-
quency to another directly with the help of pilot
beacon. The pilot beacon provides pilots of neighbor
cells for the serving cell. In this situation, the MS
handoffs frequency from the serving one to the target
one when the pilot energy level from the pilot
beacon exceeds that of the serving frequency by the
predetermined margin. The handover with pilot
beacon prevails than the handdown in the inter-
frequency handoff since the former is more reliable
than the latter. However, the handover needs addi-
tional costs for pilot beacons. The additional costs
depend on the number of neighbor pilots on the
neighbor cells because the multiple pilot beacons are
required to provide information of multiple pilots of

the neighbor cells.

Hopping pilot beacon is a modified pilot beacon,
and it replaces simultaneous transmission of multiple
pilot signals by petiodic transmission of multiple
pilot signals. The hopping pilot beacon periodically
changes transmission of the neighbor pilots. Thus,
it can reduce the number of pilot beacons needed
for interfrequency handoff, and guarantee available
inter-frequency hanodff performance if appropriate
transmission parameters are selected.

In this paper, we analyzed the optimal parameters
of hopping pilot beacon for inter-frequency handoff
in the CDMA mobile cellular networks. The optimal
transmission time of a hopping pilot beacon is
closely related with pilot search and handoff algori-
thms. We derive the optimal values of parameters
for the hopping pilot beacon.

The rest of our paper is organized as follows: In
section II, the pilot search and handoff algorithms
are described. In section III and IV, optimal
parameters for mobile statations are detived in traffic
state and in idle state, respectively. In section V, the
optimal transmission parameters are recommended,
and numerical examples are presented. In section IV,

conclusions are drawn.

II. SYSTEM MODEL

A. Transmission Pattern of Hopping Pilot Beacon

The hopping pilot beacon periodically changes
frequencies to simulate multiple pilot beacons
tramsmitting pilot information as shown in Figure
1. It periodically transmits # different neighbor
pilots of neighbor frequencies on a serving fre-
quency. The transmission time of the hopping pilot

beacon can be typically modeled by three para-

meters, Ton, lof, and the number of different
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Hopping Pilot Beacon Transmission Pattern
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Figure 1. Transmission pattern of a hopping pilot beacon

neighbor pilots 7. The T and Toy denote the
duration during which each neighbor pilot is

transmitted and a switching time between the
neighbor pilots, respectively. Then, a MS can receive
each neighbor pilot during the transmission time
period (7er), and can not receive it during the null
period (Tuu) in a periodic manner. The T can be

obtained in terms of T., Zor and 7, and given by
Ty =(n-1)-T,, +n'T0]f (1)
B. Pilot Search Time

The required time for the MS to search a pilot
depends on the pilot search algorithm and hardware
complexity (the number of correlators). According
to the number of correlators for searcher, the MS
of the IS-95 CDMA system is classified into two
modes: 1) 1x search mode — the searcher employs
two correlators for insynch and outofsynch hy-
potheses. In the 1x mode, double-dwell search
algorithm is used for pilot search. 2) 8x search mode
—the searcher uses eight times the number of correla-
tors for the 1x mode. Typically, single-dwell search
algorithm is used for the pilot search in the 8x mode.

In a double-dwell search algorithm, an early dump
test is performed to save search time [10]. The MS
generates PN (pseudonoise) sequence for a given
offset, and calculates partial correlation with the
received pilot signal for early dump integration time,

T.. To obtain robustness to phase error, non-coherent

accumulation is performed in calculation of the
partial correlation [10]. If the partial correlation
value exceeds the given early dump threshold energy
,Eu, the correlation value for search integration time,
T, is calculated. Otherwise, the MS generates the
next PN sequence and repeats the same procedure.
The MS completes searching for the pilot after
investigating all possible PN offsets in window size,
S,,. The pilot search time of the double dwell search
algorithm may vary for the number of PN offsets
of which partial correlation values exceed the early
threshold energy, Nu. Then, the pilot search time
for the 1x search mode is given by

T,

search _time

:Te’Np'Sw+(Tint'Np_Te'Np)'Nth (2)
< Tint 'Np 'Sw

where N, denotes the number of non-coherent
accumulation passes.

