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ABSTRACT 

A two-hop random-access radio net
work is oonsidered in this paper. It is 
shown that using error detecting repeat
ers, the channel utilization increases 
in comparison with that o~ a two-hop 
system using simple repeaters which re
transmit packets only. This utilization 
may be much imp roved ~ capture exists 
in the second-hop channel and d~~erent 
repeaters use packets o~ di~~erent 
lengths. An algor ithm minimizing cost o~ 
system realization is obtained and the 
network structure with minimum cost and 
maximum channel utilization generated by 
this algorithm is presented. 

1 • INTRODUCTION 

Random-access radio computer net
works like nonslotted or slotted ALOHA 
h a ve many advantages, see e.g. [1J -

[4J • However, they also have a ~ew 
disadvantages - among the most important 
are the low channel utilization and 
relatively high cost o~ realization, 
especially in the satellite version. It 
has been shown, [3J - [4] , that a two
hop random-access radio network partly 
eliminates these two disadvantages. In 
this system, users transmit their 
packets to repeaters over ~irst-hop 
channels and t h e rep eaters send these 
packets to the centre via the second
hop channel. This conception is 
characterised by a smaller cost o~ sys
tem realization and an even higher 
channel utilization though only i~ two 
repeaters are used. The above idea o~ 
two-hop systems has been presented 
under the assumption that simple repeat
ers are used ·- r e peaters only receive 
and repeat packets . The situation is 
qui te di~~erent if ~epeaters can detect 
errors in packets received from users. 
In this case, packets which are involved 
in a mu1tiaccess collision in the ~irst
hop channel are not transmitted over the 
second-hop channel. Thus, the second-hop 
channel is free from overlapping 
packets sent by users collaborating with 
one repeater, and second-hop channel 
utilization may be improved. This 
utilization may be greater than' ever if 
the capture effect is assumed in the 
second-hop channel and dif~erent repeat
ers use packets of different lengths. In 

add,ition, it is shown that there are 
sets o~ packet lengths and user tra~~ics 
~or which the second-hop channel utiliz
ation reaches its maximum value. 

The second important problem o~ 
such a network is its realization cost. 
It is obvious that the cost o~ a satel
lite channel is much greater than the 
cost o~ a terrestrial radio channel with 
a transmitting range of about 100 miles. 
Thus, ~rom the cost point o~ view, the 
number of repeaters in the system ought 
to be made as small as possible. On the 
other hand, the terrestrial radio chan
nel'S transmitting range does not allow 
too large an area to be served. First
hop channel utilization does not allow 
too many users to be served either. 
Thus, the number o~ repeaters is limited 
by the area covered by the system and by 
the number o~ system users located over 
this area. In this situation, the number 
o~ repeaters has to be chosen as a 
compromise between the system realiz
ation cost and the number o~ system 
users. 

The present paper considers the 
problems mentioned above. In the first 
section, a two-hop random-access system 
with error detecting repeaters is 
analysed. Next, it is shown that the 
utilization o~ a nonslotted random
access channel can be improved ~ 
repeaters use packets o~ di~~erent 
lengths. Finally, an algorithm ~or two
hop network design is presented. This 
algorithm minimizes the system realiz
ation cost giving a system with minimum 
cost and maximum utilization. 

2. T'\fO-HOP RANDOM-ACCESS SYSTEH 
ANALYSIS 

Let us consider a two-hop random
access radio system like the two-hop 
ALOHA network tJJ • A11 system users are 
divided into K classes marked )(1' ~, 

.Nj, ••• , J(' K in such a way that 

.N1 U Jr2 U K3 ••• U J('K = Jt and 

J(i () J{' j = , ~} ~or i#j, i, j = 1,2, 

:3 , ••• , K , where J{' = {1 , 2, 3 , ••• , N} 
and N is the number o~ users in the 
system. Users allotted to eaoh c1ass 
transmit their paokets to the centre 
through their repeater over a ~irst-hop 
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random-access terrestrial radio ohannel 
(FHC) • The repeater deoodes packets 

received from its users and sends them 
at random times to the oentre on a 
frequenoy other than that used at FRC 
if they were received correctly. Thus, 
all packets which are involved in a 
muitiaccess collision in FRC will not 
be transmitted over the second-hop 
satellite channel (SHC) • The powers of 
the transmitters are chosen in such a 
way that packets sent by k-th class 
users cannot disturb packets transmitted 
from I-th class users during their re
ception by the l-th repeater. All 
system users transmit packets of the 
same length equal to T. 

