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Résumé
~esume

HDLC est un protocole de contrdle des lignes terrestres reconnu

par les instances internationales de normalisation. Si on veut uti-
liser HDLC pour des canaux satellite, :on rencontre deux inconvéntents
majeurs causés par le délai de propagation trés élevé: 1 - un
blocage du & la limitation de la taille de la fenétre; 2 - une

chute du dé&bit provenant de la politique de reprise sur erreur.

Dans cet article nous présentons un modé&le de traitement des erreurs
sur des canaux satellite en insistant sur le phénoméne d'erreurs
groupées. Le modéle est utilisé pour expliquer le comportement

peu satisfaisant de HDLC sur des canaux satellite.

On propose quelques méthodes pour remedier aux inconvénients pré-cités,
notamment en introduisant la notion de 'sous—canal virtuel'. Il s'agit
d'un protocole 3 deux niveaux: le niveau bas (niveau sous-canal)
fonctionne suivant le mode HDLC classique; le niveau supérieur est

le melange de plusieurs sous-canaux indé&pendants, d'un mecanisme de
réarrangement des trames et d'une politique de contrdle du flux
pour le systéme global.

Abstract

HDLC is an internationally accepted link control protocol which has
been designed for terrestrial links. When applied to satellite links,
however, HDLC has two major deficiencies: 1. Blocking due to window
size limitations; 2. Throughput degradation due to the fact that at
most one reject may be outstanding at a given time. Both problems
arise as a consequence of the very long signal propagation delay of
satellite links.

In this paper we describe a model for the error behaviour of satellite
links with special emphasis on bursty errors. This model is used to
explain the unsatisfactorily behaviour of HDLC for satellite links.

Following that, several methods of overcoming these problems are
discussed. A new concept ('Virtual Subchannels') is presented which
eliminates the HDLC-deficiencies by means of a two—level hierarchy
of link protocols. The lower level ('Subchannel level') operates
exactly according to HDLC; the second level ('Total System') is a
superposition of several independent subchannels together with a
frame reordering scheme and a flow control rule for the total system.
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l. HDLC : Principles and Problems for Satellite Communications

During the past few years, HDLC (see [6],[7]) has become a widely
accepted international standard for communication protocols;

it forms the lowest nonphysical level of the well-known

ISO-hierarchy (see [Q] ). The main purpose of this protocol level

is to provide a relatively error free transmission of bit streams
over imsecure chamnels (via a cyclic redundancy checksum of frame
contents and by retransmissions 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 acknowledgment for the first ome).

If é HDLC-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 link) the receiver asks for retransmissions by using

special HDLC~frames:

- REJ(aj) : reject of frame aj; asks for retransmissions of all the
frames beginning with aj, i.e. including all the frames

which have eventually been sent in advance.

- SREJ(aj) : selective reject of frame aj; only aj has to be retrans-
mitted. 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 HDLC

as a subset, the possibility SREJ has been cancelled (see [6] ).

The performance of REJ and SREJ retransmission strategies have been
studied in a few papers ([ﬂﬁﬂ’&ﬂ),It turns out that REJ has some
disadvantages when the window size W is growing since in this case

a large number of packets might have unneccessarily to be retrans—
mitted. On the other hand, SREJ is not very suitable if there is

a substantial probability that a frame will be in error; furthermore
SREJ needs more organizational effort than the simpler procedure REJ
(buffering at the receiver, ...) and this could have been the main

reason for cancelling it in the actual X.25 recommendation.
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In todays applications the links which are controlled by HDLC are
very short (terrestrial links); thus message propagation'delays
are very short, too . The choice of HDLC parameters (maximum
window sizes, ...) was certainly dictated by properties of terrestrial

links only.

However, things are considerably changing if satellite links are used
(i.e. transmission via geostationary satellites, 2 36.000 km above
the earth) and if we want to control those links by HDLC-like

principles. Satellite links differ from terrestrial omes 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)
" L " " (maximum) length of a frame (bits).

