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Abstract—An analytical model is developed to investigate in-
tegrated CS/PS CDMA cellular systems with SIR-based power
control. Because packet data are not very sensitive to delay, a
defer-first-transmission transmission mode is usually applied to
packet data transmission. In the mixed CS/PS environment, link-
level congestion control is designed to delay packet data, if nec-
essary, to guarantee real-time delivery quality for CS traffic such
as voice and CS data. In interference-limited CDMA cellular sys-
tems, because interference (both intracell and intercell) is the limit
to spectral efficiency, congestion control is driven by the total re-
ceived interference level at the BS. With congestion control at link
level and SIR-based power control, the intracell and intercell in-
terferences are closely related to each other. A recursive process is
developed to evaluate the performance of such a CDMA system.
Numerical results such as system capacity and data delay, both
with and without power control error considered, are presented.

Index Terms—CDMA, cellular land mobile radio.

1. INTRODUCTION

UCH research work has been conducted on the perfor-

mance analysis of cellular CDMA systems. In [1], a
framework based on interference analysis was developed. Fur-
ther investigations [2]-[4] were carried out on the effects of
power control error (PCE) on cellular CDMA capacity. More
recent work [5], [6] offers a more accurate analysis taking into
consideration specified power control schemes. However, the
previous work is mainly concerned with conventional voice-
only CDMA systems.

Third-generation mobile systems such as UMTS are expected
to offer equal strength for both circuit and packet switching (PS)
services. The real-time high bit-rate data along with voice is
still supposed to be supported by circuit switch, and non-real-
time data services are supposed to use packet switch. In [2],
Jansen et al. investigate the throughput of a packet CDMA
cellular system, and further in [7], Manji et al. study a multime-
dia indoor packet CDMA system. However, in both researches,
the same method was applied that was used for circuit switch-
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ing (CS) systems in [1]-[3]. Because most packet services use
the defer-first-transmission (DFT) transmission mode associ-
ated with auto-repeat-request (ARQ) schemes, in congestion
control state, congestion control function usually delays the PS
data service to guarantee CS service quality.

In CDMA cellular systems, due to their interference-limited
characteristic, the congestion control in each cell is usually de-
signed to maintain the interference level below the maximum
allowed interference level (MAIL) at BS (base station) for the
uplink by control number of data users’ transmission. To achieve
this with the universal frequency reused CDMA cellular system,
the congestion control is supposed to be a function of both inter-
cell and intracell interference. With this function, a new user’s
transmission in one cell contributes to the intercell interference
in other cells, so the congestion control in the other cells will act
to control its own data users’ transmission. This will then affect
the interference in the original cell and so on. Thus, the intercell
and intracell interference interact with each other through the
congestion function. To study the effects of introducing packet
transmission on voice capacity, the recursive model presented
in [6], [8] is developed here to evaluate the integrated PS/CS
environment so it can reflect the close interactive relationship of
the intercell and intracell interference. Because PCE is a com-
mon problem in CDMA systems, we also study the impacts of
PCE on the performance of the integrated CS/PS system. We
develop this model further to make it suitable for investigating
the system performance in the presence of PCE.

This article is structured as follows: In Section II, the system
model is described. Section III presents the analytical models
for both perfect power control and imperfect power control.
Section I'V contains numerical results. Finally, the conclusion is
given in Section V.

II. SYSTEM DESCRIPTION
A. Cellular Structure

In this article, we consider a CDMA system consisting of
equal-size hexagonal cells, as in Fig. 1. A BS is located at the
center of each cell and employs directional antennas dividing
its cell into three sectors. The shadow fading or slow fading is
modeled as a log-normal distribution of 108/19, where £isa
Gaussian random variable with standard deviation o5, = 8 dB
and zero mean [1]. Hence, the effect of the path loss and shadow
fading on the power gain is proportional to d~*10%/10, where d
is the distance from a user to the receiving cell site. All the users’
signals are spread over the whole bandwidth with a constant chip
rate R.. Traffic is uniformly distributed. Furthermore, the time
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Reference
Cell

Fig. 1. Cellular structure.

axis is divided into frames with duration of 10 ms as in UMTS.
Users are only allowed to start transmission at the beginning of
a frame, and link-level control information such as scheduling
is updated from frame to frame.

B. Final Stage

The MAIL (I),.x) is limited at the BS receiver [9]. If the total
received interference is more than this threshold, all the com-
munications of the users in this cell are interrupted and outage
occurs. The outage probability is defined as the probability of the
total received interference at the BS receiver exceeding MAIL.
It is given as

P, = prOb(Itotal > Imax) (D

where ;o5 is the total receiving power consisting of intercell
interference ([inter), intracell interference (Iintra), and back-
ground noise (7).

