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SUMMARY  The one of the problems in the satellite packet
communication system is the existence of a long time delay, which
may cause an improper packet access control resulting in a great
deal of degradation of the system performance. In this paper, we
clarify the effect of long time delay on the performance of CDMA
ALOHA systems and then propose a new access control protocol,
called Modified Channel Load Sensing Protocol (MCLSP), for
the CDMA ALOHA systems. As a result, we show that a signif-
icant improvement in the throughput performance was obtained
with MCLSP even in the presence of a long time delay.
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timing delay

1. Imtroduction

Recently, Code-Division Multiple-Access (CDMA)
ALLOHA systems draw much attention for satellite-
based mobile and personal communications because of
the features such as the random access capability, the
potentiality for the high throughput performance and
the low peak power transmission. Many works have
been made so far aiming at improving the throughput
performance[l] —[10]. One of the techmques for im-
proving the throughput performance is a packet access
control based on the Channel Load Sensing Protocol
(CLSP) [5]-[10].

In the CLSP, a hub station senses the channel load
Status, which is the number of ongoing packets trans-
mitted from user stations. If the channel load is less
than a certain threshold, then the packet access is al-
lowed. Otherwise, the packet access is rejected until the
Channel load falls below the threshold. )

- Without the access timing delay, which is a time
difference between channel load sensing and associated
packet access timing, the throughput performance of the
~ System would be satisfactory. If the access timing delay
is no longer negligible, however, wrong information of
the channel load may be provided, since the channel
load may change moment by moment. The packet ac-
Cess control based on the incorrect channel load infor-
i matlon will result in a degradation of the throughput
‘~ Performance ,
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access timing delay is remarkably long. For example, in
the low earth orbital satellite (LEO) system, the access
timing delay is about 0.02 [sec] and, in the geostationary
satellite (GEO) system, it reaches as much as 0.5 [sec].
It is reported that throughput performance of CDMA
ALOHA system with CLSP would degrade even for
the case of LEO system (0.02[sec]). For the case of
GEO, the throughput becomes worse than the system
without CLSP[9],[10]. CDMA ALOHA system with
CLSP would become impractical in the presence of a
long access timing delay.

In this paper, we propose a new access protocol
called the Modified Channel Load Sensing Protocol
(MCLSP). In the MCLSP, the hub station observes the
channel load continuously for a certain period of time
and estimates the average offered load. Since the aver-
age offered load can be regarded constant during the pe-
riod of the access procedure, the access control protocol
based on this estimated offered load is expected to be ro-
bust against a long access time delay. In order to clarify
the advantages of MCLSP, we analyze the throughput
and evaluate the performance of CDMA ALOHA with
MCLSP. In this paper, we apply the MCLSP to both
unslotted and slotted systems, and show that the systems
can keep high throughputs even in presence of the long
access timing delay.

2. System Model

To evaluate the throughput performance of the CDMA
ALOHA system, the following system model is as-
sumed.

(1) The system consists of infinite number of user sta-
tions and a single hub station. Each user station
transmits the packet to the hub station by way of a
satellite.

(2) Each packet length, denoted as L [bits], is fixed,
and spectrum-spread with a uniquely assigned ran-
dom signature sequence.

(3) The process of packet transmission demand is Pois-
son with an average offered load G, which is de-
fined as the average number of packet transmission
demands existing within one packet time duration
Tp(= L/R), where R is the data rate. The average
offered load G is equal to AT}, where ) is the birth
rate of packet transmission demand.
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Fig. 1  Access timing delay.

(4) We assume that the access timing delay, which is a
time difference between channel load sensing and
associated packet access timing shown in Fig. 1,can-
not be ignored. Let Tp be the access timing delay,
and 7p be access timing delay normalized by packet
time duration T5,.

(5) All packets are received at the hub station with
equal power.