Then B
P := 0.27 - I is the total number of frames which can be sent

until the moment when the first one arrives at the receiver

and PACK = 0.54 '-% is the number of frames which may be sent
in advance during one 'tramsmission + acknowledgment'—-procedure.
PACK
Nl N Sender

- e . - Satellite

- Receiver

The long propagation delay has severe consequences:

(A) Blocking of senders due to window size limits

In the actual HDPLC recommendation, the window 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 sender will become

unnecessarily blocked even if the link is error free.

(8) Throughput degradation due to transmission errors

Due to the large amount of propagation delay, the rejection and

the retransmission of an erronecus frame is very time consuming,



Moreover, since the number of REJ or SREJ frame which are out-
standing at any given time is limited by at most 1 ( REJ(aj)

or SREJ(aj) automatically acknowledges all the frames preceding
a,, thus no two such control frames may exist simultaneously)
tge performance of the usual HDLC procedure will be rather
poor for satellite 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

succesive errors is rather small in many cases.

In section 2 of this paper, we describe a model for simulating
errors in bursty systems. This analysis will show that for many
satellite systems the restriction of having at most one rejection

at any given time has dramatic disadvantages for the throughput.

To summarize the considerations of this introductory section
we want to point out that the actual HDLC 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 degradation 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 HDLC has been

originally defined.

In section 3 of the paper we present a new concept (virtual subchannels)
which is based on the HDLC procedure but which removes the deficiencies
which have been desribed above; it turns out that this protocol results
in a much better performance for satellite links than the classical HDLC.
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
Kleinrock pointed out ([2]) one gets nothing for nothing or

'you have to borrow Peter to pay Paul'.



2. A Model for the Error Behaviour of Satellite Links

with special Emphasis on Bursty Errors

Let AO’ Al’ <+« be a sequence of bits or of larger entities (i.e. packets)
which have to be transmitted over a satellite link in this order.
def 1

Let Si Si denote the event that Ai is not correctly received
due to a transmission error or a decoding error
-—d . .
" S; ef Sg denote the event that A; will be correctly received.

A parameter of interest is the mean distance between consecutive €rrors,
[¢o]

ST 1 sy

i.e. E:= I m.Pr(Sm,Sm_l .

m=]
Experimental data show (see[8]) that errors do not occur independently
of each other but mostly occur in bursts; during certain time periods
(due to meteorological or other reasons) the probability of trans-
mission perturbations is very high as compared to the rather low pertur-

bation probability during 'regular periods'.

Thus 1 a, with probability m
Pr(Si) =
(1] n Py -
a5 ﬁo 1 T
where a, and ag denote the error probabilities in the 'good state'

1 _
and in the 'bad state' respectively; we assume that the system alter-

nates between good states and bad states such that the proportions

of being in these states is given by T, and T respectively.

Typical data for the system parameters introduced thus far are the

following T, & 0.99 T . %~ 0.0l
): °
(seef&l[S] ¢ ay = 10_7 a4 =.10 4 (bit level)
a ~ 10_4 ag = 10“'l (packet level, packet length
1000 bits)
AO A1 A2A3
— [y PR 8 s A n o
( v q M v v v [ A rd
V 4 W .S F XV /N 4w}
good state bad good bad : good bad

P(Si)=a1 P_(Si)=a0



A very important parameter is the 'burstiness' of the system;
this parameter characterizes the average duration of good states and
bad states respectively. In the following we develop a model to

represent several kinds of bursty systems:

To characterize the actual state of the system, we introduce
a sequence XO,XI,... where Xi is associated to the transmission of Ai'
Xi is a random variable which takes only two possible values | or 0

depending on whether the system is in the good state or in the bad state.

—

Let X. denote the event that Xi=l, i.e. that we are in the 'good state',

O

n X " 1] 11} " Xi=o' i.e. " " " " " 'bad Stat8'-

We are now ready to introduce our main model assumption:

The sequence XO’X]"" of random variables forms a homogeneous
two-state Markov-chain; thus:
34

i+1
Pr(Xi+1'

def

& € Ei+1 E:i
’Xi,...,X0)=Pr(Xi+] lxi) = P .

