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Abstract[] General Packet radio service (GPRS) is designed for transmitting packet data and
supposed to take its radio resource from the pool of unused channels by GSM voice services.
Obvioudly, the introduction of GPRS has impact on the voice services. In this paper, we
present a method to calculate the outage probability of the GSM-GPRS network for both the
non-frequency hopping and the frequency hopping systems. This method takes into account
the Rayleigh fading, power control (with error), discontinuous transmission, and frequency
hopping (if applied). The outage probability of voice services affected by the introduction of
GPRS is discussed. The number of unused voice channels alocated to GPRS depends on the
difference between the outage level of the existing GSM network and the maximum
acceptable level. The frequency hopping system can accommodate more GPRS traffic than the
non-frequency hopping system. The power control error has more impact on the system
performance when more channels are allocated to GPRS. Beyond our expectations, for the
non-frequency hopping system, the channels provided to GPRS are not much different
between the high channel occupancy and low channel occupancy of voice services. However,
for the frequency hopping system, the system can provide more channels to GPRS at low
channel occupancy. The cell service area decreases by about 10%[20% for each additional
channel allocated to GPRS.
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1. Introduction

Since cellular systems were introduced in 1970s, the main application of most mobile
communications systems has been the voice-oriented service. Recently, the use of data
applications in mobile terminals, such as facsimile transmission, Internet surfing, short
message exchange, multimedia services, etc., is becoming more and more popular. As the
human mobility becoming even more important, the mobile communications systems are
demanding all-embracing applications, such as wireless personal computers, mobile offices,
mobile electronic funds transfer, road transport telematics, fleet management, and remote
telematics, in addition to the existing services.

The current method of data transmission in the pan-European Global System for Mobile
Communications (GSM) and the American Advanced Mobile Phone Standard (AMPS)
cellular networks s circuit switching. This technique reserves the traffic channel for the entire
communication time, which wastes the radio resource when data traffic occurs in bursts with
long silent intervals. In the development of GSM phase 2+, the European



Telecommunications Standard Institute (ETSI) has specified [1] a general packet radio service
(GPRS) over the GSM to increase the utilization efficiency of the radio resource and provide a
set of additional services. Similarly, in North America, Cellular Digital Packet Date is
specified [2] to provide packet data services utilizing the AMPS infrastructure.

A cell supporting GPRS may allocate resources on one or several physical channels. Those
physical channels, shared by the GPRS MSs, are taken from the common pool of physical
channels available in the cell. The physical channels unused by circuit switched services are
allocated dynamically to the GPRS according to the needs for actual packet transfers which is
referred to as the “capacity on demand” principle. Up to eight packet data traffic channels
(PDTCHSs), with different timeslots but with the same frequency carrier, may be allocated to
one MS at the same time.

Whenever the signaling is not carried by the existing GSM common control channel (CCCH),

at least one packet data channel (PDCH, e.g., physical channel) is needed to act as a master.
This master channel accommodates packet common control channel (PCCCH), which carries
all necessary control signaling for initiating packet transfer, as well as user data and dedicated
signaling. Other PDCHs act as slaves for user data transfer and for dedicated signaling. A new
protocol, the medium access control (MAC) protocol, is introduced in order to multiplex up to
eight different MSs onto one slave channel. Different packet data logical channels and the
PDTCH can be multiplexed on the same physical channel.

When a circuit switched network is operating at a blocking probability of 0.02, the average
channel load is in the range of 60%-80% depending on the total number of channels used in
the cell. Thus, there are 20%-40% idle channels on average which may be used for data
services. Both GPRS and CDPD are designed to utilize those unused channels to transmit
short bursts of packet data. However, the introduction of the packet data services into existing
circuit switched networks without allocating new spectrum may cause the degradation of
either voice quality or voice capacity. More specifically, it may increase the blocking
probability, or degrade the service of voice quality and reduce the cell service area, defined as
the area over which a specified outage probability limit is achieved.

