158 JOURNAL OF COMMUNICATIONS AND NCTWORKS, VOL 1, NO.3, SEPTEMBER 1999

Analysis and Modeling of Dual-Band GSM Networks

Wai-Ru Lai, Yi-Bing Lin, and Herman Chung-Hwa Rao

Abstract: This paper studies interconnection of DC81800 and
GSMY00 dual-band networks. Two types of interconnection config-
urations for GSM services, non-overlap and overlap, are described.
We propose analytic and simulation models 1o investigate the ben-
cfit of the overlap configuration. Qur resulls explain how the radio
channel capacities, the inter-system handoff failure rate, the origi-
nating call traffic ratio and the offered loads atfect the system per-
formance. This study indicates that with appropriate overlap con-
figuration, the GSM dual-band network can significantly improve
the quality of ccllular service.

Index Terms: DCS1800, dual-band networks, GSM, interconnec-
tion.

I. INTRODUCTION

Existing GSM networks operate at three frequency bands at
900 MHz, 1.8 GHz, and 1.9 GHz. The differences among
these GSM networks are operating frequencies and power lev-
els.  They all utilize the same core GSM network follow-
ing GSM MAP (Mobile Application Part) protocol [3]. To
support roaming among GSM networks in different trequency
bands, dual-band or triple-band GSM mobile stations (MSs)
have been developed. In Taiwan, GSM900 (GSM service op-
erated at 900 MHz) and DCS1800 (GSM scrvice operated at
1800 MHz) liccnses have been issued to several private cellu-
lar service providers. Two service providers, Tuntex Telecom
and TransAsia, have GSM900 licenses. Three service providers,
KG Tclecom, MobiTai and Pacific Cellular, have DCS1800 li-
censes, where MobiTai has been merged into KG Telecom in
1999. Two service providers, Chunghwa Telecom and FarEa-
stone, have both GSMO900 and DCS1800 licenses. GSM base
transceiver stations (BTSs) have been intensively deployed in
Taiwan. Before Japuary 1999, Chunghwa Telecom has deployed
2765 BTSs, FarEastone has deployed 2001 BTSs, and Pacific
Cellular has deployed 2496 BTSs. These numbers continue to
increase. Over 4 million customers have subscribed to the GSM
services, and the service penetration rate is anticipated 1o grow.

One of the major GSM network issues in Taiwan is the in-
terconnection of DCS1800 and GSM900 networks among vari-
ous service providers, which 1s referred to as the heterogeneous
PCS issue [11]. Interconnections of DCS 1800 and GSM900 net-
works can be non-overlap or overlap. The non-overlap config-
uration extends the coverage arca of the GSM services. On the
other hand, the overlap configuration increases the radio channel
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Fig. 1. Non-overlap dual-band GSM architecture.

capacily at the same service area. In this paper, we describe the
non-overlap and the overlap configurations for GSM services.
Then we propose analytic and simulation models to investigate
the benefit of the overlap conliguration. Our study indicates that
with appropriate overlap configuration. the GSM dual-band net-
work can significantly improve the quality of service by reduc-
ing the call incomplction probability.

We assume that the reader is familiar with the GSM t(erms
such as home location register (HLR), visitor location register
(VLR), base transceiver station (BTS), base station controller
(BSC), base station (BS). mobile switching center (MSC), roam-
ing and handoff. Details of these terms and GSM operations can
be found in [3], [141, [9], [8]. [17], [13].

II. NON-OVERLAP GSM CONFIGURATION

In Taiwan, non-overlap GSM configuration interconnects
DCS1800 and GSM900 systems belonging to different service
providers. The non-overlap architecture is illustrated in Fig. 1.
Through roaming agreement, a customer of service provider A
(DCS1800 service) can originate/terminate cellular calls at the
service area of service provider B (GSMY00 service) if the cus-
tomer holds a dual-band MS. During a phone conversation, the
customer can hand off from onc network to another network
through the inter-system handolf procedure. Fig. 2 illustrates the
trunk connection before and after the inter-system handoff [9],
where a BS represents of a BTS and a BSC. The new and old
BSs are connected to two different MSCs. In this figure, a com-
municating GSM user moves out of the BS served by MSC A
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(a) Before the handoff

(b) After the handoff

Fig. 2. Inter-system handoff.

and enters the area covered by MSC B. The inter-system handoff
procedure is described in the following steps.