The transition matrix of this Markov-chain is given by:

1 _ {[Po,0 Po,1 des ('P P
Pi,0 Py, s 1-s

The stationary solution for the state probabilities exists and is

given by:

. 0, _ s
To }ig Pr(Xi) T p+s
_ . 1 - P
T = %33 Prx;) = p + s

Thus we see that the transition probabilities p and s (rates of
changes from bad state to good state and vice versa) cannot be
chosen independently but are related to each other by means of:

§ = ——.p .

o, P

1
The parameter p characterizes the burstiness of the system:

p—>0: 'Very bursty systems'; the average duration of a good state

as well as of a bad state is very high;

p—>1: 'Non-bursty behaviour'; the average duration of bad states
tends towards 1. This system may be characterized by

independent errors which occur with a mixed probability

Pr(Si) = ax' = + a -m,

ao“rro 1 1
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Thus our model is described by the following System parameters:

1 .y .
l. a, = Pr_(Si l Xi) error probability in the good state
2. a, = Pr(Si l Xg) " " " " bad state
3. p = Pr(Xilllxg) burstiness parameter; rate of changing
from bad state to good state.
4, Ty = lim Pr(Xg) steady state probability of being in
100

the bad state.

All the other parameters introduced so far are now obtained by

simple relations:

o= 1 - L steady state probability of being in the good state.
'n' .

8 = E? * p rate of changing from good state to bad state.
m

c = EQ relation between 'bad state' and 'good state'

! probabilities.

In the following, we will use c¢ imstead of To @8 an independent

. . ¢
system parameter; To then is obtained by T = T+c *

Calculation of the average distance between successive errors:

In this section we develop an expression for the average distance
o0 B
E := mzl m.Pr(Sm,Sm_l,...,SIISO)
for very bursty systems (i.e. for p —>0). For this reason the
formula will be exact up to a term of order O(pz).
If the behaviour of the system is nonbursty (independent errors

occuring with probability a*) the average distance is simply given by:
o o]
Es=s I wmPr(s_,S ,...,5—) = 7 m.a*.(l-a*)m_] = —%
m’ “m—1] 1 a
m=1 ‘ m=1

First of all we have to derive an expression for

Z "mo— S =& &
Pr(S S . S,S ) = : \Pr(sm’xm ’Sm_19Xm_],--,Sl,' 1 ,)(O 'SO)I
won-p N0 T A e — .
I et |
Em,...,EO

According to our model assumptions (the sequence (Xi> forms a

Markov chain) the probability A8 e is given by:

m,-oc’



sm—l
X
m—1

€ €

m m———-

e . ..e Pr(s [X ,..).Pr(X_ 15 1>
m 0
, €m—l
b S
—— €l €0

. ven .Pr(sllxl X »8,) .Pr(X

€
m—1
).Pr(Xm_1

Pr(S__]
€

1
-
m-1

®n €n, Fm-1
Pr(s [x_ ).Pr(X_“[X 0. ig

m—1
. I (l-ae_).pe

P
€ 1 i

m

€

m=-1>"m i= i-1?

m-1
. I (1-a
m-1°"m i=l

a
€
m

-P e.)Pe

i i-1°?

since

= -

pts

= &P

™
pts

o ’

1

B

L .
pts

e = (C_ + sign(Eo)-(l'C))-

hence :
: o

Thus we obtain the following formula for

Pr(s_,S

'm m_l,-.-,

;18

1
a.c+a
o

1 (T(o,O) * T(o,l) *

.
.

where T(G,B) is given by

'Sm—2’ m-2 *°°

I 1
1[Pr(silxi

I

sm-2

X )

€O 80
X ",8.).Pr(x s )

€

€. €,
i-1 o
|%;Z; ). Pr(x, Is,)

A c.
i
).Pr(X:.L

ag T
. +
El aoﬂo alwl
. (c+si (1=
aEn (c 51gn(€0) (1=¢)
€, °
i a .cta
o 1

Pr(s .5 ~15...,5/1s,) :

Ta,o0 * T,y

T(a,B) = (aj.c + a)).