The single-dwell search algorithm can be used for
the case that searcher speed is fast. In the single-
dwell algorithm, the eatly dump test is not
performed. Hence the pilot search time of the single
dwell algorithm for the 8x search mode is given by

T,

search _time

:Tint']vp'Sw/8 (3)

The pilot search time may be different for the
different pilots due to window size of active and
neighbor pilots. The MS can complete pilot search
only if the pilot signal is being transmitted at least
during pilot search time of the MS. So, the required

minimum transmission time for each pilot of the
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hopping pilot beacon, Tsignat_need, is equal to the pilot
search time of the MS.

C. Pilot Search Period of Mobile Station

The MS searches pilots in a predetermined order.
It firstly searches all the pilots included in active/
candidate sets. After all the pilots in the active/
candidate sets are searched, the pilot in the neighbor
set is searched. Then, the MS searches all the pilots
in the active/candidate sets again, and repeats the
search in the predetermined order. The pilot in the
remaining set is searched once for every fifty times
of active pilot searches [9]. Thus, the search period
of the active pilots is small enough to neglect that
of the remaining pilots. The search period of active

pilot is given by

T,

search _ period —

N,

act

-7,

aci _srch_time

+ Tngbr _srch_time (4)

where N.. denotes the total number of pilots
included in the active/candidate set. If the MS is in

idle State, Nuct =1. If the MS is in traffic Statﬁ, theNact

is determined according to the handoff situations.
D. Idle Handoff

The MS in the idle state searches the pilots
included in the neighbor set. If the pilot energy level
of the neighbor set is larger than that of active pilot,
idle handoff is performed. The idle handoff is not
requested again until a timer expires in order to

prevent duplicated idle handoff.
E. Traffic Handoff
In traffic state, the MS categorizes the pilots into

four sets (active, candidate, neighbor, remaining set)

according to their energy levels, and manages them

for handoff [4]. The candidate set is divided into pre-
candidate set and real candidate set [3]. If the pilot
in the neighbor or remaining set exceeds a prede-
termined threshold, it is included in the pre-candidate
set. Among pilots in the pre-candidate set, a pilot
of which energy exceeds the pre-determined thres-
hold by the pre-determined times is included in the
real-candidate set. If the pilot is newly included in
the real-candidate set, the MS sends pilot strength
measurement message to the BS in order to request
handoff. The BS sends handoff direction message to
the MS in order to direct the handoff.

F. Timing Diagram

The pilot signal from the hopping pilot beacon is
periodic with period 7on + T as shown in Figure 1.
Let the time when the MS starts searching a pilot
(we assume this pilot as pilot A) be *(*), The *()
can be modeled as an uniformly distributed random
vatiable, and its p.d.f. (probability density function)
is given by

—1———, 0sx<T,, +T,. .
Ton + Tnull (5)

fx(x)=
The timing diagram of transmission time of a
hopping pilot beacon and the start time when the

MS starts to search pilot A is shown in Fig. 2. If
the MS starts to search pilot A at *(*), the MS peri-

odically searches the pilot A at *&* & Tecarch_period >,
k=12,

1. OPTIMAL PARAMETERS FOR
MS IN TRAFFIC STATE

In this section, the optimal parameters of the
hopping pilot beacon are derived for a MS in the
traffic state. The parameters of the hopping pilot

beacon should be selected to obtain reasonable
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handoff performance. The MS includes the pilot of
the neighbor or the remaining set in the precandidate
set if its energy level exceeds T_ADD. The counter
of newly included pilot in the pre-candidate set is
set to be 2, and is increased by 1 whenever it exeeds
T_ADD. While, the counter will be decreased by 1
whenever its energy level drops below T_ADD. The
pilot is returned to the neighbor set if the value of
counter reaches zero. If the value of counter reaches
7, the MS sends the pilot strength measurement
message to the BS, and includes the pilot in the real-
candidate set. Thus, the MS can continuously search
the pilot (i.e. pilot A) more than five times to
gaurantee the transition from the pre-candidate set
to the real-candidate set. Now, we will analyze

optimal paramters for the following two cases.

