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Abstract-The throughput and delay characteristics of a land- 
mobile satellite channel are analyzed for both slotted ALOHA and 
slotted direct-sequence CDMA (code division multiple access), 
using binary phase shift keying (BPSK) modulation and forward 
error correction coding (FEC). In the case of CDMA, the ap- 
plication of path diversity techniques-maximal ratio combining 
and selection diversity-is also taken into account. Packet success 
probabilities are derived for both slow and fast fading, in order 
to evaluate the throughput and delay. Numerical results are 
presented for arbitrary code lengths and for specific values of the 
number of resolvable paths. It is shown that CDMA can offer a 
substantial improvement over slotted ALOHA, especially when 
the chip time is less than the delay spread. 

I. INTRODUCTION 

NIVERSAL personal communication system (UPCS) is U defined as the ultimate goal of today's communications 
engineers, which will be achieved by providing communi- 
cation services by any person to any person at any place 
at any time without any delay in any form through any 
medium using one pocketized unit. In order to achieve this 
objective, it is necessary to combine the research activities 
of macro-, micro- and pico-cellular radio systems with the 
research in the area of satellite communication systems. A 
number of studies and developments have been camed out for 
land-mobile satellite communication systems to supplement 
terrestrial cellular communication systems 111-161. One of the 
important issues which has to be investigated thoroughly for 
mobile satellite communication systems is the multiple access 
technique. 

For some years now, a debate is going on whether narrow- 
band or spread-spectrum techniques should be used in order to 
achieve a high channel capacity. In [4] and [6], it is concluded 
that code division multiple access (CDMA) yields a better 
performance than narrowband frequency division multiple 
access (FDMA) in the case of circuit switched mobile satellite 
communications. Therefore, CDMA is a strong candidate for 
the choice of multiple access techniques for future systems. In 
[7]-[13], it is pointed out that CDMA can also be beneficial 
in the case of packet-switched radio networks. However, the 
analysis of multiple access techniques in [7]-[ 101 did not take 
into account the fading characteristics of the radio channel, 
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which is usually an important limiting factor, especially for 
satellite communications. 

The influence of the channel characteristics on the per- 
formance of slotted CDMA and conventional narrowband 
slotted ALOHA is the subject of the paper. A generalized 
land-mobile satellite system, modeled by shadowed Rician 
fading characteristics [ 141-[ 161, is considered in this paper 
to investigate the throughput and delay performance of slotted 
ALOHA and direct-sequence CDMA techniques, using BPSK 
modulation with error correction and diversity techniques. In 
section 11, the equations for throughput and delay of slotted 
CDMA and narrowband slotted ALOHA are presented. A 
description of the radio channel and the resulting expressions 
for the packet success probability are given in section 111. 
Numerical results are discussed in section IV. Finally, section 
V contains the main conclusions. 

11. SLOTTED CDMA VERSUS 
NARROWBAND SLOTTED ALOHA 

We consider a communication network with sufficient 
bandwidth to accomodate N users in a TDMA or FDMA 
(time/frequency division multiple access) system, each 
transmitting at a bit rate of 1/Tb with Tt, as the bit duration. 
Instead of a fixed assignment scheme like TDMA and FDMA, 
now consider a random access slotted CDMA scheme, where 
the data sequence is spread by a certain spreading code, 
consisting of N chips per bit. The code length and the total 
number of codes may be fixed to N ,  but it may also be larger 
than N .  The only assumption about the codes that it made 
in this paper is that they can be approximated by random 
sequences. Further, it is assumed that the total number of 
users is large enough to get a Poisson distribution function 
for the offered traffic. Therefore, the probability P,,(k) that k 
packets are generated during a certain times slot is given by 

G'" 
Ptr(k)  = - exp(-G). 

k !  
Here, G is the average number of transmitted packets per time 
slot. 