The introduction of packet data services must have no effects or just very small effects on the
existing voice services. In order to guarantee the quality of service (QoS), it is necessary to
allocate dedicated channels for the packet data service, especially for the GPRS with multiple
applications and multiple class services. However, such a scheme with dedicated channels
will reduce the number of channels provided for voice services and increase the blocking
probability to an undesirable level. The dynamic sharing of the channels between voice
services and packet data services seems not to have much impact on the capacity of voice
services and creates additional capacity for packet data services [3]. However, the system
performance will be degraded, e.g., outage probability increase and cell service area decrease,
due to the additional interference contributed by packet data transmission [4], [5], [6]. When
the operator plans a system, the outage probability distributed in a cell is normally designed
within the some limit for a certain traffic load. There are two possible cases in existing circuit
switched cellular networks, i.e., 1) the outage level has reached the maximum acceptable
value, 2) the outage level is below the maximum acceptable value.

In the first case, since the voice services have already achieved the network capacity limit,
overlaying the packet data services will degrade either voice quality or voice load due to the



additional cochannel interference. Even though in the low channel occupancy, some channels
unused by voice services might be used for GPRS, the obtained capacity is quite limited and
unpredictable. In the second case we may obtain additional capacity by overlaying the packet
data services onto voice services, but the tolerable level of the outage limits the capacity
extension so that it does not exceed the maximum acceptable value.

When a channél is allocated to GPRS, it is shared by a few data users simultaneously. The
cochannel interference to the voice users might vary rapidly and dramatically in the time
interval from 20 ms to a few seconds depending on the transmitted packet data size, since the
locations of those packet data users could be very different. This effect could drive the system
into an unpredictable and unstable situation except for causing a degradation of the QoS of
voice services. Therefore, the admission control of the packet data traffic is necessary to
guarantee the quality of service for voice users. In this paper, we focus on discussions of the
outage probability affected by GPRS traffic in order to provide some guidelines for system
evaluation and planning, as well as the admission control. Numerous papers [7]-[10] have
presented methods of the outage probability calculation for different considerations separately,
such as, Rayleigh fading and voice activity factor. However, very few papers can give a
method integrating the considerations of Rayleigh fading, voice and data activity, and power
control, with and without frequency hopping, especially for systems, where voice and packet
data coexist. In section 2, we present a detailed analytical approach for the outage probability
calculation of GSM-GPRS networks. Power control, Rayleigh fading, and voice activity
detection, with and without slow frequency hopping are taken into consideration. In section 3,
numerical results are given, and the QoS of voice services affected by GPRS is discussed by
outage probability calculations. Finally, some conclusions are drawn in section 4.

2. Outage Probability of the GSM - GPRS Networ k
A. Assumptions

All signals are assumed to have experienced Rayleigh fading with respect to a local mean
signal strength, while the local mean signal strength experiences log-normal slow fading
based on a mean value, which is determined by the propagation loss law of an inverse n-th
power of distance. The desired signal and interfering signals, and different individual
interfering signals are all statistically independent. The slow fading is assumed to be
uncorrelated and the variance is the same for all cells. Voice activity detection is assumed to
be used in the system. Using the discontinuous transmission (DTX) method, the transmitted
power of a user is reduced to a low level during speech pauses, and its interference to other
users is assumed as zero. For a voice user, the active time of speech is about 40% of his call
duration in average, and the rest of the call duration is in listening state. Therefore, when a
channel is used for transmitting voice, the activity factor is about 40%.

The selective automatic repeat request (ARQ) protocol is used for GPRS data transfer. The
MAC protocol [13] is developed to multiplex up to eight different MSs of GPRS onto one
physical channel. Different packet data logical channels and the PDTCH can also be
multiplexed on the same physical channel. The MAC function provides collision avoidance,
detection and recovery procedures. On the downlink, multiplexing is controlled by a
scheduling. On the uplink, multiplexing is controlled by medium allocation to individual
users. When a channel is reserved for an individual MS, it allows to transmit a predetermined



(limited or unlimited) amount of time without interruption. When the M S (or BS) has sent the

last Radio Link Control (RLC) Data Block (perhaps not the final data packet), the channel is
released and it is waiting for the acknowledgment. A new Packet Channel Request is needed

to be issued in order to continue to transfer the remaining data block and erroneous data block.