1. MSC A requests MSC B to perform handoff measurement.
MS5C B then selects a candidate BS for handoff. Suppose
that the candidate BS2 is found. MSC B returns the signal
quality parameter values and other information to MSC A.
MSC A checks if the MS has made too many handoffs or
if inter-system trunks are not available. If so, MSC A exits
the procedure. Otherwise, MSC A asks MSC B to setup a
voice channel. Suppose that a voice channel is available in
BS2. MSC B asks MSC A to start the radio link transfer.
3. MSC A sends the MS a handoff order. The MS tries to
synchronize with BS2. After the MS is connected to BS2,
MSC B informs MSC A that the handoff is successful.
MSC A then connects the call path (trunk) to MSC B and
completes the handoff procedure.

[~

In this inter-system handoff process, MSC A is referred to as
the anchor MSC, and is always in the call path (the thick links
in Fig. 2) after the handoff. This anchor approach is selected for
cellular systems because the re-establishment of a new call path
(without involving MSC A) between MS and the new MSC will
require extra trunk release/setup operations in Public Switched
Telephone Network (PSTN), which is not available or 1s not cost
cffective.

We note that the inter-system handofT is an expensive opera-
tion. Besides the long handoff delay time, the failure rate of an
inter-system handof[ is typically more than 5 times of an inter-
BTS handoff [15]. The failure is due to network response time-
out or the lack of network resources such as inter-MSC trunk.

III. OVERLAP GSM CONFIGURATION

Unlike the non-overlap configuration, the overlap configu-
ration allows a customer to select either DCS1800 service or
GSMO00 service at the same location. In Taiwan, this configu-
ration interconnects DCS1800 and GSM900 systerns belonging
1o the same service providers, and there arc two different types
of connections among the BTSs, BSCs and MSCs. These ap-
proaches are described below.

Fig. 3. Type-l overlap dual-band GSM architecture.

A. Type-1 Connection

The overlap architecture for Type-I connection is illustrated
in Fig. 3. This connection installs the BTSs of the DCS1800
and GSM900 networks at the same area, i.e., they are two inde-
pendent networks operating at the same arca. As we will show
later, Type-I connection cannot utilize the radio channels effi-
ciently. In Taiwan, this connection was deployed due (o histor-
ical reason. The service provider first deployed and operated a
GSM900 system. Later, the DCS1800 network was deploved as
an independent network. Around late 1998, the service provider
determined to merge the two networks. The resulting system
consists of individual GSM networks where the DCS1800 and
GSM900 BTSs are co-located at the same area. To sharc the
radio capacities of DCS1800 and GSM900 BTSs in Type-I con-
nection, modifications to the networks have been made:

e For call origination, a directed-retrv technique is used
lo share the DCS1800 and GSM900 radio resources.
Suppose that a dual-band MS registers at the DCS1800
VLR. To originate a call, the MS makes the call attempt
through the DCS1800 BTS. If no idle channel is avail-
able in that BTS, then the DCS1800 network directs the
MS to retry the GSM900 BTS. If an idle channel in
the GSM900 BTS exists, then the MS originates the call
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BSC

Fig. 4. Type-ll overlap dual-band GSM architecture.

through the GEM900 network. Thus, the MS benefits from
GSM900/DCS1800 radio resource sharing at the cost of a
potential call retry.

e Like the systems in the non-overlap configuration, an
inter-system handoff is required to support the inter-BTS
handoff for adjacent DCS1800 and GSM 1900 BTSs. As
mentioned before, the cost for inter-system handoff is ex-
pensive and the failure rate is high.

For call termination, the dual-band network with Type-1 connec-
tion does not offer any capacity benefit. Consider the scenario
where an MS’s home system is DCS1800 network, and it reg-
isters at a GSM900 VLR. For a call termination to the MS, the
call is always directed from the DCS1800 HLR to the GSM900
MSC to page the MS. If the corresponding GSM900 BTS does
not have any idle channel, the call is lost. Following the standard
GSM call termination procedure[14], there is no way 10 re-direct
the call through the DCS1800 MSC.