When a packet is transmitted, there is a certain success 
probability P,(k)  that it is received correctly. It is assumed 
that an acknowledgment is sent after successful reception of 
a packet, so after waiting twice the propagation delay, a user 
knows if its packet is received or not. Although a receiver 
itself could estimate if a packet was successfully received 
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in a single spot system, acknowledgments are mandatory for 
multispot systems or for systems that require a zero packet loss 
probability. When the transmitting user does not receive an 
acknowledgment for a certain packet, it retransmits that packet 
after a certain random delay. The steady state throughput of 
this transmission system is defined as the average number of 
successfully received packets per time slot, and given by 

k = l  

Here, K,,, is the maximum number of users that can be 
simultaneously handled by the system, because the number of 
receivers or available code words is limited. 

It may be noted that slotted ALOHA is a special limiting 
example of slotted CDMA for K,,, = N = 1. In order to 
make a fair comparison between CDMA and slotted ALOHA, 
it is desirable to use the same bandwidth for both systems, 
which gives two options for the slotted ALOHA case: First, 
the data rate can be chosen equal to the CDMA chip rate. 
Second, the data rate can be chosen equal to the CDMA data 
rate, which makes it possible to divide the total bandwidth in 
N separate ALOHA channels [ 171. In this way, a combination 
of FDMA and ALOHA is made where each user randomly 
selects a certain frequency band and a certain time slot. The 
second option can be expected to achieve higher throughput 
values, because in the first option, the large data rate will cause 
considerable intersymbol interference. As a result, the bit error 
probability and hence the throughput for the first option will 
always be worse than in the multichannel ALOHA system, 
where the data rate is N times smaller. 

Assuming that the total amount of traffic is randomly 
distributed over N channels, the throughput of the multi- 
channel slotted ALOHA system can simply be calculated as 
N times the throughput of one narrowband slotted ALOHA 
channel, with an offered load that is equal to the total offered 
load divided by N .  In fact, it is possible to normalize the 
obtained throughput values for both CDMA and ALOHA by 
dividing the total system throughput by N .  In this way, the 
corresponding throughput per 'channel' is found. 

The corresponding average packet delay D is defined as the 
number of slot times it takes for a packet to be successfully 
received. Thus it is the average time duration (in slots) between 
the packet being offered to the transmitter and the packet being 
successfully received [ 131, and is given by 

where G/S - 1 is the average number of retransmission, 
NAAT/2 is the mean retransmission delay and T d  is the prop- 
agation delay. 

111. SYSTEM DESCRIPTION 

The system under consideration consists of a satellite hub 
station and a number of mobile terminals on the earth's 
surface, like depicted in Fig. 1. The hub station may act like 
a repeater or it may process the signals on-board. On-board 
processing has the advantage that the relative amounts of 
noise, shadowing the multipath are reduced. Further, it may 

Fig. 1. Land-mobile satellite system. 

be necessary to do on-board processing in case of a network 
of several satellites, or in the case of multiple spot beams per 
satellite, where the hub station has to make certain routing 
decision for each message. In this paper, the throughput and 
delay are analyzed for a single link only. 

A. Channel Model 

A statistical propagation model for a narrowband land- 
mobile satellite channel in rural and suburban environments 
was developed in [ 141-[ 161. It assumes that the received signal 
consists of a shadowed line-of-sight signal with a lognormal 
envelope distribution plus a sum of multipath signals with 
a Rayleigh distributed envelope. The resulting probability 
distribution of the received signal envelope T is given by 

T / m  exp [- (111cz;; r2 + z 2  --I 2bo Pr(.) = ~ bo- o 

(4) 

where IO(.)  is the modified Bessel function of the first kind 
and zeroth order, bo is the average scattered power due to 
multipath, po is the mean value due to shadowing and do is 
the variance due to shadowing. 

The narrowband model mentioned above was extended for 
wideband applications in [ 181, [ 191. In the following, a brief 
review of this extension is given. 

