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Abstract:In this paper, we analyze the throughput and delay
performance of a multichannel wireless access protocol using
CDMA in the presence of Rayleigh fading. M equal-capacity
traffic channels, each of which is assigned a unique orthogonal spreading code, are shared by N mobile users (N 2 M )
on the uplink (mobile-to-basestation link). Transmission attempts on the uplink are made based on the busylidle status
of the M receivers, which is broadcast by the base station,
every slot, on the downlink (base station-to-mobile link). An
i.i.d. fading channel model is used to describe the packet succesdfailure process. Analytical expressionsfor the averageper
channel throughput and delay are derived. Simulation results
are shown to verify the analysis.

use of the uplink (mobile-to-base station link) channel status information, which is conveyed to the mobiles through a busylidle
flag on the downlink (base station-to-mobile link) broadcast. The
throughput performance of a system that uses a single traffic channel on the uplink was analyzed in a correlated Rayleigh fading
environment. In [ 113, we extend this protocol to utilize multiple
traffic channels on the uplink by assigning a unique, orthogonal
spreading code to each channel, and analyze the throughput performance. In this paper, we further analyze the delay performance
of the proposed multichannel protocol in the presence of fading.
The detailed description of the proposed multichannel access
protocol is presented in Section 2. In Section 3, we analyze the
throughput and delay performance of the protocol in the presence
of fading. Numerical and simulation results are presented in Section 4. Conclusions and areas of future work are provided in Section 5.

I. INTRODUCTION
Next generation wireless networks are envisaged to support high
data rates, packet oriented transport, and multimedia traffic handling. The design of efficient and robust wireless media access
protocols, and the evaluation of their performance in the presence
of channel fading, are key technical issues [ 11-[4], High capacity wireless networks can be realized either by assigning a single
wideband channel or by using multiple narrow band channels. The
latter approach, which we will consider in this paper, is particularly attractive when contiguous wide bandwidth spectrum is not
available. In a multichannel system, there are several independent
channels, and a user can transmit on any of these channels based
on a suitable access protocol. The performance of multichannel
slotted ALOHA systems, where multiple equal-capacity channels
are shared by many users, has been analyzed in [ 5 ] , [6]. However, these studies assumed a deterministic channel model that did
not consider the effect of multipath fading on the system performance. In fact, mobile radio channels are severely affected by
time-varying losses due to distance, shadowing (blockage due to
buildings, trees, etc.), and multipath fading.
Media access control schemes using code division multiple access (CDMA) are becoming popular for packet communication in
wireless environments because of their robustness to interference,
ability to perform well under multipath conditions, and need for
less regulatory and frequency coordination efforts. Earlier studies on both random and slotted CDMA protocols include [7], [8].
In [9], [IO], we presented a media access protocol that makes
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11. MULTICHANNEL
PACKETCDMA PROTOCOL
Consider a packet communication wireless network where N mobile users share M equal-capacity traffic channels (N 2 M )on
the uplink to communicate with the base station. All the uplink channels are synchronized and slotted to one packet duration. Each uplink channel is assigned a unique, orthogonal spreading code such that the packets transmitted on a given channel are
spread using its assigned spreading code. In other words, all the
users in the network can use any one of M different spreading
codes following the access rules. The base station is provided with
M receivers, each tuned to a different spreading code, to demodulate all the uplink channels’ traffic. Based on the busylidle status
of the M receivers, the base station broadcasts an M-bit busylidle
word, every slot, on the downlink. The busy/idle flag corresponding to each channel is set or reset depending on whether or not the
data packets are being transmitted on that channel.
Each message generated at the mobiles consists of two segments, namely the header segment and the data segment. The
header segment is of one packet length. It carries a preamble for
spreading code acquisition, and control information like the destination address, the number of packets in the data segment, etc.
The data segment, which represents the actual traffic, consists of
a random number of packets. Transmission attempts are made
by the mobiles only at the slot boundaries by sending the header
packet.
The mobile, once it receives a message to be sent to the base
station, first checks the status of the busyhdle word which i t periodically receives from the base station on the downlink. If all the
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M busy/idle flags indicat
making a transmission at
later time. If one or more flags indicate an idle
bile randomly picks one of these idle channels
mission attempt by sending a
the chosen channel. If the header packet is received successfully
(without packet loss due to fading or collision), the base station
sets the corresponding channel's flag busy for X subsequent slots,
where X is the number of packets in the data segment of that message. This permits the mobile to send all the data packets in those
X slots. During these X slots, other mobiles would receive a busy
status flag for this channel and so they would not make transmis-