B. Type-1I Connection

In Type-II connection, both GSM900 BTSs and DCS1800
BTSs are connected to the same BSC as shown in Fig. 4. Since
there is only one HLR, the dual-band GSM configuration with
Type-1II connection can be considered as a single GSM network
where the radio spectrum has been cxtended from one band to
two bands. Furthermore, the co-siting arrangement is available.
That is, the GSM900 and DCS1800 BTSs are located at the
same site so that both BTSs may share cabinet, feeder and an-
tenna. Co-siting allows transmission reuse and cost reduction
for site research, site preparation and site rental. However, it
also introduces disadvantages. For example, site positioning and
full coverage may not be optimized.

Consider a dual-band MS tuned at the DCS1800 band. To
originate a call, the MS uses the DCS1800 signaling channel
(specifically, the SDCCH channel) o make the call attempt. If
the DCS1800 BTS does not have any idle channel but the adja-
cent GSM900 BTS does, then the BSC uses the DCS1800 sig-
naling channel to instruct the MS to tune to the GSM900 frc-
quency. Thus, the MS moves to the GSM900 BTS to originate

the call without a retry. For call termination, the BSC will ask
both GSM900 and DCS1800 BTSs to page the MS. The MS
will connect to the BTS with best idle traffic channel. Similarly,
an MS can hand off between a GSM900 BTS and a DCS1800
BTS following the efficient inter-BTS handofl procedure (be-
cause both BTSs connected to the same BSC). In FarEastone
dual-band system, 8% of handoff decisions are made between
GSM900 and DCS1800 BTSs, and the efficiency is the same as
the single-band inter-BTS handoff [15].

Previous works in [1] and [18] studied the capacity of dual-
band systems for Type-Il connection by considering separate
single-band and dual-band MSs. In these models, single-band
MSs only can access a part ol radio channels while dual-band
MSs can change system during call setup (both for the termi-
nating calls and originating calls). Several channel assighment
methods were proposed for such systems that do not support
handoff services [1]. The effect ol handoft issue was studied by
a simulation model in [18]. However, cell residence time distri-
butions (specifically, the effect of their variance) have not been
studied in literature. In following sections, we investigate the
behavior of dual-band MSs in Type-I and Type-1I connections
by both analytic and simulation models. The call incompletion
probabilities are calculated for Gamma cell residence time dis-
tributions. Furthermore, we compare the performances of Type-
I connection and Type-1I connection.

IV. THE ANALYTIC MODEL

This seclion proposes an analytic model to investigate the
performance of overlap dual-band GSM networks. We assume
that the DCS1800 cells (the radio coverages of DCS1800 BTSs)
are of the same size as the GSM900 cells. Furthermore, the
GSM900 and DCS1800 BTSs are co-sited. This sctup is actu-
ally exercised in GSM networks in Taiwan. Alternatively, the
network can be configurced in a microcell/macrocell structure
where the number of DCS1800 BTSs is lypically 2-4 times as
many as thal of GSM900 BTSs. The microcell/macrocell struc-
ture is out of the scope of this paper, and the reader is rcferred
to [161, [4], [12] for the details.

The following input measures arc considered for modeling
Type-1 connection:

e ¢ the number of radio channels at a GEM900 BTS

¢ ¢p: the number of radio channels at a DCS 1800 BTS
Aoo (Aono): the rate of the call origination attempts that
MSs make throngh a GSM900 (DCS1800) BTS: the call
origination arrivals are assumed to be a Poisson process

o Aoar (Aopy): the rate of the call termination attempts to
a GSM900 (DCS1800) BTS; the call termination arrivals
arc assumed to be a Poisson process

. lll: the mean call holding time; the call holding times have
an Exponential density function f.(1,) = pe=Ht

. %: the mean cell residence time of an MS at a BTS; the cell
residence time distribution is assumed to be Exponential
(this Exponential restriction is relaxed in our simulation
model)

e J: the probability that an inter-system handoff fails

For Type-I connection, the output measures considered in our
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study include

o Dygo (Pypo): the new call blocking probability for
GSM900 (DCS1800) call origination

o DPyor (Popr): the new call blocking probability for
GSM900 (DCS1800) call termination

o F,: the new call blocking probability that an arbitrary new
call is blocked due to the lack of idle channel, where

P - AocoPoco + doarFoar + AopoFopo + )\oDTPoDT
? )\DGO + )\oGT + >\0DO + )\oDT

(N

e MN(Anp): the handoff call arrival rate to a GSM900
(DCS1800) BTS

o P;: the force-termination probability that a handoff re-
quest is blocked. We further define Pyq(Fpp) as the
force-lermination probability for GSM900 (DCS1800)
system. The probability Py can be computed as

AaPra + Anp PfD
Arg + Anp

Py = )

o P, the call incomplerion probability that a call is not
complete due to a new call blocking or a force-termination.
It can be obtained by Eq. (3) shown at the bottom of this
page.