The number of terms forming T(a 8) increases exponentially with m
b

{(e 5. 58 ¢ Bm-ll(em,em_l) = (a,B)}

A
Em,..l’eo

; we

are, however, only interested in a closed formula which is valid up to

?

terms of order p2 or higher thus all the

least twice the factor p may be neglected ;

summands which contain at

this results in :



% ' &
_ ) & 2
To,1) T %P0 - I Urapepy eap v Vo)

aoalcp.[(l-al)(l'cp)]m_] + C;ipZ)

1
m-1 ) _ 69/ )
T(],O) = a]-po’l i,:.El (l-ao).po’o.aoc +0/(p ) = aoa]cp'[(l_ao)(l-p)] + (p ) »
T = a_.(1-p).{a_c.[(1-a ) (1-p) ™! + cp(i-a ).a..[(1-a ) (1-p) ™2 l-em"}
0,0) = %" p).la_c. a, P cp(l-a ).a . ao)( D) - P

+ éy?pz)

T(l,l) = -(1‘<1P)‘.{a].L-(l--al).(l—cp):lm_1 + cpao(l—a]).[(l—al)(]_cp)]m-z
LB_L} +@/(P)
1-8~
(1-a,) (1-cp)
where : B =

(1-ao)(l—p)

The formulae obtained for T(0 1 and for T(l 0) are obv1ous, the deriva-

tion of the expressions for T and for T is given in the appendix.
(0,0) (1,1

The expected value between successive errors is now given by

(o=

E= I mPr(s 5,5

z 1’ m_2,...,s][so)

2pa
a

a_.(1-p) + P Zj; (1=cp) + —7
~ 1 o'~ P -8 1-z

1+ aalc. [1-(1-a ) (1-p) 12 [1-(1-a,) (1-ep)1?

For very bursty systems (p—s0) the following expressions are obtained :

af
a e ———
. . 1 o apC
7 s - ¢ 2 7 )
>0 ,, (1-(1-a )) (1-(1-a))
a.c
o
;L if ¢=0 (i.e. good state only)
1
1+c
B e— L : if a,=a
ac+a a : _ (0|
1 [o)
z_l.<<.]_ if a,/a. << ¢ << 1
ac a, 170

Thus we see that in the very important case "a /a << c¢" the mean distance
between errors is dlctated by the 'bad state probablllty a, rather than by

the 'good state error probability' a.



Expected distance between consecutive errors given that the first

error occured in the bad state.

It will be shown that this expectation is entirely dictated by

the bad state probability a, in buraty systems.

We have to calculate

" def o
E° = I mPr(s_,
} m

m=1

— — = 0
Spe15gms e 55 | 8555%p)
The terms of this sum are given by :

.- o ) 0
Pr(S ,5 _|»--+55; |'85,Xp)

22 Pr(s ,x "3 s x| | x9,5)
B (e ) Bﬁ' m>’m > m=-1""""""1°7 0’70
o2 2 €p) €
: € E € m-1 €, €. €,
_ :}4 m m{, m-1 v L ip, i~1y4
- 2 = Pr(sp|x M .prx Mx "TH.C T eexh e tx i3
em,..,sl) €B i=1
Eo=0
m—-1
3¢ *Pe g '[.§ (1-ag J.pg. ,s.J
- :5 i m-1’"m i=l 1 1-1°71 4
T def
(€m,.-,€]) eB ;€o=0 : D
S
m 1
= T! + T} + T + T}
(0,0) (0,1) (1,0) (1,1
where = T! 1= - D
(a,8) (Em"-’elv) EBm;Eo"'—"O Em,...,€]

(epr€py) = (@,8)

Once again, we are only interested in formulae which are valid up to
terms of order pz. Due to the restriction eo=0, the expressions for
Tza 8) are considerably simplified as compared with the expressions
b
for T . We obtain :
°F Ma,B)
m-1]

m-]
T(0,0) 7 %0Po,0" 1 [{1=3p)Pgo] * O6% = 2g0-p.L0-2 (=01 + T6H

1 - 2
T, = 0D

m-1

A V m~-1 2
T1,0 al'pO,l'igl CC=ag)pged + Ow?) - a;p.[(1-a) 1-p)1 7 6/‘? )
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TE],]) = a]p.[(l-al).(l-cp)] -

(J-a])(l-cp)
(l—ao)(l—p) :

where B =

. . s . . . .
The derivation of the formula for T<1 1 1s given in the appendix.
9 .