ill continue to send the

111. PERFORMANCE
ANALYSIS
idlelheader state. The mobile moves from the idle/heuder state to
a backlogged state if all the uplink channels are found busy upon

employed in [ 111. As in [ 111, a single cell
cell interference is considered. Busyhdle
received instantaneously, and error-free by
biles' transmissions are as

umber of slots.
uncompensated. The multipath
non-selective, the effect
cessful, after which it moves to the dutudx state.
Let xt be the number of mobiles in the dutu-tx state and yt be
the number of mobiles in the backlogged state at the end of slot
t. The two dimensional random process { z t , y t } is a finite state
Markov chain. Based on the conditional probability that n mobiles
simultaneously transmit header packets and c, of those packets are
successfully received at the base station, the one step transition
probability that the system moves from (q= j
slot t to (zt+l = I, yt+l = m) at time sl

where F is the fading margin of the link.
New messages arrive at the m
s with probability X in each
slot. Each mobile is assumed to have buffers to hold one message.
Newly arriving messages are rejected until the stored message is
successfully sent to the base station. The length of the data segment of each message, X , measured in integer n

ackets,

9rn)?ff(CsllZ,

In any given slot, each mobil
in any one of the three states,
namely, idleheader state,
te, and backlogged state. Refer to Figure 1. In the id1
e, the mobile remains idle or
generates a new message with a probability A, randomly chooses
an idle uplink channel (if available), and transmits the header

M -j),

(3)

- k + c,, and the
conditional probability j ( c gIn, M - j ) , which is the probability
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Authorized licensed use limited to: INDIAN INSTITUTE OF SCIENCE. Downloaded on July 22, 2009 at 04:37 from IEEE Xplore. Restrictions apply.

that c, header packets are successfully received, conditioned on
n mobiles out of N - j - k mobiles in idleheader state and k
mobiles in backlogged state transmit header packets over M - j
channels, can be evaluated by a recursive expression as

B. Delay Perfomnee
The message transfer delay is the time elapsed between the arrival of a message at the mobile and the successful completion
of its transmission to the base station. This delay consists of two
components, namely, 1) the number of slots elapsed to achieve
successful header packet transmission, and 2) the number of slots
elapsed during the data packets transmission. The average message transfer delay, E{D},is given by

n

f ( c . ~ n , j~) -

= Cp:)j(c.ln-i,~-j-1)
i=O

i#l

+p;)f(csIn

where p t )

(1)(1 - &)n-i(

- 1,hf - j - 1 ) p E ,
+)i

M . j

(4)

is the probability that

i packets out of n packets are transmitted over the an arbitrarily
chosen channel. The initial conditions for f(c,ln, M - j ) can be
found in [ 1I].
Let P = ( P j k , J m )be the probability transition matrix and n =
{ T j k } , 0 5 j 5 M ,0 5 k 5 N - j,denote the steady-state
probability vector, rI can be calculated by solving the set of linear
equations
11= rIP,
(5)
and using the conservation relationship

1

E{Dd}= -.

9m

E{&} can be obtained by evaluating the expected number of
header packets lost, E{F’},and the expected number of waiting
slots (excluding the lost header packets) elapsed until the success
of the header packet, E{W,}. The expressions for E{Wr} and
E{Fh} are given by

M N--i
j=O

where E{Dh} is the expected number of slots it takes to achieve
header packet success, and E{Dd}is the expected number of slots
spent for data transmission. E { D d } is nothing but the expected
length of the message. For a geometric distribution of message
length with parameterg,, E{Dd}is given by

k=O

The network throughput, 8, which is defined as the average number of packets successfully received per time slot, is obtained from
the average number of successful data packets, E{&}, and the average number of successful header packets, E{Sh},in the steady
state as
9 = E{Sd} +E{&},
(7)
where

M

N--i

and

j=O

k=O

I=O m=O

n=1

c,=O

M N-j
j = 1 k=O

E{&} = E:=, E&,jj n j k is the average number of users in
the data_tx state. The average number of successful header packets, E{Sh},is obtained as

The expression for E{Dh}is then given by

Note that the 1 in (15) is to account for the successful header
packet slot in the delay expression.