If direct-sequence spread-spectrum modulation is used with 
a chip duration T, that is less than the delay spread T, of the 
channel, then the multipath power is partially reduced by the 
correlation operation in the receiver. Assuming the multipath 
power delay profile is exponential, the remaining multipath 
power b,, for path m ( r n  2 1) can be approximated as 

' o ( T z / b o )  dz x- 
z 

In the case of BPSK modulation, the total received signal is 
K nl 

~ . ( t )  = A i j L k  a k ( t  - ~ , k ) h ( t  - ~ m k )  
k=1 m = l  

x cos ([U, + UmkIf  + 4 m k )  + 7 4 t )  (6) 
where 713 and k denote the path and user number, respectively. 
A is the transmitted signal amplitude, which is assumed to be 
constant and identical for all users. For user k ,  {Q} is the 
spread spectrum code, { b k }  is the data sequence, w, + is 
the carrier plus Doppler angular frequency, q!)mk is the carried 
phase, T,,k is the time delay and n(t)  is white Gaussian noise 
with two-sided spectral density No/2. The instantaneous path 
amplitude is denoted as p. 
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The received signal r ( t )  is converted to baseband and 
correlated with a particular user code. Assuming that the 
receiver is able to track the code and carrier phase of path 
j from user 2, a signal sample of the correlation output can 
be written as 

K 
2 = APJt + I ,  + 171 (7) 

k=l 
where 71, is a zero-mean Gaussian variable with variance 
No/Tb, b: is the current data bit, T6 is the bit duration and I ,  
consists of cross correlation products from interfering users 
and multipath signals. Notice that the equation is slightly 
different from the one used in [lS], [19]. It is now assumed 
that the correlation operation is normalized by dividing the 
output by the bit time Tb. As a result, the equations written 
in this paper are not dependent on Tb, contrary to [ I S ] ,  1191. 
However, the results are the same, since the signal-to-noise 
and signal-to-interference ratios are the same in both cases. 

In [19], it was shown that a closed form expression can be 
derived for the variance a: of the K interfering products. The 
normalized equation is 

B. Bit Error Probability without Diversity for Narrowband 

The bit error probability for the narrowband BPSK modu- 
lation in a shadowed Rician land-mobile satellite channel is 
given by 

Here, g: = N0/Tb is the noise power, erfc(z) is the compli- 
mentary error function and y r ( r )  is given by (4). 

C. Bit Error Probability without Diversity for Spread-Spectrum 

If a spread-spectrum receiver only tries to demodulate the 
first arriving path, containing the line-of-sight signal, then the 
path gain ,&i in (7) has a shadowed Rician probability density 
function. This results in the following bit error probability 

Here, c2 is the sum of the noise and interference power 
and erfc(z) is the complimentary error function. For spread- 
spectrum demodulation the probability density function of the 
received signal envelope Prss(r) is obtained by replacing the 
multipath power bo in (4) by the multipath power b d  of the 
first arriving path, given by (5) 

D. Bit Error Probability with Diversity 

If spread-spectrum modulation is used with a chip time that 
is less than the delay spread of the channel, then a number 
of resolvable paths M exist that can be used to improve 

the performance. When maximal ratio combining is used, the 
received signal is coherently correlated with a particular code 
for Md different paths, where Md is the order of diversity. 
Each path is multiplied by the path gain [?mk and all correlation 
outputs are combined. The probability density function of the 
sum of the squared path gains /?kk is the convolution of the 
M d  different squared path gain probability density functions. 
The resulting probability density function is [ 191 

where a = Er=, 10(;,, and prss(&) is given by (1 1) 

can now be expressed as 
The bit error probability P, for maximal ratio combining 

With selection diversity, the strongest out of Md different 
signals is selected. 