When the service-initiating request of a GPRS user is accepted, it can be in two states: active

and idle. In the active state, it may either be in transmitting or backlogged (retransmitting)

state. In the idle state, it is waiting for acknowledgment or waiting for transfer. However, a

channel accommodating a few GPRS users, can be assumed as to be transmitting some kind

of information, if the number of users requesting service is large enough. The reason is that

the time scheduling a user into the transmitting state is so small (one burst period) that the idle

time of this channel can be neglected compared with its active time. The traffic load of GPRS

may vary in a day, however, for the system planner’s point of view, the network situation with
a high GPRS load should be considered in order to guarantee the QoS of voice services.
Therefore, the activity factor of a channel carrying the packet data traffic is taken as 100%
here.

B. Probability Density Functions of the Sgnal and Interference

A signal from the transmitter to the receiver has experienced the path attenuation, slow fading
and fast fading. Thus, the received po®esf a desired signal and the interference power
can be described as:
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wherePris the transmitted poweé;is the slow fading variabl€; is the fast fading variable;

is the distance from the transmitter to the receivens a factor of transmitted power
attenuated with distancX. is the channel activity factoA is a proportionality constant. The
indexes andk refer to tha-th mobile in thek-th interfering cell and =k = 0 corresponds to

the desired mobile and the desired ddllandNi are the number of interfering cells and the
number of mobiles in th&-th cell respectively. One should note that, when a channel is
allocated to GPRS, it is shared by a few data users. The cochannel interference to the voice
users might fluctuate frequently in the time interval from 20 ms to a few seconds depending
on the transmitted packet data size, since the locations of those packet data users could be
very different.

roo is the distance from the desired mobile to its host base statias;the distance from the
desired mobile to thé&-th interfering base station of thegh mobile in downlink, or the
distance from the host base station of the desired mobile to-tthenobile in thek-th
interfering cell in uplink.

oo and &k are log-normal random variables which refer to the slow fading of the desired signal
and the interference signal from tlhga mobile in thek-th interfering cell respectively.

Zoo andZy are fast fading random variables of desired signal and interference signal from the
i-th mobile in thek-th interfering cell respectively. The distribution of those variables for



Rayleigh fading normally is the exponential distribution, i.e., the probability of density
function (PDF) is:

f,(Z)=ep(-Z,),  Z,>0, i =0, LAIN, andk =0, 1M 3

Xik 1S a binary random variable, which takes values in {0, 1} and representing whether
channel used by the i-th mobile in the k-th cell is active (Xix = 1) or inactive (Xix = 0). The PDF
of Xik is

fy, (Xi) = P (1= Py, Xk =01 (4)

where py is the probability that the i-th mobile in the k-th interfering cell is active at the same
frequency and time dlot as that of the desired mobile.

Power control compensates the long term attenuation (i.e., attenuation due to the path-loss and
shadowing) by different power level transmissions. The power control algorithm, which is
based on the SIR measurement, has a risk of system instability [11]. Some radio links of the
system may end up transmitting at, or altering between, their maximum or minimum power.
The power control algorithm for GSM and GPRS systems is recommended [12], [13] on the
base of the received strength power:

P(t) = max{PR,;,. min(l, —a [C,P_,)} indB

min?

