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ABSTRACT 
The throughput of a satellite channel communication 
is depending upon the link protocol. 
It is well known that the "classical" HOLC protocol 
is inadequate when applied to satellite links in
stead of short terrestrial links. Several modifi
cations have been proposed to overcome this pro
blem. The present paper gives an analysis and 
evaluation of a new class of protocols called 
"Virtual Subchannel Schemes" which splits the sa
tellite link into several components; these sub
channels are assigned for transmission in cyclic 
order and are controlled independently of each 
other by the classical HOLC procedure. 

1 - PRINCIPLES AND PROBLEMS FOR SATELLITE COMMU-
NICATIONS 

During the past few years, HOLC (see /CII/,/ISO/) 
has become a widely accepted international stan
dard for communication protocols ; it forms the 
lowest nonphysical level of the well-know ISO 
hierarchy. The main purpose of this protocol level 
is to provide a relatively error free transmission 
of bit streams over insecure channels (via a cyclic 
redundancy checksum of frame contents and by re
transmissions of frames in case of an incorrect 
checksum) as well as to provide high throughput 
together with a flow control scheme (both aims 
are realized by using window sizes W : a sender 
may increase the throughput by transmitting in 
advance but he will be blocked after W successive 
transmissions if he did not receive the acknow
ledgment for the first one). 
If a HOLC-frame is not correctly received due to 
a loss of information or due to a transmission 
error which results in a wrong checksum (this 
will be detected by the receiver at the moment 
when he correctly receives any later packet since 
overtaking of frames is impossible on a single 
ink) the receiver asks for retransmissions by 
using special HOLC-frames : 
- REJ(a j ) : reject of frame aj ; asks for retrans

mlSsions of all t~e frames beginning 
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- SREJ (a . ) 
J 

with ai, i.e. including all the frames 
which nave eventually been sent in 
advance 
selective reject of frame aj ; only aj 
nas to be retransmitted. Frames which 
have been sent in advance and which 
arrive correctly at the receiver during 
this time are buffered at the receiver 
but are not acknowledged. 

In the actual version of the recommendation X.25 
which contains HOLC as a subset, the possibility 
SREJ has been cancelled. 
The performance of REJ and SREJ retransmission stra
tegies have been studied in several papers /BKH/, 
/E/, /LP/ ... It turns out that REJ has some disad
vantages when the window size W is growing since 
in this case a large number of packets might have 
unneccessarily to be retransmitted. On the other 
hand, SREJ is not very suitable if there is a sub
stantial probability that a frame will be in error; 
furthermore SREJ needs more organizational effort 
that the simpler procedure REJ (buffering at the 
receiver, ... ) and this could have been the main 
reason for cancelling it in the actual X.25 recom
mendation. 
In todays applications the links which are control
led by HOLC are very short (terrestrial links) ; 
thus message propagation delays are very short, too. 
The choice of HOLe parameters (maximum window sizes, 
... ) was certainly dictated by properties of terres
trial links only. 
However, things are considerably changing if satel
lite links are used (i .e. transmission via geosta
tionary satellites, ~ 36.000 km above the earth) 
and if we want to control those links by HOLC-like 
principles. Satellite links differ from terrestrial 
ones mainly by the big amount of propagation delay 
(% 0.27 sec for 2·36000 km) ; if we include the 
time necessary for the ACK, the total propagation 
delay for a frame communication turns out to be 
0.54 seconds. 

Let B be the bandwidth of satellite links (bis/sec) 
Let L be the (maximum) length of a frame (bits) 
Then P := 0.27·~ is the total number of frames which 
can be sent unt~l the moment when the first one ar
rives at the receiver. 
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PACK := O.54.~ is the number of frames which 
may be sent in advance during one 'transmission+ 
acknowledgment '-procedure. 
The long propagation delay has severe consequences 
(A) 

(B) 

Blocking of senders due to window size limits 
In the actual HoLe recommendatlon, the wlndow 
size W is limited to W ~ 7 (or optionally to 
W ~ 127). If the bandwidth, B, is high and/or 
the frames are not excessively long, however, 
PACK will be much greater than W, thus the sen
der will become unnecessarily blocked even if 
the link is error free. 