For Type-II connection, there is no need to distinguish call
originations from call terminations, and its modeling is the same
as that for a single-band GSM network where the number of
channels at a BTS is ¢ + cp and the call arrival rate is A,qo +
Ao + Aopo + AonT

Furthermore, the [orce-termination probability 7 is the same
as the new call blocking probability £, since the handoff calls
and the new calls are not distinguishable in GSM channel as-
signment.  Following the technique we proposed in [10], the
Type-II network can be modcled by using the Erlang-B formula
and an iterative algorithm that computes the new call blocking
probability and the force-termination probability in the steady
state. The reader is referred (o [10] for the modeling details.

The remainder of this section describes the analytic model
for Type-I configuration. In this configuration, originating and
handoff calls can be switched from one frequency band to the
other it no idle channel is available in the original frequency
band. However, the terminating calls can not be switched to
the other [requency band as we pointed out in Subsection I11-
A. We also consider the ellect of inter-system handoff failure.
If the inter-system handoff time is longer than a timeout period
or il the network resources (such as inter-MSC trunk) are not
available, the network fails to complete the handofT process.

We analyze the Type-I dual-band GSM network by a two-
dimensional Markov process. The state transition diagram is
shown in Fig. 5. A state in this process is defined as (4, j), where
t (0 <4 < e¢r)is the number of busy channels in GSM900 BTS
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Fig. 5. State transition diagram of the Markov process for Type-l con-
nection.

and 7 (0 < 7 < ¢p) is the number of busy channels in DCS1800
BTS.

The trangition rates Vi, Vp, Ve, V3 and V5 used in Fig. 5 are
defined as

Vo AoGO + AoGT + A,

Vb = Aopo + AeDT + ARD,

VB = p+mn,

Ve = Xoco+AocT +Ane + Aepo + (1 —9)Anp
= Va+Adono+ (1 -9,

Vh = Xopo+ depT +Ap + Ao + (1 — ) Ane

= Vp+Xgo+ (1 -

The transitions of the process are described below.

o For0 <4 <¢gand0 < j < ep, idle channels in both
GSM900 and DCS1800 bands are available at the co-sited
BTS. Thus, the process moves from (7, ) to (z+ 1, ) with
rate Viz = Aogo + Asar + Ang, and moves from (4, 7) to
(i, + 1) withrate Vp = A,po + AeDT + AnD.

¢ The channel occupation time of a call is the minimum of
the remaining call holding time and the remaining cell res-
idence time. Since the call holding times and cell resi-
dence times are both exponentially distributed with rate x
and 7 respectively, the channel occupancy time is also ex-
ponentially distributed with rate Ve = iz + 1. Thus, the
process moves from (4, 7) to (¢ — 1,7) with rate 1V for
0 < i £ ¢g. Similarly, the process moves from (4, 7) to
(1,7 — 1) with rate 7V for 0 < j < ep.

e When the process is at state (¢, 7) for 0 < § < cp,
all GSM900 channels are busy. For a GSM terminat-
ing call arrival, it is dropped. On the other hand, for

2 —
-[ ne =

Aocioleco + AoaT PocT + AMcPrc + AopoPopo + AoprPont + ApPrD

AoCO + Ao F AoDo + AoDT

3)
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an originating call or a handoff request, the MS is asked
to re-iry the DCS1800 band. TIn this case, a DCS1800
channel is available and the GSM900 originating call is
served (and is turned into a DCS1800 call). However.
the handoff request may be dropped if the inter-system
handoff time is too long or if network resources are not
available (with probability 9). Thus, the process moves
from (cq,7) to (cq,j + 1) with rate V3 = Aopo +
AoDT + Anp + dogo + Ana(1 — @), Similarly, when
the process is in (4,ep), where 0 < i < ¢, the pro-
cess moves from (i,cp) to (¢ + 1,¢p) with rate V3 =
AoGO + AT + Ang + Aopo + Anp(1 —19).