A. Case A: Tsearch_ period < Ton - Tsignal__need

The following constraints should be satisfied for
thea MS to continuously search the pilot A more

than k times.
0<x(r) < Ton -T signal _need — (k-1)- Tsearch_ period (6)

Since the *(*) is an uniformly distributed random
variable, the probability that the MS continuously

searches pilot A more than k times is given by

P[O < x(t) < Tan - Tsigﬂa17 need — (k - 1) : Tsearch_ period ]

_ Ton - Tsignal _need (k - 1) ° Tsearch _ period (7)

Ton + Tnull

where Ton > Tsignat_need ¥+ (6 =1 Toearen_period . Since the
T equals to "D Ton *7-Toy  the equation (7) can
be rewritten as
PO x(t) £ T, —Toignar meea — k=1 Toearch_ perioa ]
Ton = Tignat _neea =k =D Tooareh _ period (8)
n- (T, +Top)

The probability of (8) is maximized if the Tor is
minimized. Thus, the Te# should be the minimum
value that the hopping pilot beacon allows. Hence

the 7. should satisfy the follwing constraints:

T, 2T

signal _ need

+4-Tooaren _ period )

max {P [0 < x(t) < Ton - Tsignal _need 4. T_rearch* period ]}

T,

on

-T

signal _need — 4-
T, on + TnuII

Tsearch _ period } ( 10)

= max {

The pilot signal which the MS receives in the pre-
candidate set has the second order Chi-distribution
with mean T_ADD [11]. The probabilities that the
pilot signal is over T_ADD and is below T_ADD

are, respectively, given by

p= [fy(x)=0368 an
T_ADD
q= Tﬁ% (¥) = 0.632 (12)
0

However, in the handoff situations, the probabiltiy
that the received pilot signal is over T_ADD is larger
than equation (11) becuase the MS is moving to
target cell. Thus, we assume that the P and the ¢
are equally 0.5. Then, the average number of
searching pilot A in transition from the pre-candidate
set to the real-candidate set is derived as

2
Nsearch :5'05 'pS +7'(’17 'p6q+9'a9 'P7q +

(13
1t-ay,-p*q® +13-a,-p°¢* +- = 104 )

where 4 is the number of events that the MS
transits to the real-candidate set after it continuously

searches the pilot A for i times, and is given by

as=5Cs (14.a)
a;=7C;—,C, -as (14.b)
ag=9Cy —(4C;-as + 2C;-a7)-1 (14.¢)
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on null
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Figure 2. Timing diagram for search and transmission time of a hopping pilot beacon

a;1=1C3 —(§Cs-as + 4Cy a7 + ,Cy-ag) — oC -2
(14.d)

a3=;3C4~(3C4 a5 + 6Cy-a; + 4,Cy-a9 + ,Cy -

(14.e)
a) - nCy—2+4C -1

To ensure that the MS can continuously search
more than 11 times to obtain the reasonable handoff

performance, from (13), we can conclude that the
T,n should be maintained as follows:
Tan 2 signal _need +10"Tsearch_ period (1 5)

The probability that the MS can continuousty

search pilot A more than 11 times is given by

P[O < x(t) < Ton = Lsignal _need — 10- Tszarch_period ]
16
_ Tnn - Tsignal _need ~ 10-T, s€ ( )
T, on T T, null

If the energy level of the pilot in the real-candidate
set is larger than T _DROP, a drop timer is
enabled.The MS searches the pilot, and sends pilot
strength measurement message before the drop timer
expires accoridng to the result of T_COMP test or
T_ADD test. The MS sends the pilot strength
measurement message to request handoff if the
strength of the pre-filtered pilot in the real-candidate
set is larger than that of the pilot in active set by
T_COMP x 0.5 dB for five consecutive times in
T_COMP test. Hence, it is recommended that the
MS be able to continuously search the pilot A of

the real-candidate set five times. If the following

criterion-(17) is satisfied, it is guaranteed that the
MS can search the pilot in the real-candidate set at
least five times whenever the pilot is included in the

real-candidate set before the T_DROP timer expires.