By inserting these expressions we obtain the following result for the

probability that the distance between consecutive errors is exactly m:

— o 0
Pr(Sm,Sm_l,...,Sl } so,xo)
a .p : m—1 a..p m-1
= (ao(l-P) + J_B).E(l—ao)(I-P)] g 7 - [{-a ) (i-ep)] = + é}?PZ)

B

Remark: This formula is exact in the following cases:

= _— 0 -1
- p=0 : Pr(S,,5__ s---»5; Iso,xo) = aye(1-a)"
. : 0 _ 1 .
- m=l : Pr(S1 I SO,XO) = a, (1-p) + a;‘p .

Finally, the average distance between errors given that the first error

occured in the bad state is now obtained as:

[+

* — — 0
E' = T m.Pr(S;,5 1,....5 | S5,X0)
m=1
a,p a, p
(1-p) + —
%ot " TR, 1 - 1/8

R

[1 - (I~ap) (1-p)3%  [1=(i-a,) (1=cp) 1°

—_— —_ .
(p =~ 0) o

This last result is very important; it proves that in bursty systems the
mean distance between consecutive errors is rather small. In the protocol
HDLC . however, at most one REJ or SREJ may be outstanding at a time.

Thus due to the extremely long propagation delay it takes a very long

time to correct error bursts; during this time the transmission of new
frames will be blocked due to the window size limitations and due to retrans-
missions. These effects lead to severe throughput degradations which cannot

be tolerated in general.
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3. The Virtual Subchannel Concept for Satellite Transmissions

The major deficiencies of HDLC for satellite communications are (see 1.):

l. Window size W £127, thus mostly W << PACK’ hence senders
become blocked even if the channel is error free.

2. At most one rejection may be outstanding at any given time;
thus in case of transmission errors the throughput will be very

seriously affected.

Several possibilities can be discussed to solve these problems;

in the following, we discuss four of them:

' ' I
A. Increase of the windqw size W to W’ such that W > PACK'

The inconvenient of this remedy is that a larger number of frames

(up to w! frames) have to be retransmitted in case of a REJ-frame.

B
ACK'_O 154 r .

This solution is particularly simple, but the probability that a frame is

B. Increase of the maximum frame length L, thus decreasing P

in error will be increasing as well (approximately linearly with the
frame length L); furthermore, internal fragmentation of frames

could become an important factor.

C. Several rejections at a time, change from SREJ to REJ:
This interesting possibility has been investigated for the experimental
IBM satellite link: This protocol version uses SREJ first, but if
during such a correction procedure another error is detected by the
receiver, a REJ-frame will be sent which replaces SREJ.
The motivation of this procedure seems to be quite intuitive:
as long as errors are rare, SREJ is better than REJ (see [SJ ),
but if errors become more likely, the performance of REJ will become
better; in the IBM pfocedure the existence of a second error during SREJ
is used as an indicator for an increased error probability, thus supporting
a change from SREJ to REJ. Obviously, at any given time two simul-
taneous rejections may coexist. ,
This solution seems to be very efficient; it is easy to implement,
Unfortunately, it is not in accordance with the existing and inter-

nationally adopted standard HDLC.
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D. Virtual Subchannels

In this concept we imagine that transmissions are effected by

M virtual subchannels CO’ cee CM—I which are used in cyclic
order; thus C. is responsible for the transmission of
— 1 mod M =
frame a..

l .
In reality, all the frames ags Ay cee a,, ... are transmitted
over the same satellite link; the subchannel concept, however,
gives us some freedom in designing larger window sizes and better

retransmission strategies; this will be shown in the following.

