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Abstract

The delay, throughput and capacity analysis of a
DS-CDMA packet cellular network is carried out in this
paper. A miz of data and voice user classes is assumed.
Error free communication is required for the data users but
is not delay sensitive while voice applications allow some
degree of error but is delay sensitive. The QoS for data
users is therefore the delay while for voice it is the bit er-
ror rate (BER).

1. System Model

The system model for an integrated data and voice DS-
CDMA packet cellular network is shown in Fig. 1. A
stop-and-wait (SW) protocol is considered for data users,
in which errored packets are discarded by the receiver and
are requested to retransmit, thereby providing error free
communication for the data users but incurring a delay
due to retransmissions. Since voice is delay sensitive, the
voice packets are not retransmitted and hence the QoS for
the voice users is the bit error rate, while for the data
users delay is the QoS measure. In Fig. 1, Ky represents

Figure 1. System Model

the number of data packets in the system. K. is the
number of retransmitted data packets and depends on the
probability of packet error which in turn is a function of
the total number of packets in the wireless channel. K,
is the number of new data packets entering in the wire-
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less channel and K, is the number of packets correctly re-
ceived. Increasing K, will increase the number of packets
in the wireless channel which will decrease the probability
of packet success for the desired user due to an increase in
multiple access interference (MAI), the interference caused
to the desired user by the other users. The decrease in the
probability of packet success will then increase K. which
in turn will increase K4 thereby making the system unsta-
ble. The system will be in equilibrium if and only if K, is
equal to K.

2. Performance Analysis

The total noise power spectral density in a DS-CDMA cel-
lular system is given by[l],

: PR
N, =No+ —=(M 1) (1)

where B is the available bandwidth and N, is the power
spectral density (PSD) of the background noise. P is the
signal power and a is the power control accuracy factor
which is 1 in a perfect power control case and is 0.85 [2]
in an urban cellular environment. M is the number of
users in the system. Including the effect of a pulse shaping
factor, sectorization factor, activity factor and other cell
interference, the bit energy to total noise density can be
expressed as,

E, 1
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where ); is the other cell interference which accounts for
the amount of interference received from the users outside
the desired user’s cell and is taken as 0.5 [3]. n is the sec-
torization, which refers to subdividing the area around the
cell into smaller sections and using directional antennas at
the cell site both for transmitting and receiving. G is the
processing gain defined as the ratio of the bandwidth to
the information bandwidth which for QPSK can be taken

1461 VTC 98



as the bit rate. Studies show that either speaker is ac-
tive only for about 35% to 40% of the time of a typical
conversation [4] and is accounted as an activity factor rep-
resented by p in (1). It is taken as 3/8 [5, 3] for voice users
and varies from 1 to 1/10 for data users depending upon
the application. § is the pulse shaping factor and is 1 to
2/3 in extreme cases i.e. band-limited and time-limited re-
spectively. In our analysis we assumed a square root raised
cosine pulse shaping filter with a roll-off factor of 0.2 [6].
The pulse shaping factor is therefore 0.7018 [7]. « is the
required bit energy to the total noise density (MAI and
thermal noise) to achieve required BER and delay for the
voice and data users respectively. Ey/N, is a bit energy
to the thermal noise ratio. Inverting the above expression
and using an assumption that half of the allowable noise
is contributed by the thermal noise and half is user inter-
ference noise (1} i.e. Ey/N, = 27y in (1), the capacity of a
DS-CDMA cellular system is given by

1
K=
14+ X l:1+

anGyp i] 3)

pB 2y

For QPSK modulation in the channel, the bit error rate
is given as

(1) = gerfely) (@

and the packet error rate (Pp.) assuming ideal interleaving
is given as

Ppe=1-(1- 6(7))N (5)
where N is the packet length. Substituting (3) and (4) in

N

1 1
Pe=1-<1— —erfe
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(6)
It can be seen from Fig. 2 that the probability of packet
success (Pps), i.e. 1 — Py, increases with a decrease in
the packet length (N) and also shows that better power
control improves the P,, as expected.

3. Single class of data users

In this section, we find the average channel delay and the
throughput for a single class of data users as a function of
the total number of data users. The capacity equation (3)
is then modified for the data users to be able to express
the capacity as the function of the QoS, i.e. delay. The
system model is shown in Fig. 1.