or

P(t) = max{ P, ,min(—, Cr:a, P} (5)

where Prax ,Pmin @re the maximum and minimum transmitted power allowed by the system
respectively; g is a pre-designed constant; C is the received signal level; a is a system
parameter varying from O to 1. If the power control fully compensates the path loss and slow
fading, the a is equal to 1. However, if the path loss and slow fading is only partly
compensated (0<a<l), some gain in capacity is obtained [14]. More specificaly, the
transmitted power of the desired signal, P, isinversely proportional to ry, & . For user i in

cell k, its transmitted power P, is inversely proportional to ry, ~“'&, where roix and ik refer

to distance and the slow fading on the path from mobile i in cell k to its own base station
respectively. However, the power control is imperfect in the practical system due to the
measurement error, and a power control error P® may exist. The power control error P° is
normally considered as a lognormal random variable with a zero mean and a standard
deviation o, [20], [22]. Therefore, we can rewrite (1) and (2) as:
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where A = Al B, = &3P, and B, = & PS. Because &o, Po’, &k &ik and Py’ are
independent lognormal random variables, Sy and Sk are independently lognormal random

variables with the zero mean and the standard deviation g, =,/(1-0)?0?+a? and

o, = \/(1+ a®)o? + a? (both in dB) respectively [15]. Here we assume a slow fading factor
and power control error with standard deviation os and o, respectively for all mobile stations.

For (6), we consider the lognormal random variable Sy to be superimposed on A'r®™ .,
This superimposition produces the local mean power S which islognormally distributed with

a standard deviation ooy and a mean value 10log( A'r,”* ), i.e.,
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Applying the same principle into (7), the loca mean individua interference power I, is
obtained by superimposing the Bix into the term of A'[ri/(roi)®]™”. The PDF of the local mean
individual interference power 1, is
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Eq. (6) and (7) can be rewritten as
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C. Outage Probability

The outage probability of a system is the probability that the instantaneous signal power to
interference power ratio (Y1) falls below a specified threshold y and denoted as

P, (outage) = Pr{ S/l < y} (129)
i.e.,
O O
R, (outage) = F’fED—M NkSZOO < Vﬁ (12b)
O rzx 0o
E = ; ik =ik 7Yk E
From (12), we have
_ _ y MR _
P (outagglS,1,Z,X) = Pr{Z, < S Zl; L Zi Xind (13)



,Z :[zﬂ,zﬁ,mﬂszM | X :[xn,xm,m(NkM . Because Eq. (12)

refers to the probability of the signal to interference ratio (SIR), when applying (8) and (9) to
(12), we can let A’ =1 without loss of generality. Using the PDF of Zyy in (3) into (13) we have

MNk
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* Non-Frequency Hopping Systems

For a non-frequency hopping system, there is only one co-channel user allowed in a cell.
Thus, Ny =1, and

P (outagelS,1,Z,X) =1- L‘| exp{— | Z X} (15)
Averaging (15) over the Rayleigh fading and shadowing using (3), (8) and (9) as shown in the

Appendix, we have average outage probability:
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where w; is the weight of the n-point Gauss-Hermite quadrature formula and x; is the abscissa
of thei-th zero of Gauss-Hermite polynomial; N, and Ny are the number of cochannels used by

voice users and data users in M interfering cells respectively. a:\/iaoolnlollo,
c=+/20,1n10/10,d, = y(r Y /1)", dy = V(g T /1,)", Too is the distance from the

desired mobile to its host base station; ry (or rg) |sthe dlstancefrom the desired mobile to the
k-th (or the g-th) interfering base station of the voice (or data) user in downlink, or the distance
from the host base station of the desired mobile to location of the cochannel voice (or data)
user in the k-th (or the g-th) interfering cell in uplink; roc (or rog) refers to distance from
location of the cochannel voice (or data) user in the k-th (or the g-th) interfering cell to its own
base station. The outage probability is mainly dependent on the locations of mobiles, the
frequency reused factor and the channel load by GSM voice services and GPRS.

* Frequency Hopping Systems

For frequency hopping systems, each channel in a cell is occupied by voice or data users with
the same probability Ay,

_ N (k) IV + N, (k)
N N (K)

(17)



where N; is the number of time slots per TDMA frame and Niop(K) is the number of distinct
frequency carriersin cell k; N\(k) and Ny(k) are the number of channels used in cell k by voice
users and data users respectively.