Throughput degradation due to transmission 
errors 
Due to the large amount of propagation delay, 
the rejection and the retransmission of an 
erroneous frame is very time consuming. 
Moreover, since the number of REJ or SREJ frame 
which are outstanding at any given time is li
mited by at most 1 (REJ(aj) or SREJ(aj) auto
matically acknowledges all the frames preceding 
aj, thus no two such control frames may exist 
slmu1taneous1y) the performance of the usual 
HOLC procedure will be rather poor for satel
lite links since the correction of subsequent 
errors is delayed for a very long time. This 
problem becomes even more serious in 'bursty 
systems' when the distance of successive er
rors is rather small in many cases. 

To summarize the considerations of this introduc
tory section we want to point out that the actual 
HOLC recommendation has the following two major 
deficiencies when applied to satellite links: 
1.- the maximum window size, W, is too small ; 
2.- the restriction to have at most one rejection 

at any given time leads to throughput degrada
tion for error prone transmissions. 

It has to be said once more that both problems do 
not appear for terrestrial links, i.e. for the 
type of links for which HOLC has been originally 
defined. 
In section 2 of the paper we present a new concept 
(virtual subchanne1s) which is based on the HOlC 
procedure but which removes the deficiencies which 
have been described above. Others proposals but 
quite different have been proposed in the 1ittera
ture (/lY/ ,/Yl/ for example). 
The price to be payed is an increased complexity 
of the protocol (e.g. ability of managing several 
rejections at a time) but as for example K1einrock 
pointed out (/K/) one gets nothing for nothing or 
'you have to borrow Peter to pay Paul '. 

2 - SUBCHANNEL CONCEPTS FOR SATELLITE LINK COMMU

NICATIONS 

2.1.- The Subdivision Principle 
In this section we introduce a class of protocols 
which decompose a high bandwidth satellite channel 
into several 'subchannels' CO, Cl' ... ' CM-I. 
Subdivision may be done by time slotting (a sub
channel can use the whole bandwldth for transmis
sion, but only during certain time slots) or by 
frequency division (the channel is plitted into 
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small bandwidth subchanne1s thereby increasing 
the frame transmission time since this time is 
proportional to the available bandwidth). 

The main idea of our schemes is that the M(M ~ 1) 
subchanne1s operate independent of each other ac
cording to 'classical' HOlC and that an additional 
mechanism is used for subchanne1 coordination i.e. 
for acceptance and distrlbutlon of new frames to 
the subchannel and for reorderlng and delivery of 
received frames. 
Thus the link layer is hierarchically subdivided 
into two sub1ayers : the lower sub1ayer being the 
HOlC protocol and the higher sub1ayer being the 
coordination procedure (see figure 1). 
By providing a sufficient number of subchanne1s 
the rate of new frames devoted to each subchanne1 
will be reduced so far that a small HOlC window 
size per subchanne1 may be used even for long dis
tance (satelllte) links. 

A frame rejection and any possible retransmissions 
are restricted to the subchannel ;n question, thus 
even if REJ is used as the rejection command only 
a few retransmissions are necessary ; on the other 
hand, a positive acknowledgement is limited to the 
corresponding subchanne1. Thus we can think of sub
channel schemes as being a combination of 'Selecti
ve Reject' and 'Selective Acknowledgement' princi
ples. 

The internal mechanism should be hidden to the users 
of the communication link: frames are delivered 
in the same sequence in which they have been offe
red for transmission. 

Since a transmission error and the corresponding 
retransmission(s) only affect one of the subchan
nels the receiver is responsible for buffering 
of frames which cannot be delivered at the moment 
due to the lateness of one or more subchannels. 
Thus buffers are necessary at the sender as well 
at the receiver. Finally a global flow control 
mechanism (in addition to the HOlC window size 
of each subchannel) will be necessary since without 
such a mechanism the lateness of a subchannel and, 
therefore, the number of receiver buffers are not 
upper bounded. For this reason we assume that a 
gl oba 1 wi ndow size W is agreed. upon by the end 
users and that subchannels are operated with a 
window size Ws (it should be noted that Ws is res
tricted by the HOLC limits, but no such restriction 
exists for the global window size W where W := 
Ws ·M). 