Because there is no retransmission for CS services, it is nec-
essary to keep the outage probability below 1% to provide a
good quality of service [6]. Thus, we define the system capacity
as the number of CS users that can be supported with a 1%
outage probability. Here, SIR-based power control is applied to
minimize the interference and achieve a better outage probabil-
ity performance [6], [10]. In SIR-based power control systems,
the power is adjusted according to the users’ SIR requirements,
so the power allocated to each user is expressed as

Sz' = (Iintra + Iinter + 7])/(1 + Gz/’Yz) (2)

where G} is the processing gain of user ¢ and -; is the target SIR
for user .

If there are k active users in the cell, the total intracell inter-
ference is given by summing (2):

(Tier + 1) 3241 (Gi/7i + D)7
L= Y0 (Gifyi + 1)

3)

Iintra =

C. CS Transmission

In this article, we consider two types of CS services defined
in [11]: voice and long constrained delay (LCD) services. Due to
the requirement of real-time delivery, CS is given high priority
over the packet data service introduced later. An ON-OFF model
is used to describe these two CS services’ activity [1]. With
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Fig. 2. PS data transmission.
activity factor «, the activity random variable ¢ is given as
{1 with probability of «;
¢i = : 4)
0 otherwise

where 7 is the service index (voice, LCD, and PS data).

D. PS Data Transmission

The data transmission model for the analytical model is shown
in Fig. 2. Packet data messages are generated according a Pois-
son distribution with a mean value of \; messages/s. Then the
data messages are fragmented into smaller packets. Each packet
just fits into one data block. Each message length is assumed to
follow a geometric distribution with a mean value of L packets.
Once the message is generated, the packets will be stored in the
user’s buffer and a request will be sent to the BS through the
random access channel. Then the request will be queued in the
BS along with other users’ requests in a request queue (Fig. 2).
The user will wait for the scheduling transmission command
from the BS. The request will be cleared after BS has com-
pletely received the message. In the BS, only BU requests can
be queued. If the request queue is full, new requests will be re-
jected, and the data user is blocked. With the ARQ transmission
scheme, if the transmission time is sufficient, an error-free com-
munication can be achieved by retransmission diversity. Thus,
performance measures such as BER and outage probability are
not that important for packet data users compared with CS ser-
vices. However, in packet data communication, the end users do
experience queuing delay, so if a long delay occurs the queue
will be filled up (i.e., the number of received requests is more
than BU in Fig. 2) and the new arrival requests will be blocked.
Thus, new performance measures are introduced here to eval-
uate packet transmission performance: 1) average data delay,
which is defined as the average time of a request stays in the BS
request queue; and 2) the average blocking probability, which is
defined as the ratio of the number of requests that are blocked
to the total number of requests generated.

Because CDMA is deployed as a multiple access technique,
a few users (K2 as shown in Fig. 2) are allowed to transmit
their packets simultaneously. A value of K2 is actually decided
by the congestion function. In the mixed CS/PS environment,
because CS services require real-time delivery, retransmission
is impossible for CS services. Usually, a higher priority is given
to CS services over PS services. Therefore, the congestion func-
tion is designed to schedule users’ transmission of PS data and
guarantee real-time delivery quality for CS data. As mentioned
earlier in Section II-A, the total received interference in a BS
receiver must not exceed a limit; otherwise, outage will occur.
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Thus, the main objective of congestion function is to maintain
the total receiving power at BS below I,,,,«, by controlling the
number of packet data users allowed to transmit.

With power constraint and with high priority given to CS
data users, in interference limited CDMA systems, the number
of simultaneously transmitting PS data users (K 2) is a function
(congestion function) of k4 (the number of PS data requests
queuing in the buffer, as shown in Fig. 2), Icg (the interfer-
ence contributed by intracell CS service users), and e, (the
intercell interference). It is given by

Kz(kda ICS7 Iinter)

_ me (kd,max (o, ”))J )

where P, represents the power allocated to single PS data users,
|#] means the maximum integer not greater than x, and T is
the control threshold, which is less than I;,,x and is a design
parameter of the congestion control.