In GSM frequency hopping system, each channel within a cell is orthogonal. The intercell
interference is considered only. Because of the non-uniform call traffic in practical networks,
the number of frequency carriers allocated to different cells may not be the same. Therefore,
the frequency set used in the desired cell may not be exactly the same as the frequency setsin
interfering cells. Let Neo(K) be the number of frequency carriers used in both the desired cell
and interfering cell k; Nge is the total number of frequency carriers used in the desired cell. We
define afractional factor fy as:

_NG(K) |, Ny (K)

f
“ Nde Nhop(k)

(18)

Therefore, the interference probability caused by all usersin cell k is pi=Axf{. However, each
of Nk = Ny(K) + Ng(k) co-channel usersin cell kis equally likely to cause interference and they
are mutually exclusive, the probability of interference from the i-th mobile in the k-th cell
should use p/Nk. Combining (4) and (14), we have

P(outagelS.T,2) =1~ [ {1~ P + - 3 &P~ § 112, (19)

Averaging (19) over the Rayleigh fading and shadowing using (3), (8) and (9) as shown in the
Appendix, we have average outage probability:
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where d, = y(ry r5 11,)", roo is the distance from the desired mobile to its host base station;

rix isthe distance from the desired mobile to the k-th interfering base station of the i-th mobile
in downlink, or the distance from the host base station of the desired mobile to the i-th mobile
in the k-th interfering cell in uplink; roi refers to distance from mobile i in interference cell k
to its own base station. Obviously, the outage probability is mainly dependent on the number
of hopping frequencies, the locations of mobiles, the frequency reuse factor and the channel
load by GSM voice services and GPRS.

3. Numerical Results

Introducing GPRS into GSM networks may bring some effects on the quality of service and
capacity of the existing circuit switched services. In this section, we will give some numerical
results of the outage probability of the uplink affected by transmitting the packet data traffic in
the GSM radio network resource.

The hexagonal cell cellular system with 7 cell reused pattern is considered in this calculation.
A central cell which is taken as the cell with desired mobiles has six interfering cells.



Omnidirectional antennas are assumed to be used and the propagation loss exponent and slow
fading factor are same for all cells. The propagation loss exponent nj and standard deviation o5
of the slow fading are assumed to be 4 and 8 dB respectively. The discontinuous transmission
(DTX) method is assumed to be used in the system. The voice channel activity factor is
assumed to be 0.4, and the packet data channel activity factor is used 100% as we discussed in
section 2. For power control, the agorithm partly compensating the path loss and shadowing
ischosena =0.5in (5).

A typical GSM system normally has 3 or 4 carriers per cell. Here the number of carriers is
assumed to be 4 in each cell. Then 4x8 = 32 physical channels are available in a cell. Suppose

3 channels are reserved for the network signaling, thus, only 29 traffic channels are available

for carrying users’ information in a cell. The mobile stations are uniformly distributed with an
identical number in each cell.

Suppose the GSM network operating at a blocking probability of 0.02 for voice services. For a
cell with 29 traffic channels, an average traffic load of 21.04 Erlangs is supported. The
average number of calls in the systenk(s) = p(1-Pp) = 21.0498% = 20.62< 21. Our goal

is to investigate how the performance of circuit switched services are affected by the
introduction of the GPRS traffic into existing GSM networks. Our interest is the interference
statistics of voice services affected by GPRS. Therefore, we assume that the call blocking
probability of voice services is not affected by GPRS due to the dynamic resource allocation
between voice services and GPRS.

The GSM specification [18] recommends a SIR threshold @B @nd 2dB implementation
margin has been included in the simulated residual BER threshold. A threshold lower than 9
dB, such as @B [19], [20], corresponding to a bit error rate of*18hould be considered in

the theoretical calculations. However, in practical network planning, operators normally use a
SIR threshold higher than the recommended value dB,9which is up to 12-14iB. In
addition, only one ring of the interference cells is considered in our calculation. Therefore, a
threshold value of 16B is used in the following calculations.