3.1. Delay

Neglecting the effect of queueing, the average channel delay
(D) for the data packets is given by,

(7)
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Figure 2. Probability of Data Packet Success Vs. Number of
Data Users

where P, is the probability of a packet error and is the
same as the probability of a retransmission, and D,,;, is
the minimum transmission time of a packet and comprises
packetizing, propagation and processing delay. The propa-
gation and processing delay (¢4) is very low and is assumed
to be 3 ms [8] in our analysis, while the packetization delay
is given by the ratio of packet length to the information
data rate. Thus Dy,;, is given by,

N
Dmin = 75 t
Ry +tq (8)

and the average delay for the data packets is given by

Dmin
D= )

N
_1 L
{1 gerfe (\/E—%i Ep[(l-!—)\;)Kd—l])}

Fig. 3 shows that there is almost no increase in the de-
lay for the data packets initially with the increase in the
number of users because of a fairly constant Pp, for a low
number of users as seen in Fig. 2, but a point is reached
after which the P, starts falling down rapidly and thus re-
quiring a higher number of retransmissions. Beyond that, a
slight increase in the number of users causes a high increase
in the delay for data packets. So the operating region on
this plot would be the knee area of the plot to obtain the
best compromise for the capacity and the delay. The in-
crease in the packet length causes an increase in the delay
because of the increase in the packetizing delay and the
decrease in the probability of packet success.

3.2. Throughput

Throughput {S) here is defined as the total number of
packets that can be correctly received per second at the

1462 VTC ‘98



Delay for Data Users Vs Number of Data Users

1000 T T T T
|
-=- Parfact Power Control ]

900} imporfect Power Control [+ <1 -Lmerjeifo e 4
; - ]
1

OO - o R , .......... -
: : : [
sectorization =3 : s [

() T sectorization 8 b f foif s i
Activity Faclorf: 1 : . l‘

P T TTTURURUR SO SR PO PE SRPT SOPPN | 1’ ....... TR SRS PRERSTTSTTpIS 4

Rd = 9.6 Kbps:

: ' :
.lE ...... PIRREY S SRRRTEES Jrerieeeee -

Delay tor data users (ms)

30 40 50 60 70
Number of Data Users (Kd)

I I
0 10 20

Figure 3. Delay for Data Users Vs. Number of Data Users

receiver and is a function of total number of packets in the

wireless channel. From Fig. 1, we have,
K, =Kq— KiPpe = KqPp, (10)

which gives the number of new packets that can enter on

the channel to maintain the equilibrium of the system.
Thus the throughput can be written as,

Ry
S = Kn]—v- = Kdes

Ry

N (11)

Substituting (6) in (11), we have,

Ry 1 anGp
§=FKay {1 B Eerfc{\/zpﬂ[(l T A Ka— 1]}}
(12)

It can be seen from Fig. 4 that the throughput increases

with the number of users till a certain point, this point cor-
responds to the bending point on Fig. 3. After that, the
number of packets correctly received starts decreasing be-
cause of rapid decrease in the P, although more network
resources i.e PN codes are used. The operational point on
this curve should be the peak of the curve.

3.3. Capacity

The capacity equation {3) can be modified for the data
users to be able to express it as a function of the QoS, i.e.
delay for the data users and the BER for the voice users.
Using (4), (5) and (7), the required -y for the data users
can be written as a function of delay, as,

el fe )Y

N
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Figure 4. Throughput Vs. Number of Users

and for the voice users, y can be written as a function of
packet error rate (BER), as,

o = {erf~ (1 - 2BER)}’ (14)

Using (15) in (3), the capacity for data users as a function
of delay when there are no voice users present, can be
written as,

1 anG, 1

BT e 2 B )

(15)
Increasing the delay requirements means allowing more re-
transmissions, i.e. a higher probability of a packet error,
and this in turn means allowing more users on the wireless
channel thereby achieving an increase in the capacity at
the cost of the QoS.