T - ICS - Iinter -
Py

E. Interactions Through Congestion Function

From (5), it is found that K2 also depends on intercell in-
terference. So, the intercell and intracell interference interact
with each other through the congestion function. For instance,
if the congestion function for the reference cell in Fig. 1 were
to allow an increase in the number of simultaneous transmit-
ting users in the reference cell, the change would generate extra
intercell interference affecting users in other cells. Following
this change in the intercell interference, initially, in the other
cells, the power for each user will be adjusted following (2).
The congestion functions for those cells would update their
values of K2, taking changes in both intracell and intercell in-
terference into account. This in turn would affect the intercell
interference in the reference cell, and both power control and the
congestion function in this cell would alter users’ transmissions
within its coverage. Then this would again affect the other cells’
transmissions. However, a final steady state can be achieved as
the interaction continues because of the existence of propaga-
tion attenuation. With the propagation attenuation, the intercell
interference change caused by power control and congestion
control in one BS will be reduced by propagation factor when
it reaches the distant BS; thus, the distant BS will react to the
reduced interference change, which will then affect the original
BS with a further reduced change in intercell interference. Thus,
as the interaction goes on, its effect on interference is gradually
reduced to zero. To model this process, a recursive model similar
to that in [6] is developed here to evaluate system performance
of this integrated CS/PS cellular CDMA system.

III. ANALYTICAL MODEL
A. Problem Formulation

In the 7th, the system can be described by three state variables
kvcp,t, kvo,t, and kg ;. They are the number of active LCD users,
the number of active voice users, and the number of queuing data
users, respectively. A three-dimensional Markov chain can be
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used to model the integrated CS/PS system. Then at frame ¢ + 1,
the state variables are given by

krLcp,t+1 = krep,t + ancp,: — dLop,¢ (6)
kvo,t-‘,—l = kvo,t + Qyo,t — dvo,t @)
ka1 =min(BU, kg + aqy) — day (8)

where ar,cp ¢ and ay, ;. are the number of LCD users and voice
users that become active, and dr,cp,; and dy, ¢ are the number of
LCD users and voice users that become silent in the ¢th frame;
aq.+ is the number of new arrival data requests, and dg; is the
number of departing data users in ¢th frame.

Note that, here, congestion function does not apply to CS
services. So LCD and voice users’ behavior depends completely
on their own activity; however, due to the congestion function,
PS data users’ behavior depends on the CS service users and
intercell interference. Then, the one-step transition probability
can be expressed as

]FI)Y[kLCD,Hl, kvo,t+17 kd,t+1 | kLCD,t> kvo,ty kd,t]
t

= Prlkrcp,i+1 | krep,t] Prikve 141 | kvo i

X ]-:I)r[kd,t+1 \ kats kvo,ts kLCD,t]
t

where I; is the intercell interference at tth frame.

The previous three-dimensional Markov process can be
solved by three one-dimensional queues: a LCD queue with
its steady-state probability denoted by W,ICJCD, and a voice

. g LeD ., .
queue with steady-state probability 7} , and a conditional
PS data queue with its steady-state probability denoted by
it (L, kvo, inter)- According to Section II-C, 7D and

v .
koo are given as

LCD Nicp k k Nrcp—kLcp
kLep — ( kLen ) aLIEJCS) (1 - aLIé%D) )]
and
N, X L
Tl = ( k::) oy (1= avo) o (10)

If krcp, kvo, and I; are given, subject to the condition of
0 < kg <= BU, then 7. (kLcD, kvo, finter) can be obtained
by solving a system of linear equations [12], with the transition
probability Pry, [kqt+1|ka,t, kvo,t, krLcp,e]. According to (6)—
(8), the transition probability for packet data users is given as
Er[kd,t+1 =7 \ kd,t =1, kLCD,t; kvo,t]
= Y A(aq)B(min(BU, aq; + i)

aq,t=0

— Jy Ka(krep.ts kvo,ts It), 1) (11)

where A(ag ) denotes a Poisson arrival pattern that is given by
A(a) = (\%/al)e ¢, and K2(kpcp ¢, kvo,t, I¢) is the conges-
tion function based on (5). With SIR-based power control, it is
given as (Please see the equation at the bottom of next page.)
Moreover, B(i,n,p) = (" )p'(1—p)" and p=(1-—
PER(y))/L is the average dzeparture rate for the PS data at
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this frame, where PER is the packet error rate that is given by

d

PER = Z

1=m-+1

B(i,d, BER(y))

where d is the packet size, ¢ is the number of error bits in the
packet, and m is the error correction capability.

With the knowledge of the instantaneous intercell interfer-
ence (I;) and the number of active CS users (krcp, kvo), the
conditional steady-state probability wgd (kLcD, kvos Tinter) for
data users can be derived from

BU

Zw Pr(kd—j‘k’d—l) 71'31
=0

BU

wa:l.