The outage probability is calculated through a series of Monte Carlo simulations based on
generating a large number of snapshots. In each snapshot locations of users are randomly
generated, and a pure random channel allocation algorithm is used to assign channels to users
in the central (desired) cell as well as in each interfering cell, according to the considered
number of simultaneous users. Due to the random channel allocation, for the non-frequency
hopping system there always exist some “good” channels with less cochannel users and “bad”
channels with more cochannel users, but for the frequency hopping system the quality of every
channel is the same because of the interference diversity. From the system planner’s point of
view, the system should guarantee the quality of the “worst” channel with the largest number
of cochannel users. Therefore, for the non-frequency hopping system the outage probability of
each snapshot is calculated from the “worst” channel. In a simulation, 10000 snapshots are
generated and the outage probability of each snapshot is calculated by Eqg. of (16) or (20). The
distribution of the outage probability in a given cell depends on locations of the mobile
stations in this cell and its interfering cells. Instead of giving a cumulative distribution
function (CDF) of the outage probability, we only show the 0.9 percentile value [21] of the
outage probability, called 90% worst case outage probability. The 90% worst case value is
obtained by sorting those 10000 snapshots’ values of the outage probability in increasing
order and choosing the 9000th value.



For an average situation of 21 traffic channels used by voice services in each cell
simultaneously, Figure 1 shows the 90% worst case outage probability of the non-frequency
hopping system with the SIR value for different GPRS channel occupancy. Figure 1a and 1b
correspond to perfect power control and 2 dB standard deviation of power control error in the
system respectively. As seen from Figure 2, with the 10 dB SIR threshold value, the outage
probability increases by about 5%-10% whenever the number of channels used for GPRS
increases by one. In addition, comparing Figure 1a and 1b, about 0.5 dB gain for the SIR
threshold value is found for perfect power control system.

Similarly, Figure 2a and 2b show the 90% worst case outage probability of the frequency
hopping system with the SIR value for different GPRS channel occupancy. Figure 2a and 2b
correspond to perfect power control, and 2 dB standard deviation of power control error in the
system respectively. The performance of the frequency hopping system in the outage
probability is much better than that of the non-frequency hopping system. However, its
characteristic of the outage probability affected by GPRS is similar to that of the non-
frequency hopping system.

From Figure 1 and Figure 2, we find that the power control error has more impact on the
system performance when more channels are allocated to GPRS.

Figure 3 shows the 90% worst case outage probability of the non-frequency hopping system
with different number of channels occupied by voice services and GPRS. A SIR threshold
value of 10 dB and perfect power control are assumed in the simulation. For the same number
of channels used by GPRS, the outage probability does not vary very much from high channel
occupancy to low channel occupancy of voice services. The main reason is that the outage
probability is calculated with the worst channel in each snapshot here. This result implies that
for the non-frequency hopping system the channels provided to GPRS are not much different
between high channel occupancy and low channel occupancy of voice services. The result is
out of our expectations because we expect more resource available for GPRS at the low
channel occupancy by voice traffic. Therefore, multisot GPRS services might cause large
degradation of the quality of existing voice services even at low channel occupancy of voice
services. In order to guarantee the QoS of existing voice users, some observations, such as
GPRS admission control, need to be taken, before allocating unused channelsto GPRS.

Figure 4 shows the 90% worst case outage probability of the frequency hopping system with a
different number of channels occupied by voice services and GPRS. For the same number of
channels used by GPRS, the outage probability increases as the channel occupancy of voice
services gets higher. From Figure 4, we find that the quality of voice services may not be
affected by the introduction of GPRS into GSM with proper admission control of GPRS.