T TDROP > (4+5)-T,

search _ perio

g+,

search _ period —

Tsignal _need +7 mall T T, signal _need + Tactive_ search _time (17)
=10- Tsearch _ period +7, null T TactiveA search _time

From (15), (17), and the fact that 7.z equals to

(n=1)Tpy +n-Toy  the recommended value of Ton is
upper and lower bounded by

Tignat need 10 Toearch perioa < Ton <
T_TDROP-10 Ty, it~ Tave s ime T
n—1
where Tsignal_need +10-Toonren _perioa < (I' _TDROP —
10-Tyomren  period — Tactive _search_time — 1 Tog Y/ —1)

B. Case B: T, wall T T:sigmzl_ need < search_period < nudl +T, on3

where m(integen>0

From the Figure 3, the follwing criterion should
be satisfied for the MS to continuously search the

pilot A for 11 times at its every search period.

10- (Ton + Tnull )+ Txignal_need _Ton <T
10 = £ search _ period ( 19)

< Ton +T, null

Since the *(*) is an uniformly distributed random
variable, the probability that the MS continuously

searches the pilot A for 11 times at its own search
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Figure 3. Timing diagram for search and transmission time when

#i

period is given by

P [Ton +T, null — T search _ period <x(f) < Ton - Tsignal _need
+10- Tsearch_ period ~ 10- (Ton + Tnull )] (20)

_ 10’Tsearch_period _lo'n'(Ton +To/f)_Tsigna1_need +Ton
n-(T,, +To)

From (19) and the fact that T.z equals to

(=0T +n-Toy | the recommended value of T is

upper and lower bounded by

T search_ period ~ 10" Toﬁr <T

<
n e 2D

10- T:earch_period -10-n- Toﬁ" - Tsignal_need
10-n-1

We can find that the case A (Tvearch_perioa S Ton =

Tiignat_neea) is more suitable than the case B (T +
T:vignal_need < ryearch_ period < Tnull +Ton ’ where m ( intege’) 20

) for the handoff of the MS in traffic state because
the probability that the MS continuously searches the
pilot A for 11 times for the case A is larger than
that of the case B.

IV. OPTIMAL PARAMETERS FOR
MS IN IDLE STATE

In this section, we analyze the optimal parameters
of the hopping pilot beacon when the MS is in the

T, ull T, signal _need < search _ period <7, mult + T, on? where

m (integer) > 0

idle state. We analyzed only for the case that
T,

search _ period

STon —Toenat_neea because this case is more
suitable when the MS is in the traffic state.

If the MS decides idle handoff, it newly assigns
the demodulator finger as a new result of active pilot
search. To guarantee reasonable idle handoff per-
formance, the probability that the pilot is being
transmitted while the MS searches the pilot after it

decides idle handoff should be maximized. Let the

time when the MS decides the idle handoff be Y(*) .
The p.df of Y(!) will be given by

1

fY (y) = ? s Tnghbr_search_time

on signal _need
(22)

<y()<T,, ~T,

signal _need +7,

nghbr _ search _time

The MS sets handoff throttle timer (280 ms) on
as soon as it decides the idle handoff. The MS does
not compare the energy of the neighbor pilot and
the active pilot while the timer is on. This prevents
duplicated idle handoff decision. Typically, the idle
handoff is completed before the throttle timer
expires. The time when the MS starts to search the
new active pilot is YO +& Toearen_perioa | and the p.d.f.

of k is given by
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1 280ms

[T 280ms J search_period (23)

search_period

Se)=

From (22) and (23), the probability that the
hopping pilot beacon is transmitting the active pilot
while the MS searches the active pilot after the MS
decides the idle handoff is given by

P[m . (Ton + Tnul[) < y(t) +k- Tsearchfperiod < (24)
T, on T, signal _ need

m- (Ton + Tnull )+ Tan - Tsignal_need] ~

T, +T,

null

We can easily find that the probability that the
hopping pilot beacon is transmitting the active pilot
while the MS searches the active pilot is proportional
to the To,, and is inversely proportional to the

number of neighbor pilots of neighbor cells.