In the following several subchanne1 concepts are 
described. These schemes differ from each other 
by : 
- the principle of channel subdivision (time slots 

or frequency divislon) 
- the distribution of new frames to different sub

channels 
- access ri~~ts for transmission given to diffe-

rent subc annels 
2.2.- Static Virtual Subchannel Scheme (SVS scheme) 
Channel subdivision: Time slots. This will be 
called a 'virtual' subchannel scheme since the 
total bandwidth is available for frame transmission. 
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FIGURE 1 : SUBCHANNEL CONCEPT FOR SATELLITE LINK COMMUNICATION 

Frame acceptance: Cyclic. New frames are distri
buted to subchannel~ .. ,CM-1' CO, Cl, ... in 
a static way. This means that if a particular fra
me cannot be accepted in a sender buffer (due to 
a temporary lateness of the corresponding subchan
nel) subsequent frames are also blocked from being 
accepted even if these subchannels are not late 
(i .e. if free buffers are available within these 
subchannels). This situation (blocking of subchan
nels due to malfunctioning periods of other sub
channels) is called 'interblocking ' and persists 
until a sender buffer of the late subchannel beco
mes free. It should be noted that the static ac
ceptance rule implies a global flow control mecha
nism in the following way: Ws sender buffers are 
available for each of the M subchannels, thus at 
most W := Ws.M frames will be accepted for trans
mission without having received a positive acknow
ledgement for the first one. 
Frame transmission: Cyclic. If a subchannel queue 
is empty (due to a lateness of other subchannels 
and the effect of a corresponding interblocking 
situation) the time slot(s) reserved for the 
lemptyl subchannel cannot be used for transmission. 
2.3.- Dynamic Virtual Subchannel Scheme 
Channel subdivision: Time slots. 
Frame acceptance: Cyclic but dynamic. 

This scheme differs from the previous one in that 
there is no more unique correspondence between a 
frame offered for transmission and the subchannel 
which is responsible for it. 
If a subchannel queue is full and if the next frame 

would belong to this subchannel then the system is 
not interblocked (as in the static scheme) but the 
frame is transfered to a non full subchannel (if 
available) . 
It will be assumed that the time to seek for a free 
subchannel is negligible when compared to frame 
transmission time. Thus the system becomes blocked 
only if no nonfull subchannel may be found. 
Frame transmission: Cyclic but dynamic. 
In general time slots are devoted to subchannels 
CO,," ,CM-I, CO,· .. If a subchannel sender queue 
is empty, however, the corresponding time slot 
will be used by the next nonempty subchannel (if 
available). Once more it will be assumed that see
king for a nonempty subchannel may be done in zero 
time. 
The static and the dynamic scheme may be considered 
as being two extremes of a larger class of subchan
nel protocols. 
In ' the static scheme most functions are performed by 
the lower-sublayer ; at the senders site flow con
trol-ana-frame distribution is done without any 
need for a higher sublayer, at the receivers end 
the highest sublayer is only responsabile for free
ing the receiver buffers in a cyclic static manner. 
In the dynamic scheme, however, almost all decisions 
are made by the higher sublayer since subchannels 
have no influence on the frame distribution. Sub
channels may be used as a pool ; the sender buffers 
as well as the receiver buffers may be grouped to
gether ; the global window size W is given by the 
total number of sender buffers available. 
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Thus in addition to the original frame number,header 
has to be enlarged by the number of the subchannel 
which is responsible for transmission ; the subchan
nel number has to be added by the higher sublayer 
at the sender and will be removed by the higher sub-

I I I I 
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layer of the receiver (see figure 2). 
In static schemes there is no need for double frame 
numbering since the subchannel number is uniquely 
determined by the frame number. 
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FIGURE 2 : STATIC VERSUS DYNAMIC SCHEME 

The advantage of the dynamic scheme (reduction of 
blocking situations : higher acceptance rate of 
new frames) has to be compared with the apparent 
drawbacks (overhead for double numbering, complexi
ty of operation). 
2.4.- Priority Subchannel Scheme 
This scheme is a compromise between static and dyna
mic concepts ; whereas frame distribution is static 
(thus there is no need for double numbering) ~ccess 
rights for transmission are distributed dynam1cally. 
according to the principle 'oldest non-acknowledged 
frames fi rs t ' . 
(It should be clear, however, that a frame is not, 
retransmitted before a frame or a predecessor of 1t 
has been rejected or before a timeout-condition has 
occured). Thus priority is given to late subchannels 
until the end of the lateness condition. 
The formal definition of the 'priority subchannel 
scheme' is as follows: 

Channel Subdivision: Time Slots 
Frame Acceptance: Cyclic and Static (as in 2.2.) 
Frame Transmission: Cyclic Priority given to the 
Late Subchannels 
After receiving a rejection on particular subchannel 
the transmission is switched from cyclic mode to 
the priority mode: the channel is monopolized by 
retransmissions of the late subchannel(s) until the 
system becomes synchronized. If a subchannel sender 

queue is empty the corresponding time slots may be 
used for transmission by nonempty subchannels where
by the priority principle should be applied. 