Let p(i, j) be the stationary probability for state (¢, §), which

satisfies the following constraint

@ D

>N ptig) = 1. )

=0 j=0

The stationary probabilities can be calculated by solving the
(e + 1)(ep + 1) balanced equations and (4). Then the fol-
lowing output measures can be derived by using the stationary
probability p(z, 7):
e An originating call is blocked if neither a GSM900 chan-
nel nor a DCS1800 channel is available at the co-sited
BTS. We have

P.qo = Popo = plca,cn). (5)

¢ Since the terminating calls at one band can not use the
radio channels at the other band, we have

Foer = Z pleg,i) and P,pr = Z p(,cp)-

0<i<ep 0<i<ca

(6)

¢ Since the force-termination probability for a GSM900
handoff call is the probability that the call is dropped when
no idle radio channel is available in both bands (with prob-
ability P,zo) or when no GSM900 channel is available at
the new BTS but one or more DCS1800 channels are avail-
able and the inter-system handott fails (with probability
(Pogr — Pago)®). Thus, the GSM900 force-termination
probability is

Pra = Pogo + (Pogr — Poco)?. (7
Similarly, the DCS1800 force-termination probability is

P¢p = Popo + (PonpT — Papo)Y. (8)

Let P,, be the probability that a new call at the cell is not
complete before the MS moves out of the cell (i.e., the new call
“overflow” probability), and I?,, be the probability that a hand-
off call at a cell is not complete before the MS moves out of the
cell (i.e., the handoff call “overflow” probability). From [10],
we have

Py = Fpo = 9)

p+n

The GSM900 handoff call arrival rate Ap¢ is

Aner = [Ana(l = Pocir) + Mp(Popr — Popo)(1 — 9)] Pro
+ [(Aeco + Xoci)(1 — Pogr)
+ /\oL)O (-PQDT - ]joL)C))} Pno-
(10

Eq. (10) implies that handoff calls overflow from a co-siting
BTS A 1o A’s neighbors in four cases:

e When a handoff call entered BTS A, it was a GSM call
and it received a GSM radio channel at BTS A (with rate
Anc:(1 — Pocir)). The call is not complete at BTS A (with
probability I7,,).

¢ When a handoff call entered BTS A, it was a DCS1800
call and it reccived a GSM radio channel at BTS A (with
rate Ay (P, — Lype) (1 —19)). The call is not complete
at BTS A (with probability Py, ).

o When a new call entered BTS A, it was a GSM900 call
and it received a GSM radio channel at BTS A (with rate
(Moczo + Aoar)(1 — Pocer)). The call is not complete at
BTS A (with probability P,,).

* When a new call entered BTS A, it was a DCSI1800 call
and it received a GSM radio channel at BTS A (with rate
Xopo(Popr — Fupo)). The call is not complete at BTS
A (with probability F,,,,).

From (10), (9) and (7), we have

i
= ) (Ponr — Fono)(1 =1
Ahc TPy x [Anp(FPonm po)(l —19)
+ (Moo + Aoar)(1 = Pogr) + Aono(Popt — Popo))] -
(11)
Similarly, the DCS1800 handoff rate Ay p is:
Anp = —1 x [Anc (P, P,co)(l =)
hi) = o+ T]PODT hGE\LoGT oGO
+ (Aono + Ao )(1 = Popr) + Aoo(Pogr — Pogo)] -
(12)

By using the approach in [10], the following iterative algo-
rithm is executed to compute £, Pra, Prp, Pre, Paep and

B
-[ ne-

Step 1. Select initial values for P,so, Pogr, Fopo and

Po nrT-

Step 2. Compule handoff rates Ay and App using (11) and
(12).

Step 3. Let Doqooa — LToco. Pocroia — FPoars

F,po.oid « Popo and Popr oia < Popr.

Compute P,izo, Pogr, Popo and F,pr by using
(5) and (6).

Let 4 be a pre-defined small value. If | P00 —
Focol > 0Pgo. |PocTold — Fogr| >
0Pyar. |Popo,cia—Lopo| > 0Pspo or |Popt,ord —
P,pr| > 6P, pr, then go to Step 2. Otherwise, go to
Step 6.

Compute F,, Pia, Prp, Pp and P, using (1), (7),
(8), (2) and (3), respectively.