The resulting probability density function is [ 191 

where p r s s ( r )  is given by (1 1). 

be expressed as 
The bit error probability P, for selection diversity can now 

'Z 

p ,  = ; J' 0 ..iC( +(r)d,r .  (74 (15) 

E. Packet Success Probability 

Using the previously defined expressions (9), (lo), (13), 
and (15) for the bit error probability, it is now possible to 
calculate the packet success probability, which is needed to 
obtain the throughput and delay values of slotted CDMA. 
The packet success probability P, can be evaluated for slow 
and fast fading. In the case of slow fading, the path gains 
are assumed to be constant during one packet time. For fast 
fading, it is assumed that the path gains are uncorrelated for 
two consecutive data bits. Further, the use of a forward error 
correcting code is included by the assumption that t bit errors 
can be corrected from a total number of Np bits per packet. 

The resulting expression for the packet success probability 
in the case of fast fading is 

where P, is given by (9) and (10) for the case of narrowband 
and spread-spectrum modulation, respectively, and P, is given 
by (15) for selection diversity, and by (13) for the case of 
maximal ratio combining. 

In the case of slow fading, the packet success probability 
becomes 
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TABLE I 
CHANNEL MODEL PARAMETERS 

Light Average Heavy 

bo 0.158 0.126 0.063 1 
1' 0 0.115 -0.1 1s -3.91 
&o 0.115 0.161 0.806 

where for narrowband 

for spread-spectrum with no diversity 

for spread spectrum with selection diversity 

for spread spectrum with maximal ratio combining - -- 

Now the throughput and delay can be evaluated for different 
conditions using (1)-(3) and (16)-(21). 

IV. COMPUTATIONAL RESULTS 

The throughput and delay are calculated numerically for 
several parameters. An interesting remark is that the bit error 
probability only depends on the ratios T,  ITc, the instantaneous 
offered load N / K  and &/No = A2Tb/2No. This means that 
it is not necessary to give results for specific values of the chip 
time and the code length. As a result, many of the plots like 
shown in [SI, [ l l ] ,  [18], and [19] and in many other papers 
on CDMA can be generalized, as long as they satisfy the 
assumptions that both K times M and N are large compared 
to one. 

Table I lists the channel parameters of the shadowed Rician 
probability distribution function. In [ 181, it was noticed that the 
variances of the shadowed Rician probability density function 
was not normalized to one, which causes bit error probabilities 
that are too optimistic if the variance exceeds one. This 
problem is solved now by multiplying the noise power with 
the total signal power S = 2bo + exp(2po + 2do). 

Figs. 2 and 3 show the normalized throughput ( S / N )  curves 
of narrowband slotted ALOHA without and with forward error 
correction, respectively. The results of Fig. 2 and the following 
figures were obtained for T,/T, = 6.5, &,/No = 20 dB, N p  = 
256 bits per packet and t = 0 or t = 10 in the absence or 
presence of forward error correction coding. The values of N 
and K,,, used were N = 127 chips per bit and K,,,, = 
2 N  users. However, as explained earlier, the results are also 
valid for other values of N ,  as long as N is large compared 
to one. Fig. 4 shows that the normalized throughput of slotted 
CDMA without error correction is less than that of slotted 
ALOHA. However, when error correction is applied, like in 
the Figs. 3 and 5 ,  then CDMA benefits far more than slotted 
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ALOHA Fig. 2. Normalized throughput of narrowband slotted 
(ICmay = S = I )  for: (a) light shadowing, slow fading: (b) light 
shadowing, fast fading: (c) average shadowing, slow fading: (d) average 
shadowing, fast fading: (e) heavy shadowing, slow fading: (f) heavy 
shadowing, fast fading. 
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Fig. 3. Normalized throughput of narrowband slotted 

1 

ALOHA - .  
(IC,,,, = S = 1) using FEC coding for: (a) light and average 
shadowing, slow fading and fast fading; (b) heavy shadowing, slow fading; 
(c) heavy shadowing, fast fading. 

0.06 4 / \ \ 

G/N 

Fig. 4. Normalized throughput of slotted CDMA for: (a) light shadowing, 
slow fading: (b) light shadowing, fast fading: ( c )  average shadowing, slow 
fading: (d) average shadowing, fast fading: (e) heavy shadowing, slow fading: 
(f) heavy shadowing, fast fading. 