Cell coverage is normally determined by the received signal strength, however, the received
value of the signal to interference ratio (SIR) is more relevant to describe the service area of a
cell. Therefore, a parameter, the cell service area, is defined as the area over which a specified
outage probability limit is achieved. In order to investigate the cell service area of existing
voice services affected by GPRS, we simulate the outage probability distributed with the
normalized radius (r/R, Risthe cell radius) in the desired cell. In each simulation, the location
of the mobile station in the desired cell is restricted to acircle with aradius r, and locations of
mobiles in interfering cells are randomly generated in those cells. 21 simultaneous voice users
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are assumed in each cell and a SIR threshold value of 10 dB is used. Perfect power control is
assumed in the system. Figure 5a and 5b show the 90% worst case outage probability and
average outage probability of the non-frequency hopping system distributed with normalized
radius (r/R) respectively. Comparing the 90% worst case outage probability with the average
outage probability, we find that the 90% worst case outage probability is much higher. With
the same outage probability limit, both Figure 5a and 5b show that the cell service area
decreases by about 10%[20% whenever the number of channels used for GPRS increases by
one. As more channels are allocated to GPRS, the cell service area decreases dramatically.

Figure 6a and 6b show the 90% worst case outage probability and average outage probability
of the frequency hopping system distributed with normalized radius r/R respectively. Though
the frequency hopping system has better performance in the cell service area than the non-
frequency hopping system, the characteristics of the cell service area shrinking as the
introduction of GPRS is similar to that of the non-frequency system. The cell service area
decreases by about 15% whenever the number of channels used for GPRS increases by one.

4. Conclusions

GPRS is designed for transmitting the packet data and supposed to take its radio resources
from the pool of unused channels by GSM voice services, in order to increase the effective
capacity of the digital cellular system. However, introducing GPRS into the existing GSM
network is at the expense of the degradation in either voice quality or voice capacity. In this
paper, we present a method to calculate the outage probability of the GSM-GPRS network for
both the non-frequency hopping and frequency hopping systems. This method takes into
account the fast (Rayleigh) fading, power control (with error), discontinuous transmission, and
frequency hopping (if applied), and can be utilized to the evaluation of network performance
and network planning for GSM-GPRS cellular systems. The analytic expressions of the outage
probability are obtained by consideration of the high load of GPRS (the data channel activity
factor = 1), but with a small change they can be applied in the situation when the load of
GPRS is low (the data channel activity factor < 1). Obvioudly, in the latter, the GPRS is less
aggressive, but it still increases the interference statistics of voice services.

The effects on the quality of voice services due to the introduction of GPRS into GSM
network are evaluated by calculating the outage probability. Obviously, GPRS increases the
outage probability of existing GSM voice services. Therefore, all those unused voice channels
might not be used for carrying GPRS traffic. The number of unused voice channels allocated
to GPRS depends on the difference between the outage level of the existing GSM network and
the maximum acceptable level.

The freguency hopping system can accommodate more GPRS traffic than the non-frequency
hopping system. The power control error has more impact on the system performance when
more channels are alocated to GPRS. Beyond our expectations, for the non-frequency
hopping system the channels provided to GPRS are not much different between the high
channel occupancy and the low channel occupancy of voice services. However, for the
frequency hopping system the system may provide more channels to GPRS at the low channel
occupancy. The cell service area is decreased by about 10%[20% whenever the number of
channels used for GPRS increases by one. As more channels are provided to GPRS the cell
service area decreases dramatically.
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Appendix: Derivations of the Outage Probabilities
1) Non-Frequency Hopping Systems
Averaging (15) over the Rayleigh fading by the PDF of Z in (3) we obtain

P (outaggS,1,X) =1~ I(MU: exp{—(é [ X, +1)Z}dz =1- lﬂlyfx—§+§ (A1)
= =1 M Nk

Let N, and Nq are the total number of cochannel users used by voice and data in al interfering
cells respectively. For voice users, the activity factor V; is about 40%, but for the data users,
the activity factor Vq = 100%. Therefore, for the data users, Xy = 1, but for the voice user, the
probability pcin (4) is equal to the voice activity V;. Combining (A1) and (4), we obtain