Step 4.

Step 5.

Step 6.
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The above analytic model is validated by simulation experi-
ments. The simulation model is similar to the ones we developed
in [5]. Fig. 6 (a) plots the output measures forType-I connection
where A = Ago = Ao = Aopo = Aopr. The solid curves
are for simulation results and the dashed curves are for analytic
results. These curves indicate that the analytic results and the
simulation results are consistent (for other figures presented in
this paper, consistent results for simlation and analysis are also
observed).

V. NUMERICAL RESULTS

Based on the model described in the previous section, we
study the effects of the input parameters on the new call block-
ing. the torce-termination and the incompletion probabilities.

A. Effect of the Inier-system Handoff Failure Ruale

Fig. 6 (a) plots F,,, Py and P, as functions of the inter-system
handoft failure rate ) for Type-I connection, where A = 4.5,
n = 0.5 and ¢ = ¢p = 14, We observe that as 1) increases,
Py and P, rapidly increase and F, slowly decreases. Since the

163

Table 1. The carried load when the system is engineered at 2% Fre

(Erlang).
mobility | Type-1 Type-1 Type-I Type-1I
(¥ =0) | (9=50%) | (¥=100%)
=L 4.35 4.07 3.87 4.71
n=12u 4.26 3.85 3.61 4.54

handoff calls are more likely to be forced terminated for larger &,
the resource released from the force-terminated calls are avail-
able to the new calls. Thus, 7, decreases.

Fig. 6 (b) illustrates the call incompletion probability I, ;
for Type-I connection as a function of the inter-system handoff
failure ratc with dillerent mobility values. We consider the cases
where 17 = 0.5 and 2. The figure shows an intuitive result that
as ¢ increases, Py, s increases more rapidly for the case where
7 = 2u than the case where n = 0.5p. That is, the effect of
¥ on P, is more significant for a large mobility than a small
one. Consider the case when ¢ = 100%. For low mobility (i.e.,
17 = 0.5, the portion of call incompletion due lo inter-system
handoff failure is 44.66%. For high mobility (i.e., 7 = 2u), the
portion is 75.26%. This portion is computed as (13) at the bot-
tom of this page, where (I, — Pocyo )0 and (Lo pr — Popo)?d
are the force-termination probabilities due to inter-system hand-
off failures (see (7) and (8)). The result indicates that even when
MS mobility # is low, reducing inter-system handoff failure ratc
is still critical to improving the performance for Type-I connec-
lion.

B. Comparison of Type-I and Type-II Connections

This subsection compares Type-I connection with Type-II
conncction. Fig. 7 plots P, as a function of A/p for Type-I
connection (with 9 = 0,50% and 100%) and Type-II connec-
tion, where n = pu, 2p and ¢ = ¢p = 14. Table 1 lists the
traffic load carried by Type-I1 and Type-1I connections when the
system is engineered at 2% blocking probability (i.e., Pne). In
the table, the offered loads are given in Erlang forn = pand 2,
¢ = cp = 14 and & = 0, 50% and 100%. We obscrve that [or
77 = u, the improvement of Type-II connection over Type-I con-
nection (i.e., cxtra workload that Type-1I connection can carry
over Type-1 connection) can he up to 8.28% for & = 0, 15.72%
for 9 = 50% and 21.71% for ¥ = 100%. For j = 2y, the im-
provement of Type-11 connection over Type-I connection can be
up to 6.57% for® = 0, 17.92% for ¥ = 50% and 25.76% for
¥ = 100%. We conclude that for both high and low mobilities,
Type-1I connection significantly outperforms Type-I connection
(even when the inter-system handoff failure rate 1s small).

C. Effect of Originating Call Traffic Ratic

Define the originating call traffic ratio £ as the ratio of the
originating call traffic to the total call traffic. The ratio £ is about

M (Pocr — Poco)V + Anp(Popr — Popo)¥

AoqoPoco + AocT Poct + AraPra + Moo Foro + Aopr Porr + APy

(13)
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40% for a typical GSM system. For a GSM system with pre-
paid phone service [2], the ratio is about 10% — 25%. By fixing
the total call arrival rate (i.e., Apqo + Ao + Aopo + AoDT)
to 20 p, Fig. 8 (a) plots I’,, Py and I’ as functions of £ for
Type-I connection. In the figure, Aojgo = Aopo = 10&u,
AsaT = dopr = 10(1 — Epe and cg = cp = 14. We ob-
serve that P, and F,. decrease and [’y increases as § increases.
Note that the originating calls can switch from one band to the
other if no idle radio channel is available in the original band.
When the originating call traffic increases, new calls have more
opportunities to be accepted. Thus, I, decreases.