=0

13)

Then the expressions for calculating performance measures,
such as outage probability, average data delay, and data blocking
probability, can be derived. Let G(w) be the density function of
intercell interference, which is still assumed to be a Gaussian
distribution as in [6]. Then the outage probability defined in (1)
is given as

P, = Pf([jntcr +p+n> Imax)

/ )
Imax—n
/ max 77/

Imax 7]

To compute the average delay, first the average throughput S
needs to be derived; this is defined as the number of data packets
successfully received from one PS data user per frame needs to
be derived. With the congestion function (12), S depends on
the number of transmitting data users, which further depends
on the number of transmitting CS users, intercell interference,
and packet error rate, which is a function of SIR. Thus, the S'is
given as

G(w) dw

(w) dw dz. (14)
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control threshold 7', a higher CS traffic load (large values of
krcp and ko) will drive K2 to a lower value and a lower
throughput is expected and vice versa. The intercell interference
w also has the same effect on the throughput.

Then the average message delay, based on its definition, is
given as (Please see the equation at the bottom of the page.)
where the integral above the dominator represents the average
traffic load in terms of the total number of packets in the buffer.

The blocking probability is given as

00 00 NrLcp Nyo
A=y Y Y aw
d=1"9  kpop=0kyo=0 k=0

LCD
X TrkLCDTrk 7de (kvm kLcp, w)

" (max(O,d+ kq — BU)
d

) G(w)dw.  (17)

From (15) to (17), it is found that, if intercell interference is
determined, the steady-state probability of the systems will be
obtained, and then the performance measures can be computed
from (15) to (17). In general, a larger intercell interference or a
higher load of CS traffic will increase the number of packets in
the buffer and reduce the throughput as shown in (15); thus, a
longer delay and a larger blocking probability are expected.

B. Analytical Model With Perfect Power Control

In this section, an analytical model is developed to deal with
a system with perfect power control. In perfect power control,
the received SIR(7y) for each user is a constant. To keep the total
interference below I .«, the number of transmitting data users
must satisfy the following condition:
kLCDSLCD + kvoSvo + KZSd +n+ Iinter < Imax (18)
where the signal power S for each type of user is given by (1).
A procedure similar to that in [6] shows that the mean value
and variance of the intercell interference are given as

00 Nrcp  Newo mr = M(u,05)E[p] (19)
S = / Z Z Z 7 W,I;LCC?) W,Ccld (kLoD kvo, W) and
0 kLop=0 kyo=0kq=0 2.4 2 2
oS OE - B E 20
~ K2(kLCD7 k'voy kd, ’I,U)(l _ PER)G(UJ) dw (15) or (lu“v Ué) [p ] (,U, 0-3) [p] ( )
where K2 is given by (12). where
Because SIR-based power control is applied, PER in this case d\ A d 9
is fixed. Thus, K 2 is the key factor to affect the data throughput. M(p,05) = ) f ) —==dA
d do ) 3/3
K2 is subject to the value of krcp, kvo, and w. With a fixed °€ ° °
(- (b e b)) 1o
K2(kLep, ko, kg, Ir) = | max | 0, min [ kq, e S (12)
7(4)
00 N
D= fo ZkLLCc]f 0 Zkvro kd 0 kw”i%Lcc?ﬁkd (kvos kLep, w) - ka - L - G(w)dw (16)

S
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2 Ka 1n10)2]
exp 3

and

) (e

10p

Ay
X%Qlwffgm<%>
—\/2031111% } dA.

With the Markov chain model, we have

o0 Nrep  Nyo

E[p] = Z Z Z 7Tk W]ICJLCCJ%Wkd Ilntra
0 krcp=0 kyo=0 kg=0
- G(w) dw (21)
and
oo Nruep  Nyo
1= [N A R
O kLop=0 kyo=0kg=0
-G(w) dw (22)
where wk and 7TLCD are computed from (9) and (10) directly,

W,‘f is computed by (13) with a given intercell interference value,
od

p represents the total intracell interference, and I, 1S given
by (3).

With congestion control and SIR-based power control from
the previous description, intracell interference and intercell in-
terference are closely related to each other. This makes it impos-
sible to compute the intercell interference in a straightforward
manner as in [1], [2], and [7]. So a recursive process similar to
that in [6] is presented here to compute the mean value m; and
variance o of the intercell interference as follows:

1) Set Iinter, ms, and 0% to 0, and calculate [jt,, according

to (3);

2) Calculate E|p] and E[p?] from (21) and (22);

3) Calculate m; and o7 from (19) and (20);

4) Repeat steps 2 and 3 until m; and % have convergence.

After m; and o2 are determined, the outage probability for
perfect power control can be computed as follows:

1

Po = Pr([inter +p+n> Imax)

'Due to the attenuation of the propagation channel, the change of interference
decreases every repeating step in the recursive process; thus, a convergence can
be guaranteed in this calculation.
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G(w)dw

a /max Mo
max —1]
/ / fo(z)G(w) do dw
Imax—n—w

=/ G(w)dw
Tmax—n
Nrcp  Nvo
LCD
+ 2: E:ﬂ-kLCD
kLop=0 kyo
_krep kv ) _ o
Timax (1 CLcp Cvo) = mr

X (23)

a1

In the perfect power control case, with congestion control,
PS transmission is strictly controlled by the congestion control
function. So CS and intercell interference are the main reasons
for outage.