Each subchannel has a HDLC window size W (i.e. W< 127).'Thus up to

W frames may be unacknowledged per subchannel; W buffers are necessary

per subchannel to hold these frames ( both ath the senders and at
the receivers end ). If a frame is rejected by subchannel C,,

only frames aj where j = k mod M are possibly retransmitted.

c, (HDLC controlled)

1 ( " " )

Sender T~ .
. Receiver

cM_l(HLDC controlled)

L f
Satellite link

Consequences of the virtual subchannel concept:

1. Each subchannel operates exactly according to the HDLC-recommen-
dation and may be controlled either by REJ or by SREJ principles;
different subchannels might even apply different strategies
(possibly REJ for subchannels CO,...,Cr s SREJ for Cr+l""’CM-l)'
We might even use different window sizes Wi for the subchannels Ci'

2. The subchannel concept 'simulates' a total window sizetv”:

" M-1 (W, =W)

W = I W = WM,
i=0

but the number of frames to be retransmitted due to a REJ by sub-
channel Ci does never exceed Wi'

Thus the total system implicitly uses a SREJ~concept (even if

REJ is used for each subchannel) since only 'selected' frames
have to be retransmitted in case of an error. For this reason,

wX

= W'M buffers are necessary also at the receivers end (as with

the conventional SREJ-method using a window size W*).
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3. Since subchannels are controlled independently of each other on

a HDLC-basis, a frame rejection may exist at any time per subchannel;

thus in the total system, up to M rejections may exist simultaneously.

Clearly, the ability of managing several rejections at a time

leads to an increase of the organizational complexity of the protocol.

4. The time between subsequent messages which are sent over a given
subchannel increases linearly with the total number, M, of channels.
Thus the detection of a frame error (which is effected by the
following correctly received frame of the same subchannel) needs
more time than in the classical HDLC concept. This indicates
that there should exist an optimal number of subchannels (not too
small in order to allow several rejections at a time and to reduce
blocking effects, not to large in order to reduce the complexity

as well as the detection time of an .error).

5. Since subchannel operate independently of each other, a reordering
of frames becomes necessary at the receivers end. For the very same
reason, we also need a stopping rule at the senders end since otherwise
the malfunctioning of one subchannel would necessitate an unlimited
number of buffers at the receivers end (the receiver can only free
a framé buffer if all the predecessors of this frame have been
correctly received which will never happen if one of the subchannels

is malfunctioning).

o
HEREEE HERER
C
. 1 Reorderin
(11111} {11117 strategy.
s "
. s
Stoppin ’ c .
rule [T 1T LT T TTTT1F
, G J/

Sender Receiver

It nzs to be mentioned that such a stopping rule has a very
important side effect since it reduces the number of frames
which may coexist on a satellite link (including the buffers
and the receivers end); thus the stopping rule is also necessary

for flow control reasomns.
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Definition of the Stopping Rule:

To define a stopping'rule for the total system we have to guarantee
that the blocking of one (HDLC controlled) subchannel necessarily
leads to the blocking of the total system; thus we postulate that

the total system becomes blocked when the next frame is destinated for

transmission over an actually blocked subchannel.

This blocking rule defines a two-level protocol for satellite links:

Level 1 (subchannel level):

This level is exactly in accordance to the classical HDLC.

Level 2 (total system level):
At this level we see a total window size W*= WM .
The rejection strategy is a combination of several rejection
principles of level l. This level contains also a flow control
rule at .the sender and a frame reordering scheme at the receiver.
As a consequence of this definition of the Stopping Rule, we see that

the total system blocks if and only if one of the subchannel blocks;

it is impossible that several of the subchannels are blocked at the

same time.