(6) Unsuccessful transmissions are due to interferences
from other packets and additive white Gaussian
noise. The bit error probability F(k) is expressed
as [11],

Pb(k)ng{<3_1;V_+%>~o.5}
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where N is the number of chip per bit, k is the
number of interfering packets, F} is the bit energy
of the signal, Np is two-sided spectral density of
Gaussian noise and,

1 ® 2
Qe = —= [ expl-u/2)du 3

(7) We assume that error correcting codes are not used,
that is, packet transmission succeeds only if all bits
in a packet are transmitted successfully.

(8) We assume that the preamble of every packet is
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transmitted successfully. Therefore, the hub station
can sense the channel load almost perfectly.

3. Modified Channel Load Sensing Protocol
(MCLSP)

3.1 Principle of MCLSP

In conventional ALOHA system (without employing

CDMA), if a hub station receives more than one packet

simultaneously, the probability of successful transmis-

sion will become very small. On the other hand, in

CDMA ALOHA system, even if the hub station receives

more than one packet simultaneously, the probability of
unsuccessful packet transmission will gradually increase

with increase in the number of simultaneous transmit-

ted packets because of interferences from other packets.

Therefore, CDMA ALOHA system can be expected to

be of better throughput performance[3],[4]. When the

offered load is very large, however, many of transmitted

packets may be incorrectly received and throughput per-

formance may become unacceptable. The access control
technique is, therefore, important for CDMA ALOHA

system.

In the CDMA ALOHA system, because of capa-
bility of simultaneous transmission, the packet access
control different from the case of conventional ALOHA
system is required. The packet access control based on
the Channel Load Sensing Protocol (CLSP) is attractive
as it can improve the throughput of CDMA ALOHA
system [5]-[9]. The hub station first senses the channel
load stdtus that is the number of ongoing packets. If
the channel load is less than a certain threshold, then
the hub station broadcasts permission of packet access
to all users. Otherwise, prohibition of packet access is
broadcasted until the number of ongoing packets falls
below the threshold. In CLSP, the control of packet
access is done by the instantaneous information of the
channel load.

Figure 2 shows the throughput performance of
CDMA ALOHA system with CLSP, where we set the
threshold @ = 7. As shown in the figure, the maximum
throughput of CDMA ALOHA system with CLSP can
reach almost 1.5 times of maximum throughput of con-
ventional CDMA ALOHA system, if there is no access
timing delay. However, when the access timing delay
is no longer negligible, the performance degrades. As
we can recognize from the figure, even with the case of
small access timing delay, say 7p = 0.2, the performance
degrades especially in the large offered load. This is the
case of LEO system, when we set R = 9, 600 [bps] and
L = 1000 [bits]. For the case of 7p = 5.0, which is
the case of GEO system, we see that the performance
is worse than the CDMA ALOHA without employing
CLSP. We observe that in the presence of access timing
delay, since the packet access control is done by the past
information, the performance would degrade[9]. Even
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if the parameter of R and L is different, we will observe
such degradation.

In order to avoid this effect, we propose the pro-
tocol that controls the packet access based on the esti-
mated average offered load. We call it Modified CLSP
(MCLSP) and it can mitigate the effect of the access
timing delay.

In the MCLSP, the hub station observes the chan-
nel load continuously for a certain period of time T,
and calculates probability P, with which each user sta-
tion transmits a packet, then broadcasts this probabil-
ity to user stations. When packet transmission demand
is generated at user statiom, user station transmits its
packet with probability P;,. or stops transmitting its
backet with probability 1 — Py, according to the notice
from the hub station.

Figure 3 shows the process of packet retransmis-
sion. If a user station stops transmitting his packet, he
tries it again after waiting for exponentially distribu-
tion average time intervals T,,. Otherwise, user station
transmits his packet. After examining the entire packet
at the hub station, if an error is detected, a retrans-
mission request message will return to each user. The
User station retransmits its packet after waiting for ex-
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ponentially distribution average time intervals 7T, so
that, hopefully, the users who collided before will not
do so again. This operation is repeated until packet is
transmitted successfully.