Then with m; and cr%, PS data users’ performance, such as
throughput, delay, and blocking probability, can be calculated
directly from (15) to (17).

C. Analytical Model With Imperfect Power Control

In SIR-based power control, PCE causes variations in re-
ceived SIR. With PCE, the received SIR actually follows a
log-normal distribution [9]. So a lognormal random variable
I'; = 10%/10 js used here to model the ith user’s received SIR
at the BS. Here, €2; is a Gaussian random variable with a mean
1a; dB (the target SIR) and standard deviation o, dB (the PCE).
Because the same power control algorithm is applied to all users,
the PCE is assumed to be the same for all. Then (3) is rewritten
as

(Iinter + 77) Zle (Gz/rz + 1>_1

Iin ra k7Iin er) = (24’)
el = S Gy )0
Now, let Z = S | (G;/T'; +1)". Then,
]in er Z
Iintra(27 Iinter) = w (25)

1-7

with an approximation of Z as a log-normal distribution, as
presented in the Appendix.
Then the outage probability becomes
P, = prob(Z > (Ijmax — —1)/Imax)
> (Imax n)/[max)
= prOb(Xz > hl((lmax — Linter — n)/Irnax) |Irnax
-n > Iintcr)

Iinter

= prob(eX - Iinter -

+ pfOb (Iinter > Imax - 77) . (26)

So, at each frame ¢, if the traffic load in terms of the number
of users is known, the outage probability, in the presence of k
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active users, is given as

e (T (Los==n ) (k)
Pt = [0 - G(w) du
+/OC G(w)dw. (27)
Imaxfn

Note that in the mixed traffic environment, m (k) and o, (k)
are functions of kr,cp, kvo, and the number of transmitting data
users K2. So, from now on, m. (k) and o, (k) are replaced by
m(kLep, kv, K2) and o, (kLcp, kvo, KQ).

In the presence of PCE, even with congestion control, the
outage probability is also affected by intracell interference. In
this case, with the same congestion function, the departure rate
of packet data users is given by (Please see the equation at the
bottom of the page.)

With the Markov chain model presented in Section III-A, the
steady-state probabilities can be derived only after replacing the
departure rate with the previous expression. Then the complete
outage probability is given by (Please see the equation at the
bottom of the page.)

So, to derive all the performance measures from (15) to (17),
intercell interference is now the only random variable still to be
determined. Following the same procedure, E[p] and E[p?] are

given as
Nyo Nrcp 0 BU
= Y [ meakna
kvo=0 kLcp=0 kq=0
X Tintra (2, w) f.(2)G(w) dz dw (29)
and
Nyo Nrcp 00 BU
=3 Y [ X meakena
kvo=0 kLcp=0 kq=0
X Imtra(z, w) f.(2)G(w) dz dw (30)

where f,(z) is the pdf of Z.
So repeat the recursive procedure as follows:
1) Setmy and o7 to zero, and calculate E|[p] and E[p?] from
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2) Calculate my and 0? from (19) and (20);

3) Calculate E[p] and E[p?] from (29) and (30);

4) Calculate m; and o7 from (19) and (20);

5) Repeat steps 3 and 4 until m; and o7 have convergence.
In the presence of PCE, the throughput is given as

Nyvo Nrcp ~ BU
_ LCD
S = E E E The WkLCDTrkd
kvo=0 krLcp=0 kq=0

X K2(kLCD7 kVOu kdv ’LU)(]. - PER‘(Wd))
X (1 - Po,t(kLCDa kvoa kd))G(w) dw

and the delay is given as (Please see the equation at the bottom
of the page.) The blocking probability is

€1y

c0 NLcp  Nyo

=Y [T Y S aw

d=1 kLcp=0 kyo=0 kq=0
LCD
X ﬂ—k'LCDﬂ-k? 7de (kvo, kLcD, w)

y (maX(O,d—i— kq — BU)
d

) G(w)dw.  (33)

IV. DISCUSSION AND NUMERICAL RESULTS

In this section, the numerical results obtained through the
previous analytical models are presented, which mainly focus
on the CS capacity, effects of PS service on CS capacity, and
PS performance with PCE. Simulations are performed with IST
EVEREST simulators [13] to verify the mean and variance of
intercell interference derived by the analytical model. We found
the errors are limited within 1% with perfect power control and
within 2% in the presence of PCEs.