The priority scheme has appar~nt.advantages o~er 
static and dynamic schemes; 1t 1S less compl1cated 
and may be operated with less overhead than the dy
namic scheme. When compared to static systems the 
main advantage is its ability for fast resynchroni
zation : a static scheme becomes interblocked due 
to successive errors on a particular subchannel. 
The lateness of this subchannel may be reduced and 
the system may resynchronize only by transmission 
errors of other subchannels or during periods of 
time where no new frames are offered for transmis
sion. 
Thus the lateness condition will have a very long 
duration and during this time there is a considera
ble risk of system interblocking (this situation 
occurs if the late subchannel is subjected to a new 
transmission error; see section 3 for a more detai
led discussion of this effect). 

3 - THROUGHPUT·ANALYSIS OF THE STATIC VIRTUAL SUB-

CHANNEL SCHEME 
The normalized throughput TP of a saturated satelli
te link is given (in stationary case) ~y ~he proba
bility that a frame offered for transmlsslon can be 
accepted by the subchannel which ;s responsible for 
it. Since frame distribution is cyclic, one out of 
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M time units 'belongs tol subchannel Ca (aE{ O, ... M-1 }). 
Ca can accept a new frame Fm' transmi ss i on whenever 
the following conditions are not satisfied: 
A : Ca is blocked due to own malfunctioning 

(because all sender buffers of Ca are actually 
full; this event will lead in turn to inter
blocking of other subchannels) 

B Ca is interblocked by another subchannel 
(in this case no frame is offered for C when its 
turn comes) 

Conditions A and B cannot exist simultaneously 
(Pr(AAB) = 0) since a subchannel is only blocked if 
a frame offered cannot be accepted ; if the subchan
nel would be interblocked at the same time then no 
frame would be offered for transmission. 
The following results give a lower bound for the 
throughput of static virual subchannel systems. 
THEOREM 

1) TP Pr(X A ~) 
1 - Pr(A) - Pr(B) 

p.PREJ/M 
2) Pr(A) -

p.PRE/M+1-p 

3) Pr(B) ~ ~ 
p.PREJ/M 

4) TP ~ 1 -~ - ~ x+.l-P L 

where x := P.PREJ/M 

PROOF 
1) The first result is a consequence of Pr(XA~)=O 
2) A subchannel may be blocked only due to retrans
missions which lead to an increase in buffer occupa
tion. 
In stationary case the blocking probability of a sa
turated sender is given by the proportion of time 
which is wasted for retransmission. 
To evaluate this parameter we consider the following 
subchannel states : 
State 0 : Erroneous transmission of Ca 
After PREJ time units the reject will be available. 
All PREJ/M frames which have been transmitted during 
this period over subchannel Ca are considered as 
lost (all of them have to be retransmitted) due to 
the REJ recovery principle). 
Thus we can think of state 0 as having a duration of 
Do=PREJ/M time units 

State 1: Correctly received frame transmitted by Ca 
(outside a rejection period of Ca ) 

This 'regular' state has a duration of 01=1 time unit 
Due to the assumption of independent frame errors the 
subchannel behaviour is described by a Semi-Markov
Process with the following transition diagram 

C0=~8:J 
_ Dc " l'"u D1 " 1 

The sequence of states Xo ' Xl' ... is a Markov chain. 
Stationary state probabi lities 

TIr lim Pr (Xn = r) exist and are given by 
n-700 

TIo P and TI1 = 1-p 
The blocking probability is given by the proportion 
of time the system spends in state o. Thus: 