To carry out this protocol effectively, it is impor-
tant to develop a proper algorithm for deriving the
packet transmission probability P;.. The algorithm is
described in the following[10].

3.2 Algorithm for Deriving the Probability P,

The average offered load G usually varies slowly and
can be regarded as being constant during the time pe-
riod for the access procedure. Taking account of this
fact, we can estimate G based on the channel load mea-
sured during 7. By using the estimated G, it can be
expected to reduce the degradation of the throughput
due to the long access time delay.

Assume that a user station starts transmitting a
packet at time t = t,,. Let X4(tps — Tp,Ts) be the
number of packets received in the hub station during
the time period from (tps — Tp — T%) to (tps — Ip).
The hub station senses the channel load, and obtains
Xa(tps —Tp,Ts). Let Py (tps — Tp,Ts) be the average
packet transmission probability during the same time
period. The hub station memorizes packet transmis-
sion probability each a certain time duration, which
is enough to estimate the offered load, and calculates
Py, (tps — Tp,Ts) by averaging memorized packet trans-
mission probability. The offered number of packets
Xo(tps —Tp,Ts) is expressed as

Xoltps — Tp, Ts) = Kaltps —Tp, Ts) @

Ptr(tps - TD, Ts)
Based on Xo(tps — Tn,Ts), the estimated offered load
g, which is the estimated number of packet transmission
demands existing within one packet duration, is derived
as follows:

XO(tps - TDaTs)
Ts
- XA(tps - TD7TS)
- Ptr(tps - TDaTs) ) 7.s’

g(tps - TD: Ts) =

&)

where 7, is observation time period normalized by
packet time duration 5.

Based on this estimated offered load g(tps—Tp, Ts),
the packet transmission probability at t = ¢, is derived
by the following equation. This equation is derived
aiming at ensuring to achieve the maximum value of
the throughput that is to be obtained for the CDMA
ALOHA without CLSP, even in the presence of a long
access time delay. The packet transmission probability
P,.(t) at t = tp, is derived as follows:

G
P(tps) =mind —— 22 105, 6
T (p ) {g(tps “‘TD,TS) } ( )
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where Gu.x 1S the average offered load giving the
maximum throughput in the GDMA ALOHA without
CLSP, and g is the estimated offered load. This equa-
tion means that if g exceeds Gpnax, then the user will
transmit the packet with the probability of Gpax/g.
Otherwise the packet will be transmitted immediately
upon request.

4. Throughput Analysis

In this section, we analyze the throughput performance
of CDMA ALOHA with MCLSP. We consider CDMA
Unslotted ALOHA (CDMA U-ALOHA) and CDMA
Slotted ALOHA (CDMA S-ALOHA).

4.1 CDMA U-ALOHA with MCLSP

In CDMA U-ALOHA system, each user transmits a
packet asynchronously, and channel load fluctuates fre-
quently. The observation by the hub station is modeled
as shown in Fig.4. The observation time period T
is divided into small pieces of time At which is small
enough to enable us to assume that the channel load
changes by &1 channel at most between adjacent At’s.

When the observation time period is taken suffi-
ciently long, estimation error of offered load will hardly
happen. Let us assume no estimation error of aver-
age offered load. In this case, we can consider that
the estimated offered load g is equal to actual offered
load G. Since we can regard the offered load as con-
stant during the time period for the access procedure,
we can derive the birth rate of packet transmission
demand as A and packet transmission probability as
Py = min{Gpax/G, 1.0}, regardless of time ¢.

We assume that the system is in stationary state. As
the packet generation is Poisson and the packet length
is constant, CDMA U-ALOHA system can be consid-
ered as M/D/co queue, and we can obtain the through-
put by using the state transition equation of M/D/co
queue. Let us define Pg(k,1, k;) as the probability that
the packet is transmitted successfully from the first bit to
the ¢ — 1-th bit, and the number of interfering packets is

Channel i 1
Load ]- L_]
0

Packet to be transmitted

............ ey T
Packet g
Transmission

Ts o

Fig. 4 Observation model of CDMA unslotted ALOHA with
MCLSP.
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k on the i-th bit, and the number of interfering packets
on the first bit is k;.