A. CS Services Capacity

SIR-based power-controlled system capacity has been dis-
cussed in detail in [6] and [8]. The results presented in this
section are somewhat different. They emphasize the effects of
PCE and the restriction on total received power. Neither of these
issues was studied in [6] and [8]. The system parameters used
here for the numerical evaluation are given in Table I. Most of

(29) and (30); the parameters are chosen based on the 3GPP specifications. In
_ (]_ — PER('yd))(]- - Po,t(kLCD) kvoa KQ(kLCDv kvoa kda It)))
T .
Nircp Tmax—n BU In (M) - mz(kLCDa kvo; KQ(kLCDv kvoa 'U]))
LCD max
™ e X Q G(w) dw

kLcZD 0 k;o kLCD /0 kdz() ka Uz(kLCD> kv07 K2(kLCD; kvo, ’U}))

+ / G(w) dw. (28)
Imax—n
N,

D Yo e o Jo Skeo Mo Thee wil ka LG (w) dw 32)

S
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TABLE I
SYSTEM PARAMETERS

Total Bandwidth 5SMHz
_Voice Information Rate | 8kb/s
Voice Transmission Rate 30kb/s
Voice Activity Factor 3/8
Voice Ey/N, requirement 3.3dB
LCD information rate 60kb/s
LCD transmission rate 240kb/s
LCD Ey/N, requirement | 2.4dB
_PSDataRate = | 64kbls
PS E/N, requirement 2.0dB
n 0dB

TABLE II
SINGLE-CELL VOICE CAPACITY
Imax(dB) 6 10 15
PCE (dB)

0 92 113 122
1 88 109 118
2 77 96 104
3 60 75 83

TABLE III

MULTICELL VOICE CAPACITY
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W 6 10 15
PCE (dB)
0 S738%) | 76(327%) | 87(28.7%)
I 55(37.5%) | 74(32.1%) | 85(28%)
2 5035%) 67(30%) | 76(26.9%)
3 42(30%) 56(25%) | 64(22.9%)

this capacity evaluation, single-cell capacity is studied first as a
benchmark for further evaluation in the multicell environment.
An outage probability of 1% is chosen as the requirement for all
CS services [6]. The single cell voice capacities with different
power constraints and PCEs are given in Tables II and III. As
expected, voice capacity increases as the power constraint in-
creases; however, this increase becomes less and less significant
with increasing MAIL, regardless of whether PCE exists. Also,
with any given MAIL values in both single-cell and multicell
situations, the capacity decreases as the PCE increases. It is also
easy to see that the rate of voice capacity reduction due to PCE
becomes larger because of the increase in the variance of the
random variable Z (Section III-C).

In Table III, the numbers shown as percentages are the capac-
ity loss due to multicell interference. For any given MAIL (e.g.,
6 dB), as the PCE increases, the capacity loss decreases; for ex-
ample, the capacity loss due to multicell interference decreases
from 38% for PCE = 0dB to 30% for PCE = 3 dB. The rate of
decrease in the capacity loss increases as PCE increases. Thus,
from PCE = 0 to PCE = 1 dB the capacity loss changes from
38% to 37.5%, whereas from PCE = 2 dB to PCE = 3 dB the
capacity loss changes from 35% to 30%. This is mainly be-
cause, as PCE increases, the outage probability caused by PCE
becomes increasingly dominant in the total outage events. Table
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Fig. 3. Single-cell voice/lcd capacity boundaries: (a) Imax = 6 dB; (b)
Imax = 10dB; (C) ]max = 15dB.

IIT also gives the effects of MAIL on the capacity loss due to
multicell interference. Basically, the capacity loss decreases as
MAIL increases, because, with larger MAIL, more users can be
accommodated, which helps smooth out the variance.

Figs. 3 and 4 give the integrated LCD/voice capacity bound-
aries for single- and multicell situations, respectively. The linear
relationship of the LCD and voice is there with various MAIL
values. The voice capacity loss rate caused by adding LCD users
increases as the PCE increases. In Figs. 3 and 4, the areas un-
der the curves represent the valid capacity for the dual-service
system for an outage probability of 1%. The calculated capacity
loss based on this is shown in Table IV. Basically, it has the
same trend as the single voice service.
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Fig. 4. Multi-cell voice/LCD capacity boundaries: (a) Imax = 6 dB; (b)
Inax = 10dB; (¢) Iimax = 15 dB.