System blocking <::::€> Subchannel blocking
W*= W'M frames sent in advance W frames sent over exactly one
without ACK subchannel Ck without ACK; next

frame is also destinated for
transmission over Ck'
Thus the total system becomes blocked only after WS> W unack-
nowledged transmissions; this effect leads to a substantial reduction
-0of blocking situations for satellite communications.

Fur thermore, several rejections may be outstanding at any given

time; thus the throughput of the system will be much better than

with the « lassical HDLC protocol which only allows one rejection

at a time.

As a conclusion we see that the virtual subchannel concept removes
both major deficiencies of HDLC for satellite communications by intro-
ducing a two-level concept whereby the lower level is exactly in

accordance with HDLC.
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Definition of a reordering strategy:

Reordering will be combined with buffer freeing at the receivers end.
The corresponding strategy will be called BES (buffer emptying
strategy). '

A receiver buffer (containing frame aj) can be freed if and only

if all the frames 8gs ++e» @, have been correctly received. Thus,
whereas subchannels operate independent of each other, the BES has

to reflect the state of all subchannels.
A possible realization of BES is described in the following:

BES is realized by M concurrent programs for synchronization (one
program for each of the subchannels). Programs use additional registers
RO""’RM—I where Ri contains the frame number modulo W*' which sub-
channel Ci is waiting for most urgently; Ri are private registers

for Ci' Furthermore, a commonly accessible register T will be used
which contains the nuﬁber (modulo W*3 of the frame whose buffer is
next to be freed at the receiver; at the beginning we have R, =i

and T = O.

Control is passed from one subchannel to the next one (i.e. from

C. toC ) after freeing one subchannel buffer. This will be
b mod M

i+1
effected by a vector (bO""’bM—l) of binary digits where
1 & Ci has actually the control

0 & otherwise

At the beginning, control is with subchannel C,., thus

(bys + = +sByy_)) = (1,0,...,0).

0

The piece of program which has to be executed 'by subchannel C, '

k

is given in the following:
A. Wait until bk=l;
B. If Rk=T then goto C1 else goto C2;
Cl. (frame is not available).

Wait until the frame arrives (i.e. until Rk=# T); goto C2;
C2. (frams is available).

Free the buffer containing frame a where (n mod W*) = T;

(this s necessarily the'oldest' frame which has been correctly

received by C, but whose buffer has not yet been freed).

k

. T := T+] mod W* ; b := 13 b, := 0; goto A;

k+! mod M k

During the execution of theselprograms,'the contents of registers Rk

may be changed due to the correct reception of frames via Ck‘
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Example:
The following example demonstrates the application of the stopping

rule as well as the buffer emptying principle.

We consider a system with two subchannels which are controlled by
a HDLC window size W = 4; thus M=2, W=4, W*=8.

. . . : kY
Numbers contained in a circle are frame numbers modulo W-.

REJ, S |
© @@ @ --* - ©®
212]310] 3g | qg ¥ 210 %s R°-

—32a40 25
e 111 %9 |3 | ' %9127 [[r @ P
~ ap . 1
L Y 4
ACKa7 ACKa9 : BES
\ /A /
Sender Virtual Recéiver

subchannels

Frames a7 and ag which have already been acknowledged by the receiver
cannot be taken out of the receivers buffer since the predecessor

ag is not available; the reordering principle necessitates that

the buffer of ag has to be freed earlier than the buffer of .
Subchannel C0 actually has the control (b0=l) but the next frame

to be freed is not available (R0=T=6). After the retransmission and

the correct reception of 3¢s the control passes to C, which now frees

the buffer of a, and passes the control back to C0 a;d‘so on.
Frames 2, and a, may be taken out of the senders buffer after the
reception of ACKa7 and ACKa9 respectively. After the transmission
of a4 {which finds a buffer available at C]) the total system will
become h“locked due to the blocking of subchannel Co which cannot
transmit frame a1, Thus even if a buffer is free at leor a5
15 will be scheduled

after the transmission of 254" Without such a blocking rule, an unlimited

(after the reception of ACKa7) the transmission of a

number of buffers would be necessary at the receivers end.

b
0009 @@T@g—’
b
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4. Conclusion and Open Problems

It has been shown that control procedures (such as HDLC) which are
designed for terrestrial links are unacceptable for satellite commu-
nications due to blocking effects and throughput degradations. Thus

modifications of HDLC are necessary for satellite systems.