Let Aj denote the event that a 

j-th system user send.s its packet to 
the first7hoP channel in some time 
interval x and Pr { A j} the probability 

of this event. It is natural to assume 
that users transmit their paokets 
ind.ependently. Thus Pr { A j n A1 } = 

Pr { Aj} Pr { A1 } if j#l. Let us now 

consider a packet sent by an i-th 
user allotted to the k-th class to 
FRC in the interval (t, t+T) , where 
t is the beginning moment of the 
considered packet's transmission. This 
packet l'1ill be transmitted over SHC if 
this packet is successfully received 
by the k-th repeater. Transmission 
over SHC is successful if no other 
repeater has sent a packet to SHC. 
This means that zero, two, three, ••• 
users allotted to other classes transmit 
their packets to their FHC's. Thus, the 
probability Pi,k of successful user-

centre transmission of the considered 
packet is given as follows, [4J : 

Pi k = pr{ n A.}rl[1 - L pr{ 
, j € J( k J 1= 1 n € Jl'1 

j#i l#k 

where Aj is the reverse event of the 

event Aje 

Let us next define the i-th user 
throughput Si,k = Ai,kT as the 
average nmnber of new packets generated 
by the i-th user per packet transmis
sion time T, i.e. the input rate 
normalized with respect to T, where 
Ai,k is the mean i-th user packet 

rate. Packet retransmissions, which 

xl this means: i/ in some s10t ror the 
slotted multiaccess protocol and 
ii/ in a time interval (t-T,t+T) for 
the nonslotted multiaccess protocol, 
where t is the be~inning moment or 
the ana1ysed packet s transmission. 

occur in the considered system, increase 
the mean offered traffic to Gi,k 

packets per packet transmission time T, 
where G » Si k. Thus, the relation-i,k , 
ship between the i-th user throughput 
and traffic is 

= 
Note that successful transmissions over 
SHC of packets generated by users 
allotted to different classes are 
separable events. Thus the k-th class 
SHC throughput Sk is equal to: 

(3) 

Similarly, the total system throughput 
ST may be given as follows 

ST= ~ Sk = ~ ~~'kPi'k (4J 

lie will assume later that: 
i/ the moments of each user packet 

transmission are uniformly dis
tributed over the interval 

<t-T,t+T) , 
ii/ the number of each class users is 

large, so each class throughput is 
assumed to be a Poisson point 
process, 

iii/ each FHC traffic is a Poisson 
point process. 

Using the above assumptions and Eq. (4) 
we have, [4J : 

- oCGk ri[1 
- oCGi 

&r= ti Gke oCG:l.e ] 
-1 :1=1 (5) i#k 

where 

{ for the slotted protocol 
cC= 

2 for the nonslotted proto-
tocol 

whereas G
k 

is the k-th class traffi~ 

Let eaoh class of users generates the 
same trart'ic Gk=G/K, where G is the 

total system traffic. Thus, the total 
system throughput is equal to: 

oCG oCG ] K-1 
ST= Ge - -rr- [1 4e - -rr- {6J 

Fig. 1 shows the relative changes in the 
maximum two-hop system throughput ST 

in oomparison l'lith the maximum star 
system throughput So versus the 
number of repeaters K. The maximum two
hop system throughput decreases mono
tonica11y with the number ot' c1asses, 
and for more than 30 classes this 
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Fig. 1. The relative two-hop system 
throughput 5T changes versus 

the number of classes K. 50 -
star system throughput. 

throughput is, in practice, equa1 to the 
star system throughput. The greatest 
two-hop system throughput increase 
t ~ kes place for two classes of users. At 
the same time, the relative increase of 
this throughput for the slotted protocol 
is greater than that for the nonslotted 
protocol"espec!ally when the number of 
classes is less than 5-6. ' 