B. PS Data Impacts on Voice Capacity

In this section, the results focus on effects of PS data on voice
capacity. In this numerical evaluation, half-rate convolution cod-
ing is applied as inner coding and BCH coding is applied as outer
coding to cooperate with a selective ARQ scheme for data users.
A BCH (255240,5) code is used for packet data transmissions,
and the basic channel rate for PS data is 60 kb/s. (The spreading
factor is 64.) With these parameters, a portion of each frame
has been left for ARQ signaling transmission. With this coding
scheme, the received SIR at the BS for a PS data transmission
should be kept close to 2 dB to achieve a maximum throughput
in CDMA packet radio systems [14]. With congestion function
(5), the control threshold 7" actually decides the resource alloca-
tion between CS and PS service. Thus, our evaluation first exams

TABLE IV
MULTISERVICE CAPACITY LOSS
Imax(dB) 6 10 15
PCE(dB)
0 67.8% 61.7% 60.6%
1 64.2% 58.7% 55.1%
2 54.7% 48.9% 44.9%
3 49.7% 34.2% 32.9%
» 60
-}
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Fig. 5. Effects of PS data on voice capacity with various T values.
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Fig. 6. Data throughput with various T values.

the effects of data traffic load on the voice capacity with various
T values as shown in Fig. 5. In Fig. 5, with a larger 7" such as
0.9 (T = 0.91,1ax ), the reduction in voice capacity caused by
data transmission is more significant and with a smaller 7°, such
as 0.5, the voice capacity is hardly affected by data traffic load.
As mentioned previously, with congestion control function (5),
the threshold 7" actually decides the tradeoff between voice and
data performance. With a larger 7', data traffic is able to take
more resource, a higher throughput is achieved for data users
as shown in Fig. 6, and fewer voice users can be supported in
the system, and vice versa. Also in Fig. 5, with a certain T’
value, the voice capacity reduction becomes increasingly less
as the data traffic load increases. For example, with T' = 0.7,
the voice capacity is reduced from 57 to 51 as the message ar-
rival rate increases from 0 to 0.2, whereas the voice capacity
is almost the same as the message arrival rate increases from
0.8 to 1. This is mainly because, as data traffic load increases,
the resources used by data user are getting closer and closer to
the threshold T'; thus, it becomes increasingly more difficult to
increase data throughput due to congestion control, as shown in
Fig. 6. In this, the increase in interference (both intercell and
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Fig. 8. Effect of PCE on PS throughput (1 LCD, 20 voice).

intracell interference) caused by data users is getting less and
less, so the capacity reduction is also getting less and less. This
indicates that the operators should adjust the 7" value based on
the traffic composition of the systems to achieve an optimum
operation point in terms of total users’ (both CS and PS) quality
of service satisfaction.

Fig. 7 shows effects of PS data on the voice capacity with
various PCEs. In Fig. 7, with a fixed PCE, the curve follows a
similar trend as those without PCE (as shown in Fig. 5) (i.e., the
capacity loss is getting less as data traffic load is increasing). As
PCE increases, the voice capacity loss due to the introduction
of data increases, and this increase is getting larger and larger.
For example, as data increase from 0.2 to 0.4 with 1 dB PCE,
the voice capacity decreases from 50 to 46, with a deduction
of 8%, whereas with 3 dB PCE, the voice capacity decreases
from 25 to 15 with a deduction of 40%. So with larger PCE, a
smaller T" value would favor voice capacity. Providing the linear
relationship of voice and LCD capacity when adding LCD, the
system performance is quite similar.

C. Effects of PCE on Data Performance

Fig. 8 shows the throughput with various PCEs. As expected,
with PCE increasing, the throughput is reduced, and this actually
leads to an increase in message delay and blocking probability
as shown in Figs. 9 and 10. The is mainly because, as the PCE
increases, more outage events occur as shown in Fig. 11, and
thus, a lower throughput is expected. Results in the last section
show that as PCE increases, CS capacity decreases more rapidly.
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Fig. 9. Effect of PCE on blocking probability (1 LCD, 20 voice).
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Fig. 11. Outage probability as a function of message rate with various PCEs
(1 LCD, 20 voice).

This trend is also reflected in the PS data performance. By
comparing overall system performance, including throughput,
blocking probability, delay, and outage probability with different
PCE values, it is easy to find that, as PCE becomes larger, the
performance degradation becomes more serious.

Another interesting point is shown in Fig. 8. Here, the
throughput increases as the PS traffic load increases and
then starts turning down after a maximum throughput is
reached. Moreover, the traffic load associated with the maximum
throughput becomes increasingly less as the PCE value becomes
larger. This is quite different from the throughput performance
without PCE. In that case, throughput continues to increase as
PS traffic load increases and then tends to flatten out as shown in
Fig. 8. In imperfect power control, the throughput is also subject
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to the outage probability caused by intracell PS users due to their
PCEs. The increase in the PS traffic leads to an increase in the
number of users in the queue, which, on average, will result
in more users simultaneously transmitting their packets (K2).
Without PCE, the increase in the average number of simultane-
ously transmitting users will lead to a higher throughput.