ALOHA, which results in a larger normalized throughput than 
narrowband slotted ALOHA for light and average shadowing. 

In Fig. 6, it is demonstrated that the user of maximal 
ratio combining provides a considerable improvement of the 
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Fig. 5.  Normalized throughput of slotted CDMA, using FEC coding for: (a) 
light shadowing, slow fading: (b) light shadowing, fast fading; (c) average 
shadowing, slow fading; (d) average shadowing, fast fading; (e) heavy 
shadowing, slow fading; (f) heavy shadowing, fast fading. 
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Fig. 6.  Normalized throughput of slotted CDMA, using MRC for: (a) 
light shadowing, slow fading; (b) light shadowing, fast fading; (c) average 
shadowing, slow fading; (d) average shadowing, fast fading; (e) heavy 
shadowing, slow fading: (f) heavy shadowing, fast fading. 

throughput as compared to Fig. 4. However, if the throughput 
curves in the case of combined forward error correction and 
maximal ratio coming (Fig. 7) are compared with the case 
of just using forward error correction (Fig. 5), then there is 
only a minor throughput improvement of about ten percent 
due to maximal ratio combining in the cases of light and 
average shadowing. For heavy shadowing, however, the use of 
maximal ratio combining increases the throughput by almost 
a factor of four. This is because for heavy shadowing, the 
line-of-slight signal power is negligible as compared to the 
multipath power. So if the receiver only tries to demodulate 
the first path, it only uses a small fraction of the total 
received power, assuming that the chip time is smaller than the 
multipath delay spread. In that case, maximal ratio combining 
is very useful to make use of all received signal power that 
is available. 

An interesting fact that can be seen in the previous figures, 
is that fast fading yields a higher maximum throughput than 
slow fading when forward error correction coding is applied, 
while the performance of fast fading is worse if no error 
correction is used. This is because for fast fading, the bit errors 
are randomly spread over all packets, so each packet has the 
same success probability, which is relatively low when no 

0 0.5 .1 1.5 2 2.5 
G/N 

Fig. 7. Normalized throughput of slotted CDMA, using MRC and EFC 
for: (a) light shadowing, slow fading; (b) light shadowing, fast fading: (c) 
average shadowing, slow fading; (d) average shadowing, fast fading; (e) heavy 
shadowing, slow fading; (f) heavy shadowing, fast fading. 

error correction coding is used. In the case of slow fading, 
however, errors appear in bursts. Due to the slow fading, the 
packet success probability varies, which means that compared 
to fast fading, there is a certain part of the packets that 
has a higher packet success probability, resulting in a higher 
throughput when no forward error correction is applied. If error 
correction coding is used, then the packet success probability is 
greatly enhanced for fast fading as long as the signal-to-noise 
plus interference ratio-which is inversely proportional to the 
offered load-is above some threshold value. Beneath that 
threshold, the packet success probability quickly drops to zero, 
as can be seen in the figures. For slow fading, error correction 
coding is less effective, because there are less packets with up 
to t bit errors that can be corrected. Therefore, the maximum 
throughput in the case of slow fading is less than for fast 
fading. However, for high values of the offered load, the 
throughput for slow fading decreases less fast than for fast 
fading, because there is always a certain part of the packets 
with a higher success probability than in the case of fast fading. 

In Fig. 8, the normalized throughput curves for heavy 
shadowing using selection diversity are drawn. It is clear 
that selection diversity performs worse than maximal ratio 
combining by at least a factor of two. However, it still 
considerably improves the throughput as compared to the case 
of no diversity. 

Fig. 9 shows the normalized throughput of slotted CDMA 
with the number of correctable bits as a parameter. As the 
error correcting capability increases, the maximum achievable 
throughput increases to high values. However, the user data 
throughput is of course decreased by the increasing number of 
bits used for error correction. With BCH codes, for instance, 
it is possible to construct error correcting codes with a length 
of 255 bits and a coding rate close to 213 and 112, which gives 
a number of correctable errors t = 1 1  or 21, respectively [20]. 
These numbers, that are close to the values used in Fig. 9, 
mean that the maximum net throughput of Fig. 9 is limited 
to about 0.4. 