S
+

P, (outagefS, 1) =1- ﬂ{(l P+ Py }ﬁ (A2)

Averaging (A2) over the shadowing by (8), (9), we have

_ e 1 3 [20109(S) +107(1- @) log(ry,)] B
Routage) =1-f  an(5In10/10) &Pe 20% =

S
w . @-pc WS)
l_” o, 271(I In10/10)

S
[\ © M +S
!:U—w 2n(I,1n10/10)

[10Iog(| ) +10nlog(r, / rOk)]
207

i, dS

D]]I II [T]
ni)l

[10Iog(| ) +10n10g(r, / 1 )] ;:il_ e A3
207 éq (A3)

q

expLi-

D]]III

Here, 0, = 0, = J@+adao?+a?  Let

a=+/20,,In10/10,b= (- a)lnr,,x = (10logS + 107(1- a)logr,) / /20y, ,
c=+/20,1n10/10,d, = y(t5°rZ /)",y ={10logl, +107log(r, / r2)} /20, ,
dy = ¥(re “teq I 1,)",z={10log 1, +10nlog(r, / rs)} / \/an.

We have
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1+ Nd

R=1-7 * [ cxiexp(- x2)|f|{1 R Rt

exp(—-z°)dz
i I—w 1+d, exp(cz—ax)

(A4)

Those integrals can be calculated approximately by the Gauss-Hermite polynomial method
[16, 17],1.e,

e T0ax= 5 wix)+R,, F%-ZT(;C),W")(@ (w<f<w)  (A9)

where w; is the weight of the n-point Gauss-Hermite quadrature formula and x; is the abscissa
of the i-th zero of Gauss-Hermite polynomial, which are tabulated in [16] or calculated
according to [17]. It is not difficult to find that the remainder R, is sufficiently small for n >
10 (in this paper, we use n = 20), if the formula (A5) is applied into (A4). Applying (A5) into
(A4), we obtain

1+Nd n 1 n 1

F(outage) =1- 77 ZW{D[ LR 2R W g oo —ax) |

Ng n 1
UZ '1+d q EXp(cx —ax)

} (A6)

* Freguency Hopping System

Averaging (20) over the Rayleigh fading by (3), we obtain

P, (outagelS,T) =1~ H{(l IOk)+ 3 — 1 (A7)

1
klll él_uk

Comparing (A7) and (17), we can easily obtain the outage probability according to last
session result of (A4),

_ Lo M exp(-u?)du O
=1- 2 _y 2
P=1-m I_mdvEexp( v )Lll Epkﬂ'[ Z Iw1+d explcu— av)D (A8)

where d, = y(ry g, /1,)". Using the integral result of (A5), we have

B 1n M P N¢ n 1 H
P (outage) =1-7m2 ) w [A- +7T2 w. (O (A9
(outage) 2 'a_lg PN, 22 T d, oo, —a) E A9
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* All these figures can be put inside the section 3.
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Figure 1a. Outage probability (90% worse case) of the non-frequency hopping system vs. SIR
and different GPRS channel occupancy (21 channels been occupying by voice
services, perfect power control).
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Figure 6a. Outage probability (90% worst case) of the frequency hopping system vs.
normalized radius (r/R).

0.14 -
Voice channels= 21
> ol Perfect power control
§ —O— Datachannels=0
g o1 —HB— Datachannels=1 °:
= —24A— Datachannels= 2 P
> .- K
= % —>—Datachannels=3 \
§ % 0.08 1| —— Datachannels = 4 1|
g_ o2 - @ - -Datachannds=5 w3 A b
© G006 - @ , =B o
g8 : ‘
= £ .8 A
o 004+----- -~ 9 : Y —
D .
) ) 3 2
X 0@
0

04 045 05 055 06 065 07 075 08 08 09 095 1
Normalized radius (r /R)

Figure 6b. Average outage probability of the frequency hopping system vs. normalized radius
(r/R).

20