TIo . Do p.PREJ/M 
Pr(A) = = .!...---;:;-....,........-..--

TIo·Oo+TI1·01 p.PREJ /M+1-P 

3) Subchannel Ca is in~erblocked by subchannel 
C s ( S~a ) if Cs is d(d= PREJ rejects in advance of CJ 
Thus the interblocking probability is given by the 
proportion of time during which the actual distance 
between Ca and another subchannel is given by d. 
The actual reject distance A = A(a ,S) between Ca 
and CS, however, is a rather complicated stochastic 
process: it cannot be interpreted as a random walk 
since the probabil ity of movi ng from tJ. to ~,+k (kd -
1,0,1})in the next cycle (a cycle consists of M time 
units, one for each subchannel) is not independent 
of the past because a subchannel which is in a re
ject period cannot increase its actual reject dis
tance during that period. 
Ca will increase its reject distance (with respect 
to CS) if: 
- Ca is not blocked 
- transmission within cycle j-PREJ/M was in error 
- the reject distance has not been increased during 
cycles j-PREJ/M+1, ... ,j-1 
- Cs does not change its reject distance in cycle j 
The probability of this event is given by (for non
blocked stations) : 

* PREJ /M-1 PREJ /M-1 
P := p.q . (l-p.q ) 
where p = frame error probability 

and q = 1-p 
The transition behaviour of the actual reject dis
tance tJ. = tJ. (a ,S) is therefore described by 
(if I tJ.1 <d) : 

tJ. := 
tJ. + 1 with probability 
tJ. - 1 
tJ. 

p* 
p* 

1-2p* 

The number of cycles without change of the reject 
distance is geometrically distributed with mean 
(2p*)-1 
If one of the subchannels is interblocked by the 
other one (i .e. tJ. (a ,S) = +d or -d) then this con
ditions will persist for at most PREJ/M cycles and 
the reject distance will be changed to become 
tJ. = +d-1 or tJ. = d+1. 

Thus the reject distance tJ.= tJ. (a ,B)may be described 
by the following Semi-Markov-Process : 
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where the average time durations are given by 
= (2.p*)-1 ~ (2p)-1 if li 1 F ,d 

if i =d or i = -d 

6 

The probability for moving up and down from non
blocked state equals 1/2 since subchannels have the 
same stochastic properties. 
By identifying states +i and -i the following sim
pler diagram is obtained : 

f()\ 1 )f1\ 1/ 2 f2\ 1/2 > ... . ~~ 1/ 2 )rd=1\ 1/ 2 fd\ 
V+--V.--v'. . ... , V<f--V+---V 

1/2 1/ 2 1/2 1/2 1/2 

The state sequence XO,X 1 ,X?' ... of this process is 
a Markov chain with stationary probabilities 

1 
er 
1 

= 1, ... ,d-1 

N = 0 or i = d 

The time proportion spent in different states is 
given by 0 

'TTr · r 
Pr -:-d~---

. LO 'TT •• O. 1 = 1 1 

The probability that Ca is interblocked by Cs is 
obtained as the proportion of time during wh1ch 
6(Ca ,C B) = +d. Thus since states +d and -d have 
been combined to a common state we have 

1 
='Z. Pd Pr (Ca interblocked by CB) 

1 PREJ 
1 N .--w-

~ 2· 1 1 d-1 1 1 1 
7)::J' • 20 +. L -:r. 7l.:"' + 7)::J' 
LU P 1=1 U LP LU 

1 p. PREJ/M 
= 'Z . 2d-1 PREJ -z +p.r;r-

Q 

PREJ 
-M-

Finally since the stochastic properties of all 
subchannels are equivalent we obtain: 
pr(B) = Pr(Ca interblocked by one of the other 

subchannels) 

M-1 p.PREJ 2d-1 PREJ 
~ (M-1). Q = 2 . M / [-z + p. -M-J 

Q.E.O. 
4 - THROUGHPUT ANALYSIS OF THE PRIORITY SUBCHANNEL 

SCHEME 
It is easy to see that for the priority subchannel 
scheme the probability of no interblocking is 1 in 
this case 
TP = 1 - Pr(A) 
This last quantity has been computed in the pre
vious section. 

5 - RESULTS AND CONCLUSION 
We show in figure 3 the results obtained by the 
previous mathematical model compared with the per
formance of the two classical HOLC schemes (REJ 
and SREJ). These last resu l ts come from the study 
performed in /PP/. Quite identical curves are 

obtained for others values of the parameters. This 
shows the validity of the apparoach of the sub
channel concepts. 
Throughput 
1r---~~-=~~~----__ =-------------~ 

HOLC REJ 

10- 5 10-4 10- 3 
~i t erf'Or rate 

FIGURE 3 : TROUGHPUT OF A SATELLITE CHANNEL 
UNnE'R" VARIOUS LINK PROTOCOL 
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