Fig. 8 (b) plots Py as a function of £ for ¥ = 100% and ¢ =
16%. As £ increases, P, for & = 16% decreases more rapidly
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than that for ©# = 100%. The effect of the originating call traffic
ratio on P, is more significant when the inter-system handoff
failure rate is small. The P, ; (¥ = 100%) to P 7(¥ = 16%)
ratio at £ = 0 is about 1.20 and the ratio at £ = 1 is about 1.47.
The phenomenon suggests that the inter-system handoff failure
rate has a more significant effect on I, for a larger originating
call traffic ratio. For a dual-band GSM system without pre-paid
service, it is more important to reduce + than that with pre-paid
call service.

D. Effect of the Variation of the Cell Residence Times

This subsection studies the effect of the cell residence time
distribution based on simulation results. For the demonstra-
tion purposes, we use Gamma residence time distribution. The
Gamma distribution is selected because it can be shaped to rep-
resent many other distributions [6].

A Gamma distribution has the density function

(43
falt) = D=l Ptfor 1 5 0,
Ia)

where c > 0 is the scale parameter, 5 > 0 is the shape parame-
ter and D(p) = [~ #?~'e~“dw. The mean of the distribution
is 1/n = a// and the variance is /3%, With a fixed mean, we
study the effect of the coefficient of variation of the Gamma res-
idence time distribution. The coefficient of variation o = 1//a
is the ratio of the standard derivation to the mean, which is an
important quantity in statistics and queuing theory [7]. A large
o represents that the cell residence times have a large variance.

Fig. 9 (a) illustrates F,, Py and P,. as functions of o for
Type-II connection. In this figure, e = ¢p = 14,7 = 0.5 and
A = 6u. We observe the following:

s For ¢ < 1, all performance measures are insensitive to the
variance of the cell residence time distribution.

e Foro > 1, F, increases and P, and Py decrease as ¢
increases.

Fig. 9 (b) plots I’ as a [unction of ¢ for ; = 0.5y and p.
When 1 = p, as o increases, P, decreases more rapidly for the
case where p = p than the case where 7 = 0.54. That is, ¢ has
more significant effect on I, [or a larger mobility.

Fig. 10 (a) and (b) illustrate P, Py and P, as functions of
o for Type-I connection with # = 100% and ¥ = 16%, respec-
tively. We observe that I, and %, are no longer the same in
Type-I connection.
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Fig. 11 plots F,,. as a function of ¢ for Type-I connection
(with ¢ = 100% and 16.67%. respectively) and Type-II connec-
tion, where ¢ = ¢p = 14,7 = 0.5z and A = 4.5. The figure
indicates F,,. increases as o decreases for Type-I connection.
On the other hand, P,. is insensitive to o for Type-II connec-
tion. Thus, traffic engineering for Type-1l connection is easier
than Type-I connection because the effect of o can be ignored.

VI. CONCLUSION

This paper studied dual-band GSM network performance.
Specifically, we investigated how the radio channel capacities,
the inter-system handoff failure rate ¢4, the mobility rate 7 and
the originating call traffic ratio affect the system performance
such as call incompletion probability P,.. Our analysis indi-
cates the following.

o The effect of inter-system handoff failure rate ¢ on F,,, is
more significant for a large mobility n than a small one.
The results further indicate that even when MS mobility is
low, reducing ¥ is critical to improving the performance
for Type-1 connection.

e In terms of F,., the Type-II connection significantly out-
performs Type-I connection (even when the inter-system
handoff failure rate is small).

o The inter-system handoff failure rate ¢ has significant ef-
fect on I, for large originating call traffic ratio. It is
important to reduce ¥ for Type-I connection with heavy
originating call traffic.

o P, decreases as the variance of the cell residence time
distribution increases. Specifically, P, in Type-I connec-
tion with a large inter-system handoff failure rate is much
more sensitive to the variance than Type-II connection.
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