Casei=1;
Using the steady state probability of M/D/co
queue, we obtain as the following[12].

. VAL
Ps(k = ky,i,k1) = u‘;ﬁ‘l-,g)—

_ (PG
T k!

exp(— P AT,)
exp(—Py-G) @)

Casei > 1;

We approximate that interference level is constant
over a bit period, and At is equal to a bit interval. Be-
cause of this assumption and Poisson packet generation,
after At seconds, at 7+ 1-th bit, the number of interfer-
ing packets will increase 1 to be k -+ 1, or decrease 1 to
be k — 1, or remain to k. So we obtain Pg(k,%,k;) as
the following.

Pg(k,i, k1)=Ps(k,i—1,k1)
A1 —p(k) At — P AAEY - {1 — Py(k)}
+Ps(k+1,7—1,k1) - p(k1)At
{1—-Py(k+1)}
+Ps(k—1,i—1,k1) - P AAL
{1-Py(k—1)}, )

where p(k;) is the death rate obtained as k; /T, [8].

Using Ps(k,4,k;), the packet success probability
Qs(G) of the CDMA U-ALOHA system with MCLSP
is derived as,

[« B o]

Qs(G)=>_>" Ps(k,L,k1)- (1—Py(k)). (9

k=0 k1=0

Accordingly, the throughput performance is the fol-
lowing. '

S = PG - Qs(G) (10)

Next, we will calculate the delay performance of
CDMA U-ALOHA system.

The elapsed time A; between the packets when
packet access is rejected, and rejection probability of
packet access Qr(G) are derived as,

Al - Tw, (11)
Qr(G)=1- P (12
The elapsed time Ag between the packets when

packet transmission is unsuccessful, and packet unsuc-
cessful probability Qp are derived as,

Ao =Ty + Tp + Ty, (13)
Qr(G) =1-Qs(G). (14)
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Then, the average delay time is derived as follows:
1 .

D = T{AlQR(G) + AP Qr(G)
P

+2A1Q%(G) + 2(A1 + A2)Qr(G) PirQr(G)
+2082(PirQr(G))? + -+ }PrQs(G)

-5 2 () i (o mna)

p n=0 m=0

Qr(G) (PrQr(G))" ™ PirQs(G). (15)

42 CDMA S-ALOHA with MCLSP

In CDMA S-ALOHA, the time axis is divided into a
slot. All of users must synchronize their transmission so
that they initiate at the beginning of a slot. Therefore,
the channel load within the slot is kept constant and we
can derive better throughput performance. The obser-
vation by the hub station is modeled as shown in Fig. 5.
Time is divided into slots of unit length T}, where time
is normalized so that one packet can be transmitted in

one slot. Let us denote the time interval (¢,t+ 1) as
slot §, then the packet transmission probability Py, is
derived at each slot j.

Let us assume no estimation error of average of-
fered load. In this case, we can consider that the es-
timated offered load g is equal to actual offered load
G. Let P,(m) be the probability that the number of
packets received on the hub station within one slot time
duration T, is m. Because we can regard the offered
load as constant during the time period for the access
procedure, we can derive the birth rate of packet trans-
mission demand as A and packet transmission proba-
bility as Py = min{Gmax/G, 1.0}, regardless of slot j.
Accordingly, the number of packets received on the hub
station within one slot time duration is Poisson pro-

cess with the birth rate P;,.A, and following equation is
derived.