Iv. RESULTSA N D DISCUSSION
Numerical results for the average per channel throughput of the
proposed multichannel protocol obtained from (7) and (10) for
M = 3, N = 5, gm = 0.1, and gr = 0.2 are plotted in Figure
2. The various values of fading margins considered are 5 , 10,
and 20 dB. Results for no fading case (i.e., F 3 00) are also
plotted. From (12), the gm value of 0.1 corresponds to an average
message length of 10 data packets. Likewise, the parameter gr =

Finally, we obtain the average per channel throughput, i.e., the
average number of packets successfully received per slot per channel. as
9
e, = M’
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Fig. 3. Normalized mean message delay us new message arrival rate, A.
Fig. 5. Effect of number of channels, M ,on the normalized mean message delay

0.2 means that the average time between retransmission attempts
is 5 slots.
In addition to the analysis, the proposed protocol was simulated as well, and the throughput performance collected over a
million slots of simulation is also shown in Figure 2. The lines
represent the analytical results and the markers represent the simulation points. When there is no fading (that is, packet losses are
only due to header packet collisions), the protocol is found to offer
a maximum throughput on the order of 0.9. When the channels are
fading, maximum throughputs as high as the no fading case can
still be achieved, provided the fading margin is maintained better
than 20 dB. With practical values of fading margin, say 10 dB, the
resulting maximum throughput is in excess of 0.8. When the fading margin decreases to 5 dB, the maximum throughput degrades
to 0.63.
For the above set of system parameters, the message transfer
delay performance of the proposed protocol is shown in Figure
3. The curves represent the average delay values obtained from
(1 l), and normalized to the average length of the message, including the header packet (i.e., 1 4 l/gm). A normalized mean
message delay of unity at low arrival rates implies that the messages get transmitted immediately on arrival without any waitingh-etransmission delays. Both increased message arrival rates
and lower fading margins are seen to increase the normalized de-

lay beyond unity. Even when there is no fading, the normalized
delay increases beyond unity at high arrival rates (e.g., a normalized delay of 1.8 at X = l),which is mainly due to header packet
collisions and subsequent rescheduling of transmission attempts.
Like the throughput, the delay performance at a fading margin of
F = 20 dB is very close to the no fadin
analytical and simulation results in Figur
thus verifying the analysis.
The effect of the number of channels, M, on the throughput
and delay characteristics of the proposed protocol is shown in Figures 4 and 5. The plots are parameterized by different values of
M = 1 , 2 , 3 at N = 5, F = 10dB,g, = 0.1, andg, = 0.4. At
low arrival rates, a single channel system ( M = 1)offers higher
throughput than a multichannel system ( M = 2,3). This is because, in the absence of enough traffic at the mobiles, all the channels go underutilized. Also, this better throughput performance of
single channel system has an associated increase in delay performance compared to a multichannel system, as seen from Figure
5. At high arrival rates, the throughput performance behavior reverses (i.e., the single channel system offers less throughput than
a mutlichannel system). Here, a single channel system loses more
186
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or down simply by adding or removing channels based on the
bandwidth needs of the network. In addition, the concept of a
header packet for each message resulted in significantly low overhead time employed for the code acquisition. Further ongoing
investigations include the effect of capture and retransmission of
erroneous data packets on the system performance. It must be
noted that the Rayleigh fading is assumed to be i.i.d. in this paper, which is a good model for fast moving users in a multipath
environment. An extension of the current multichannel protocol
analysis to adopt a correlated fading process, which is suit for
slowly moving users, will be useful future work.
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