However with PCE, the increase in the average number of si-
multaneous transmitting users will cause an increase in outage
events, which has a negative effect on throughput. With a light
traffic load, the outage probability caused by intracell users’
PCE:s is rather small, and its negative effect on throughput is
compensated by the increase in the number of simultaneous
transmitting users [K 2 in (15)]. Thus, throughput increases as
PS traffic load increases. However, with further increase of PS
traffic load, the increase in the number of simultaneous users
cannot compensate for the outage probability caused by them-
selves. Hence, the throughput is brought down. Also, the outage
probability becomes larger as PCE increases with the same traf-
fic load. So, with a larger PCE, the negative effect increases
faster than the positive effect caused by the increase in the num-
ber of simultaneous transmitting users. So, with a large PCE,
the PS traffic load associated with the maximum throughput is
lower.

With a fixed 7', the congestion control attempts to keep the
number of simultaneously transmitting PS data users below a
threshold, so when the load is heavy this number stays close to
this threshold. For instance, with perfect power control and with
a further increase in traffic load, as in Fig. 9, \; is more than
0.7 for PCE = 0, and there is no rapid increase in throughput;
hence, the throughput curve tends to be flat. With imperfect
power control, because the average number of simultaneously
transmitting users is almost constant, the average outage proba-
bility is also kept at an almost constant value. Thus, the through-
put curves in Fig. 9 for imperfect PCE also become flat, after
the PS traffic load is greater than 0.7, which is the same as for
the perfect power control.

V. CONCLUSION

Integrated CS/PS cellular systems are studied. An analytical
model based on interference modeling is developed for the study.
With this analytical model, the effects of congestion control are
addressed because with non-real-time PS services, congestion
control at link level is one of most popular means to improve
system efficiency.

Because intercell and intracell interference interact with each
other through the congestion control function, a recursive ap-
proach is used to derive the intercell interference. Study of the
congestion control function suggests that the control threshold
T, which determines the tradeoff between CS quality and PS
performance, needs to be carefully dealt with in the multicell
environment. Moreover, in the model, a Markov chain model is
integrated into the interference modeling method so the effects
caused by the PS DFT transmission mode, are studied in detail.
The investigation is also extended to the system performance
with PCEs. The numerical results on system capacity perfor-
mance show the basic trend of capacity reduction caused by
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PCE. In this study, it is found that, compared with the single cell
case, capacity loss in a multicell situation decreases as the PCE
increases because, as the PCE increases, the outage probability
caused by PCE become more and more dominant. Performance
of PS in the integrated PS/CS environment is also studied with
PCE:s. The results show that, when the PCE becomes larger, the
degradation in PS performance becomes worse. So, a close and
fast power control scheme would also be quite useful for packet
transmission.

APPENDIX

Because I'; is a log-normal random variable, we first approx-
imate Y; = (G;/T; +1)~! as a log-normal random variable.
The approximation is justified as follows by using the moment
match method. Let

E[Yg] = E[Y4]
and

D?[Yg] = D*[Y4]

where Yz and Y4 are the exact and approximated random vari-
ables, respectively.

So, with SIR following a log-normal distribution and Y ap-
proximated as a log-normal distribution, then we have

o2
exp(—,ug,ﬂ + 5203/2) G;+1=exp (uy + 7}/)

and
oxp(~2uq, 6 + F707) (exp(507) — 1) G7

= eXp(Z/,(,y + 2012/) (exp(U%) — 1) .

Then the 11y and oy can be found as shown in (26) and (27).
Computer simulation results show that the approximation
matches the actual value quite well. The Kolmogorov-Smyrnov
statistic [15] is found to be less than 0.01, 0.017, and 0.042 for
oe = 3,2,1 dB for voice users, respectively.
Thus, Y’s s Gaussian mean and variance are derived through
matching the first and second moments as

_ 2,2 _
iy =In (exp( po, B+ 5°07 /2) Gl+1> .

exp(3202/2)

and

i

02 —n [ OR(2000 4+ 50) (e (B02) ~1) G2
v (exp(—Bpa, + B202/2)G; +1)? +1
(35)

where 8 = (In(10)/10).

Then as a sum of the log-normal random variables Y, Z is
well approximated as a log-normal random variable eX= [16],
where X, is a Gaussian random variable, with mean m, (k) =
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(XX, exp(uy, + (02 /2))) — (02/2) and variance

Siniexp (2uy +0t) (exp (o) — 1)
2

0.2
(Zf_l exp (uy + %)
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