Py = B2 oy,
= B (P ) 16)
Channet  *

Packet to be transmitted

t
Ip (I slot)

Ts (1 slot) b (@ slot)

Fig. 5 Observation model of CDMA slotted ALOHA with
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Since the number of ongoing packets is constant
within the slot time duration in CDMA S-ALOHA sys-
tem, packet success probability is derived as follows:

Qs(@) = Y Pulm){1~ Bi(m—1}. (D)
m=0

Therefore, the throughput performance of the

CDMA S-ALOHA system with MCLSP is derived as
S = PG - Qs(G). (18)
Similarly in the case of CDMA U-ALOHA system

the delay time of CDMA S-ALOHA system is derived
by Eq. (15) as follows:

}j_jg_j( ) sy + (- mya)

QR(G) (PrQr(G))" ™ PuQs(@).  (19)

5. Numerical Examples

Figure 6 shows the throughput performance of the
CDMA U-ALOHA with MCLSP under the situation
where the access timing delay is identical among user
stations and the average offered load G is constant dur-
ing the access process. The analytical and simulated re-
sults of the throughput are shown with the parameters
of normalized observation time period 7; and of nor-
malized access timing delay 7p, where we set N = 31,
L = 1000[bit], and Ep/Ny = co. In the simulations, the
hub station estimates the offered load by counting the
number of packets received at the hub station. There-
fore, there may be an estimation error of the offered
load. When the observation time period is taken suffi-
ciently long (s = 10, for example), we can observe that
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Fig. 6 Throughput performance of CDMA unslotted ALOHA
with MCLSP.
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estimation error of offered load hardly happens. There-
fore, it can be seen from this figure that the throughput
with the MCLSP can be kept as high as the maximum
value of the CDMA U-ALOHA without the MCLSP
even in a long access timing delay and large offered
load. We also observe from the figure that the analyti-
cal results come close to the simulated results.

Figure 7 shows the throughput performance of the
CDMA S-ALOHA with MCLSP under the same sit-
uation. The analytical and simulated results of the
throughput are shown in this figure. Similarly in the
case of CDMA U-ALOHA system, if the observation
time period is taken sufficiently long, the throughput
with the MCLSP can be kept as high as the maximum
value of the CDMA S-ALOHA without the MCLSP

ALOHA
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even in a long access timing delay and large offered
load. We also observe from the figure that the analyti-
cal results come close to the simulated results.

The throughput performances of CDMA U-
ALOHA and S-ALOHA using MCLSP are shown in
Fig.8 and Fig.9 with the parameter of Ej/Np, for
10[dB], 20 [dB] and infinity. In these figures, we observe
that the effect of thermal noise degrades the throughput
performance. However, we see that the access control
by using MCLSP maintains maximum throughput for
large offered load even in the presence of a long access
timing delay. '

The average delay performances of CDMA U-
ALOHA and S-ALOHA are shown in Fig. 10 and
Fig.11, where we set the average waiting time Ty =
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107,. We observe that average delay time is very small
for G < Gax, and linearly increases for G > Gpax. We
also observe that the effect of thermal noise increases the
average delay time.

Figure 12 shows the throughput performances of
both CDMA U-ALOHA and CDMA S-ALOHA with
the MCLSP. In this figure, we see that the throughput
of the CDMA S-ALOHA with MCLSP is higher than
that of the CDMA U-ALOHA with MCLSP by about
0.4. However, the difference is small.

6. Conclusions

We have proposed CDMA ALOHA system with Mod-
_ ified Channel Load Sensing Protocol, and the through-
_ but performance of this system has been discussed. As
_ the control of the packet access is based on the esti-
~ Mation of the average offered load, the significant im-
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provement in the throughput performance was obtained
by CDMA ALOHA with MCLSP even in the presence
of a long access timing delay. Since it is robust against
even with the case of GEO system, we conclude that
CDMA ALOHA with MCLSP is better suited for the
satellite packet communication system.

In this paper, we assume that hub station can sense
the channel load almost perfectly. However, we suspect
that the MCLSP is not sensitive to sensing error of the
channel load and estimation error of the offered load,
because the gradient of the curve of the throughput with-
out access control is almost zero at the maximum point
and the throughput performance does not vary greatly
at this point.
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