4. J Classes of Users

In this section the effect on the delay and the throughput
for data users due to the integration of voice users is an-
alyzed. The average delay and the throughput equations
are generalized for J classes of users. The BER for the
voice users is assumed to be 1073, Equation (2) can be
extended for J classes of users and the received bit energy
to the total noise density (v;) for the j** class of users can
be written as,

1

v = '
i a%l%fl 1+ MKy + %[(1 + M) K — 1]
RUR _M(l + M) K

anGp,

(16)
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where, p;, Gp;, K; are the activity factor, processing gain
and number of jth class of users respectively. Extending
(6) for J classes of users, the probability of packet success
for the jsp, class of users is given by,

1

2
SR (1+ M) K+

1
Ppo; = 1= gerfe a—f%f—j[(1+/\,-)K,- 1+ (17)
\ aanpJ 1 +’\1)KJ)
J

The capacity is bounded by the following J-dimensional
hyperplane [1],

=

|

<1 18
%, < (18)

J
i=1

where K is the number of j* class of users when no other
class of users are present. The delay for the j, class of
users can be found as a function of the number of all other
classes of users by substituting (17) in (7), and is given by,

Dmin
D, =
! ( 1 VY

(—2&&(1 + M) K1+

anGp,

1—lerfc 2238 11 4 A)K; — 1]+
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(19)
The throughput for the jy;, class of users can be written
by substituting (17) in (11) as,

1 )

+ M) K1+

2018 (1
anGp,

2238 109 4 MK — 1)+

nGp.,
anGp;

\ "'—M(l-‘—Ai)KJ)

anGp,;

(20)
Let us consider an example of two classes of users, one
class being voice users and the other being data users. Fig.
5 shows the probability of data packet success for various
combinations of data and voice users. The information
rate for voice and data is assumed to be 9.6 Kbps and 14.4
Kbps respectively. The activity factors are taken to be
1 and 3/8 for data and voice users respectively. The chip
rate is assumed to be 1.2288 Mcps [6] and the sectorization
factor is assumed to be 1. It can be seen that the addition
of voice users causes the data packet success probability to
drop down because of the increase in the MAI due to the
addition of the signal power of voice users.
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Probability of Data Packet Success

Number of Data User

Number of Voice Users {Kv)

Figure 5. Probability of Data Packet Success Vs. Integrated
Voice and Data Users

Figure 6. Delay for Data Users Vs. Integrated Voice and
Data Users
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Fig. 6 shows the effect on the average delay for data
users due to addition of voice users. It can be seen from
Fig. 6 that when there are no voice users, i.e. K, = 0,
the knee area on the curve starts at around K4 = 35
and reduces with the addition of voice users and occurs
at around Ky = 7 when K, = 122. This is because,
the addition of voice users causes a decrease in the data
packet success probability thereby requiring more retrans-
missions. Fig. 7 shows the throughput of data packets

Throughput of Data Users wit Number of Voice and Data Users

2

g

Throughput of Data Users (pkis/S)
2

Number of Voice Users (Kv) 0

Number of Data Users (Kd)

Figure 7. Throughput of Data Users Vs. Integrated Voice
and Data Users

in an integrated voice and data system. The throughput
is maximum when there are no voice users. As the voice
users start adding up, the number of data users goes down
as per (19) to satisfy the QoS requirements for both voice
and data, thereby decreasing the maximum possible data
throughput.

Now consider an example for three classes of users. As-
sume one type of user to be voice with activity factor p of
3/8, BER requirement of 1072 and information bit rate of
9.6 Kbps. The other two classes of users are data, and p
and D are assumed to be 0.5 and 500 ms for both of them.
The information bit rates for data type 1 and type 2 are
assumed to be 14.4 Kbps and 28.8 Kbps respectively. The
capacity plot is plotted for this case in Fig. 8. The end
points on the curve corresponds to the maximum number
of voice, data type 1 and data type 2 users possible in the
system, 47, 79 and 42 respectively for this example.

5. Summary

An approach for determining delay and throughput for
data users utilizing packet transmissions has been devel-
oped. The effect on delay and throughput for data users
with the addition of voice users was then studied. The
equations were then generalized for J classes of users and
the J-dimensional hyperplane was plotted showing the
bounds on the capacity of all classes of users where each
class is specified by a data rate, an activity factor and a

0-7803-4320-4/98/$5.00 © 1998 IEEE

Capacity piot for three classes of users

Kv (9.6 Kbps)

Kd1 (14.4 Kbps)

Kd2 (28.8 Kbps)

Figure 8. Three classes of users (One voice and two data
type)

QoS which is delay and packet error rate for data and voice
users respectively.
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