Fig. 10 demonstrates the influence of the ratio T,/T, on 
the performance of CDMA. It can be seen that the best 
performance is obtained for a high l i /T ,  ratio. When T,/T, 
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Fig. 8. Normalized throughput of slotted CDMA for heavy shadowing, using 
selection diversity: (a) FEC, slow fading; (b) FEC, fast fading; (c) no FEC, 
slow fading; (d) no FEC, fast fading. 

Fig. 1 I .  Normalized throughput-delay curves of narrowband slotted ALOHA 
for average shadowing: (a) slow fading, no FEC; (b) fast fading, no FEC; (c) 
slow and fast fading, FEC. 
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Fig. 9. Normalized throughput of slotted CDMA for average shadowing, G/N 
using MRC and FEC, with the number of correctable bits as a parameter: (a) 
t = 0, slow fading; (b) t =0, fast fading; (c) t = 10, slow fading; (d) t = 
10, fast fading; (e) t = 20, slow fading; (f) t = 20, fast fading. 

Fig. 12. Normalized throughput-delay curves of slotted CDMA for average 
shadowing, using MRC: (a) slow fading, no FEC; (b) fast fading, no FEC; 
(c) slow fading, FEC; (d) fast fading, FEC. 
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Fig. IO. Normalized throughput of slotted CDMA for average shadow- 
ing, slow fading, using MRC and FEC, with T,/T, as a parameter: (a) 
T,/T, = lo4;  (b) T,/T, = l o3 ;  (c) T,/T, = 10'; (d) T,/T, = 10 and I .  

G/N 

is in the order of one or less, then there is practically no 
benefit anymore of using spread-spectrum to reduce multipath 
interference. As a result, the performance converges to a 
certain lower bound. When T,/T, is increased, then the 
performance increases up to a certain upper bounds, where 
the multipath interference in the first path, containing the 
line-of-sight signal, becomes negligible. 

Figs. 11 and 12 show the delay versus the normalized 
throughput. The results were obtained for values of N,, = 
3 and T d  = 74 slots. It can be seen that for narrowband, 
the difference between slow and fast fading is considerable 
without error correction, while it becomes negligible when 
forward error correction is used. In the case of CDMA, fast 
fading with forward error correction clearly provides the best 
throughput and delay performance. 

V. CONCLUSION 

The performance of slotted ALOHA and direct sequence 
CDMA is evaluated for the land-mobile satellite channel in 
terms of throughput and delay with BPSK modulation for light, 
average and heavy shadowing. To evaluate the throughput and 
delay, the packet success probability is derived for narrowband 
ALOHA with FEC and for spread spectrum with FEC and two 
types of path diversity (selection diversity and maximal ratio 
combining), considering slow and fast fading. 

It is shown that the performance of CDMA with and without 
diversity techniques can be generally expressed as a function 
of T,/T,, N I K ,  Eb/No and the error correcting capability. 
Numerical results for the throughout and delay were pre- 
sented for various combinations of the mentioned parameters. 
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Without forward error correction coding, narrowband slotted 
ALOHA is found to give a better performance than CDMA. 
However, if error correction coding is applied, CDMA clearly 
outperforms narrowband slotted ALOHA. The use of forward 
error correction is far more beneficial for CDMA than the 
use of path diversity techniques. Maximal ratio combining is 
very beneficial in the case of heavy shadowing. Slow fading 
performs better than fast fading, however with FEC fast fading 
has a higher maximum throughput than slow fading, except for 
heavy shadowing, where the line-of-sight power is smaller than 
the multipath power. Further, the throughput of slow fading 
does not decrease as fast for higher values of the offered load 
than it does in the case of fast fading. 
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