Let us now consider the system 
ana1ysed above assuming capture in the 
second-hop channel. Suppose that 
repeater powers are chosen in such a way 
that the packets transmitted by the k-th 
repeater always dominate packets sent by 
an l-th repeater if k c:::::::. 1 ; k,l = 1, 
2,3, ••• , K. Thus, whenever one packet 
from the k-th repeater interferes with 
packets from the k+1-th, k+2-th, ••• , 
K-th repeaters, we assume that on1y t h e 
first packet may be received correctly 
at the centre. In other transmission 
conflict situations this packet is lost~ 
Thus, success£u1 transmission over SHC 
of a packet sent by k-th class users 
may be disturbed only by a packet 
simu1taneously transmitted by users al
lotted to the 1-st, 2-n~, ••• , k-1-th 
olass. The probability Pi,k of ~ suc-
cessful k-th class packet transmission 
then is equal to, [4] : 

pr{ QAj}MC -L pr{ :.A~} ' 
j ~ .1.=1 n ',".' 
j#i 1 ,':. 

pr{ n ~~ (7) : 
h e .kJ. 
¥n 

After an antUysis similar to that , given 
in the first part of this seotion, the ' 
total two-hop system throughput w~th 
oapture STC may be obtained as follows 

STC 
K 

=) 
E 

It can be shown that the total through
put STC reaches its maximum value 

,1 _ ( 1 _ e -1 ) K 
= (9) 

,," " for G
1

=G2= ••• =GK= 1/cC 

Fig. 2 shows the maximum two-hop system 
throughput SOT versus the number of 

max 
classes in the system. This throughput 
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Fig. 2. The maximum two-hop system 
throughput with oapture SOT 

wax 
versus the number of olasses K. 

increases monotonically with the number 
of olasses and for 10 classes reaohes 
almost the theoretical limit of channel 
utilization, equal to 1/~ • 

The nonslotted system utilization 
given above may be much improved if dif
ferent repeaters use packets of differ
ent lengths and if capture in SHC 
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exists. 50, 1et us assume that each 
packet generated by k-th c1ass users 
is of a 1ength requiring Tk seconds 

f'or its transmission. The packet header 
is the same 1ength f'or each packet in 
the system and requires Th seconds 

for its transmission. Thus, Tk=Th+Td,k' 

where Td k is the data transmission , 
time f'or the k-th c1ass packet. 

Note, that a k-th c1ass packet 
wi11 be successful1y transmitted via 
5HC if' users a110tted to the 1-st, 
2-nd, ••• ,k-1-th c1asses do not 
transmit exact1y one packet during the 
interva1s (t-T

1
,t+Tk ) , ~-T2,t+Tk) 

••• , ~-Tk_1,t+Tk) respective1y, 

where t is the ~eginning moment of' the 
considered packet s transmission. Thus, 
the tota1 data throughput 5TCD of' a 

two-hop nons1otted system with capture 
and dif'f'erent packet 1engths, obtained 
by modifying Eq. (8) , may be given as, 

[4J 

k-1 [ n 1-
1=1 

where 51 is the l-th class through

put. It has been shown [4] , that there 
is a set j' = {T; ,T~, ••• ,T~} of' packet' 

lengths for which each component in the 
sum (10) exceeds its equivalent for 
packets of' the same length if' the set 

S. = {G1,G2 ,···,GK} is given. In add-' 
A A " ition, there are values T1,T2, ••• ,T~ 

f'or which these components reach maxima. 
Using the above packet 1engths and traf'
f'ics giving the maximum total system 
throughput obtained bef'ore a 10cal. 
maximum of' total system data throughput 
for a system with capture and dif'ferent 
packet lengths may be obtained. 
Let us however f'ind the global maximum 
data throughput f'or the system with dif'
ferent packet lengths and capture by 
using optimization methods. The optimi
zation problem is f'ormulated as f'ollows: 

5TCD {:r . r} ~ max 11 a 

with additional conditions 

and 
o < Gk < Gmax 

Th <. Tk < Tmax 

for k = 1,2,3, ••• ,K. 

11b 

11c 

Optimization of the problem formula
ted above 1eads to 2K complicated 
equations, which may be resolved only by 

using computer methods. A f'ew solutions 
of' the optimization prob1em are 
i11ustrated in Fig. 3. 
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Fig. 3. The total data throughput 5TCD 
for a two-hop system with 
capture and dif'ferent packets 
lengths versus the number of' 
classes K. 