V. NUMERICAL RESULTS

From the results of section III and IV, the optimal

value of the Toy for the hopping pilot beacon should
be the allowable minimum value since the Tor is

inversely proportional to the handoff success

probability. The optimal bound of the7,, is given by

T,

signal _need +10-T, search _ period < Ton < (25)

T _TDROP-10-T, earch_ period — Taclive_ search_time 1" Toff

R

n—1 ,

where Tsignal _need +10-T, search _ period <

T - TDROP-10- Tsearch7 period

-T,

active _search _time

—n-Top

n-1

Though the handoff performance can be
improved as the 7., increases, the appropriate
margin should be condsidered in selecting the 7Ton
in order to reflect channel conditions. The Tux is

determined in terms of T.., oy, and the the number
of different neighbor pilots » as follows:

del = (n - 1) . Ton +n- Toﬁ' . (26)

For the numerical examples, the followings are
assumed: 1) T_TDROP = 1 sec, 2) Neighbor window
size = 80 chip, 3) Active window size = 28 chip,
4) Ty (search integration time) = 512 chip, 5) V»
(number of non-coherent accumulation passes) = 1,
and 6) Tor= 1 ms.

In the selection of optimal values of parameters,
it was also considered that the search time of the
MS may vary according to the search algorithm
(single-dwell/double-dwell) and search speed modes
(1x/8x modes). We assumed that the average search
time of the single-dwell algorithm is three times of
that of the double-dwell algorithm for the same
search speed mode. The MS’s being used in Korea
adopt either the 1x mode with double-dwell search
or the 8x mode with single-dwell search. The optimal
parameters of the hopping pilot beacon should be
selected so that both types of MS’s can be supported.

In Fig. 4, the bounds on T, vs. the number of
pilots in the active and candidate set are shown. In
this figure, the number of pilots transmitted by the
hopping pilot beacon is set to be two. The bounds
on T, may vary for the different number of pilots
in active set and candidate set, and the number of
pilots included in the active and candidate set
depends on the channel environments and handoff
situations.

The bounds on 7., when the number of pilots
transmitted by the hopping pilot beacon is three are
given in Figure 5. In this case, the 7o should be
selected as the value between the lower and the
upper bound.

The bounds on T.,. when the number of pilots
transmitted by the hopping pilot beacon is four are
given in Figure 6. In this case, the optimal value

of T,, can not be found because the lower bound
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Figure 4. Bounds of 7.. vs. the number of pilots
included in active/candidate set when the
number of pilots transmitted by the hopp-
ing pilot beacon is two.
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Figure 5. Bounds of T, vs. the number of pilots
included in active/candidate set when the
number of pilots transmitted by the hopp-
ing pilot beacon is' three.

of the 1x mode MS is higher than the upper bound
of the 1x mode MS. We can conclude that the four
pilots transmitted by the hopping pilot beacon are
not adequate because the number of pilots in the
active and the candidate set can be four in the real
handoff situations.

The bounds of 7., when the number of pilots
transmitted by the hopping pilot beacon is five are
given in Figure 7. As shown Figure 6, the 1x mode
MS can not be supported when the number of pilots

in the active/candidate set is over 2.

VI. CONCLUSIONS

In this paper, we analyzed the transmission para-

~m—~ upper bound (8x mode)
—e— fower bound (8x mode)
—a— upper bound (1x mode)
-+ lower bound (1x mode)

100 | /

1 2 3 4
mumber of pilots i active/candidate set

Figure 6. Bounds of 7., vs. the number of pilots
included in active/candidate set when the
number of pilots transmitted by the hopp-
ing pilot beacon is four.

~a— upper bournd (8x mode)
—e— Jower bound (8x mode)
—a— upper bound (1x mode)
—e— lower bound (I1x mode)

100 | /

1 2 3 4
number of pilots in active/candidate set

Figure 7. Bounds of 7., vs. the number of pilots
included in active/candidate set when the
number of pilots transmitted by the hopp-
ing pilot beacon is five.

meters of a hopping pilot beacon, and recommended
the optimal values of the parameters. The hopping
pilot beacon was employed for the inter-frequency
handoff. The optimal parameters for transmission
time and period of the hopping pilot bacon were
derived from mathematical and numerical appro-
aches. We also recommended the optimal values for
the hopping pilot beacon under various operation
environments.

It is generally expected that the handoff perfor-
mance will be improved as the 7., is larger.
However, appropriate margin in selectiong T,
should be considered reflecting channel propagation
environments and handoff situation. From the above

results, the recommended maximum number of
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pilots transmitted by the hopping pilot beacon is
three, and the recommended value of T.. is about
300 ms when the pilot beacon periodically transmits
three pilots. It is highly expected that the
recommended values be used in a practical design
of the CDMA mobile cellular networks.
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