The 'Virtual Subchannel' concept has been introduced in this paper:

it consists of a two—level hierarchy of protocols:

level 1: M independent virtual subchannels of the communication link
assigned for transmission in cyclic order and controlled

by the usual HDLC procedure;

level 2: superposition of the subchannels together with a f£low control
rule at the sender and a frame resequencing rule at the

receiver.

Increasing the number, M, of subchannels while keeping constant the

window size, W, per subchannel has the following effects:

Advantages Disadvantages
A larger total window size becomes More buffers are needed at the
available for level two; sender and at the receiver
Reduction of blocking situations Detection of frame errors needs

. mor i
Throughput increase due to the ore time

ability of managing several Organizational complexity of

rejections at the same time of managing several rejections

Thus one has to be very cautious when determining the number of
virtual subchannels. A comparison of advantages and disadvantages
indicates that there should exist an 'optimal number' of subchannels
(with respect to thoughput and/or waiting times) which is situated

. . x .
in the interval [? : M ] where M is a small integer number.
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APPENDIX : Calc¢ulation of T(O,O)’ T(l,l) and T(l,l) (section 2).
Since we neglect terms of order p2 or higher, we have only to consider

sequence (em,...,eo) which contain at most one 'Ol' or '10' change

since such changes occur with probability p or cp respectively.

Thus :
j} m—1
T = a,.p . LI (l-a ).p 1 x
(0,00 =707 0,0 (e ey = (0,0, -5 15 s D) i=1 BP0 Si-1€)
I-p « k -+
(0<ksm-1)
a_ .(c+sign(e). (1-¢)) + O
€5 0
S o1 m-1 K-1
= ao.(l—p).{[(l—ao)poo] .aoc + X [(l-aI)Pll] x

k=1

(l—ao)plo.[(l—ao)poojm_l-k.a]} ¥ C}?pz)
= ao.(l—p).{aoc[(l—ao)(]—p)]m_1 + cp(l-ao)al.[(l-—ao)(l—p)]m_2 X

m— ]
1_‘]_§_T} + (9/(92)

(1-a,) (1-cp)
where B = ———————

(1-20) (1-p)

Ta,n T - A e B
? . ? (e ,..,eo) = (1,1,..,1,0,..,0)
(1-cp) "

<+~ k -
(0<ksm~-1)
m-1 k-1

a].(l—cp).{[(l—a])(l-cp)]m_l.a] + cpaj.a,. I [(l—ao).(l-p)] X
k=1

I

' m-1-k
[(1-a,). (1~cp) ] + 06D
which reduces to the formula given in section 2.

By using these values we obtain the following expression for the'proba-

bility that the distance between consecutive errors is m :
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Pr(S;,8 _1s--+»5 | Sg)
1 2pa1 m-]
= TT—--aI . (ao.(l-p) + I__B-)- [(l-ao)(l_P)]
ac
° .
af 2pa1 m-1 2
+ (E_Z' (1-cp) + D - [(1‘31)(1‘CP)] + (9/(13 ) .
o 1-z
: B

This formula is exact if p=0 or if m=1; it has been used to evaluate

the average distance between consecutive errors.

The calculation of T! is similar to the calculation of T .
(1, D (1,1)

We obtain :

] m-1 '
T,1) = 21°Py, Z T (I=a )ep, _ + &ed

’ T (ggsees€g)=(151,.4,1,0,..,0)  i=I € i~1°%4

“~ k -
(1sk<m-1)
n-1 | m-1-k
~ _ _ k-1 . _ 2
= ap-(lmen) o I [Uagipg o3 (1-a)).pg ;-L(1-a))p, ] + O06H

] —-=

1, m—1
- 1-(3)
al.p.[(l—al)(l-cp)]m ! . -———Er—- + C??pz) .
B .
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