Note that the total data throughput 
given in Fig. 3 increases in comparison 
with the total data throughput STC for 

packets of' the same length f'or all 
system users. This increase is greater 
for a high number of' classes. However, 
the throughput STCD slowly becomes 

saturated with the number of' classes and 
probably decreases if' the number of' 
c1asses approaches the number of system 
users. It is worth mentioning that if' 
the number of' user classes is more than 
10, the throughput STCD exceeds 0.5, 
i.e. surpasses the most optimistic 
results given f'or the nons1otted random
access system with capture described by 
Abramson, [2J • The maximum values of 
the total data throughput STCn are 

equal to about 0.65-0.75 and depend on 
the maximum packet length. In addition, 
the longer the packet, the greater the 
improvement in the tota1 data throughpu~ 

3. LOW-COST TWO-HOP SYSTEM DESIGN 

The two-hop structure o~ random
access radio systems allows users to be 
connected with the centre in a different 
way_ Thus, the realization cost of' such 
a system may be different for different 
system conf'iguration. The prob1em of' 
system realization cost is especially 
important when the system serves users 
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looated over a large area. In this oase 
the satellite ohannel is usually used 
f'or oonneoting users (repeaters) with 
the oentre. Because the cost of' a satel
lite channel is muoh greater than the 
cost of' a terrestrial radio channel with 
a range of' some tens of' miles, as many 
users as possible ought to be conneoted 
with the centre through repeaters. From 
this conclusion, an algorithm f'or 
designing a two-hop system with minimum 
system realization cost is proposed. 
This algorithm generates a system 
structure giving the maximum total data 
throughput with minimum cost of' system 
realization. A simple example of' two-hop 
system design is now solved using this 
algorithm. In this example, a system 
consisting of' 2500 users whose 
location is randomly generated inside a 
square area is considered. The linear 
dimensions of' this square are 5 times 
greater than the maximmn transmitting 
range of' the terrestrial radio channel. 
In addition, it is assumed that the cost 
of' a satellite channel exceeds 2000 
times the longest terrestrial radio chan 
nel cost. The algorithm run is repeated 
a f'ew times to generate dif'f'erent user 
locations. The results given by the 
algorithm are shown in Fig. 4, where 
the ~hanges in the two-hop system 
realization cost C in comparison with 

the cost of' a star system C~ are 
presented versus the number of' user 
classes K. The cost C of' two-hop 
system realization quickly decreases 

0/0 

100 

50 

c""-c 
c 

O+---------~--+---------r_--+_---
1 5 10 50 100 K 

Fig. 4. The relative changes o£ two-hop 
system rea1ization oost C with 
comparison o£ star system 

~ 
realization oost C versus K. 

with the number of' olasses K f'or K in 
the range <2,50) • The two-class 
system realization cost is close to the 

cost C* o£ a star system. The two-hop 
system realization cost is lowest £or 
100-110 classes, and if' K increases, 
this cost slowly increases. It may be 
predicted that f'or a number of' classes 
close to the number of' system users this 
cost starts to approach the cost of' a 
star system. It is obvious that the 
system structures generated by the 
algorithm are characterized by maximum 
channel utilization, i.e. the channel 
utilization changes in the way shown in 
Fig. J. 

4. CONCLUSIONS 

In the present paper the problems 
of' tW'o-hop random-access system utiliz
ation and system realization cost are 
considered. It has been shown that the 
utilization of' a two-hop system may be 
improved if' error detecting repeaters 
are used, although in this case, the 
improvement in this utilization is not 
too great. The utilization of' the 
analysed system increases if' capture 
between dif'£erent repeaters in the 
second-hop channel is assumed. If' the 
packet lengths are dif'f'erent f'or dif'
f'erent repeaters, the system utilization 
of' a two-hop nonslotted system is even 
greater than 0.5. It is worth mention
ing that the repeaters considered in our 
analysis retransmit only user packets 
af'ter error detection. Thus, each user 
has to realize the retransmission rules 
itself' - there is end-to-end acknowledg
ment. In such a case, only packets cor
rectly received by a repeater are sent 
to the oentre via the second-hop channel 
and the capacity of' this channel is not 
f'ully utilized. However the utilization 
of' the second-hop channel may be 
improved if' repeaters have packet buf
fers and realize their own retransmis
sion rules. 

In the last part of' this paper, an 
algorithm Which minimizes the cost of' 
two-hop system realization is proposed. 
This algorithm allows systems with a 
high system utilization and low realiz
ation cost to be designed. 
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