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ABSTRACT 
The paper deals with the analytical performance 
evaluation of data links operating under the pro
cedure HDLC (High Level Data Link Control) in 
Normal Response Mode (NRM) and full-duplex trans
mission between two stations. It is assumed that 
both stations are saturated, i.e. the stations 
have always messages to be transferred. Then, the 
attainable throughput is the most suitable mea
sure of performance being dependent on the main 
system parameters as modulus value of the window
mechanism, link propagation delay, transmission 
rate, message length, and bit error probability. 
The throughput analysis is based on the notion of 
a "virtual transmission time" which was success
fully applied to the performance analysis of HDLC 
links (see Ref./1, 2/). The analytic solution has 
been extensively checked against simulations and 
found to be in excellent agreement. Practical im
plications of the analysis results are summarized 
in the conclusion of the paper. 

1. INTRODUCTION 
Data communication protocols are needed for the 
control of serial data transmission over unre
liable links. The International Standardization 
Organization (ISO) has standardized the majority 
of these procedures under the name HDLC (High 
Level Data Link Control), see Ref./7, 8/. 
HDLC allows a wide flexibility over various para
meters, e.g. 
- class and mode of the procedure 
- number and type of the stations 
- link configuration and operation 
- error recovery. 
This paper deals with the analytical performance 
evaluation of HDLC, Unbalanced Class of Proce
dures. The kind of operation we investigate is 
Normal Response Mode (NRM). This, mode is based on 
the master-slave principle using two types of 
stations, primary and secondary. 
We restrict our consideration to a point-to-point 
link and full-duplex operation. To recover errors 
two different mechanisms are considered: Check
point Retransmission (P/F-Bit Recovery) and Re
ject Recovery. 
HDLC has been extensively studied in the recent 
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literature, see /1-5/. In /1-4/ the half-duplex 
operation (only one station has messages to be 
transmitted) has been considered mostly. The case 
of full-duplex operation is treated in /5/ by 
means of simulation. The analysis of the full
duplex operation case is more difficult and will 
be considered here. 

2. MAIN FEATURES OF HDLC-NRM 
In this section we briefly review some features 
and characteristics of the procedure class Normal 
Response Mode. We confine our descriptions to 
views that are important for our throughput ana
lysis. The reader who is not familiar with the 
details of Normal Response Mode is referred to 
the HDLC documents, see Ref./7, 8/. 

2.1 The Data Link Model 
For the throughput analysis we need a data link 
model as shown in Fig.1. 
It consists of one primary station and one secon
dary station interconnected by a point-to-point 
link with full-duplex transmission operating in 
HDLC-NRM. 

NORMAL RESPONSE MODE 

~ ~ 

PRIMARY STATION SECONDARY STATION 

Fig . 1 The data Zink modeZ 
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It is assumed that both stations are saturated, 
i.e. stations have always messages to transmit. 
Then, the maximum throughput as the most suitable 
measure of performance is evaluated. 

2.2 The Information Transfer Phase 
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A data message which has been transmitted from pri
mary to secondary or vi ce versa consi sts of one 
HOLe frame. Frames which carry information are de
noted as information frames (I-Frames), whereas 
supervisory frames (S-Frames) are used to control 
operations. 
I-frames are sequentially numbered by a send sequence 
number N(S) ranging from 0 up to M-I, where M de
notes the modulus value. Similarly, acknowledgments 
are signalled by a receive sequence number N(R)which 
is piggybacked on I-frames in the reverse direction. 
Supervisory frames are used to acknowledge correctly 
received I-frames by their receive sequence number 
N(R) (RR = receive ready frame) or requesting a re
transmission (REJ = reject frame) in case a frame 
is received in error. Both frame types may carry a 
Poll/Final bit (P/F-bit). We restrict the problem 
to the case where the P/F-bit takes effect only on 
S-frames. If a station has M-I unacknowledged 
I-frames outstanding simultaneously (window limita
tion), it has to stop transmission and has to wait 
for an acknowledgment. In NRM, the secondary cannot 
transmit further frames until a command (S-frame) 
is recei ved from the pri ma ry wi th the P-bit set to 1. 
After the last frame of the response, the secondary 
has to transmit a S-frame with the F-bit set to 1. 
For further transmission the secondary has to wait 
for the next P-bit from the primary. Upon reception 
of this P-bit, the secondary is enabled to continue 
sending. The secondary is assumed to be polled by 
the primary as often as possible. Thus, the secon
dary has the opportunity to transmit frames at the 
earliest instant . 

As an example, the diagram in Fig.2 shows the 
principal operation between a primary and a 
secondary station across the data li~k. The 
operation i s controlled by supervisory frames, 
P/F-bits, and the send and receive sequence 
numbers N(S) and N(R), respectively. 

As demonstrated by the example of Fig.2, the trans
mission capacity of the channel may not be fully 
used due to the limitation of the Modulo-mechanism 
and due to frame errors. A disturbed frame has to 
be repeated as soon as possible. The station which 
indicates the transmission error first starts the 
recovery by transmitting a reject frame. Retrans
mitted and repeatedly disturbed frames cannot be 
repeated by REJ-recovery for reasons of possible 
ambiguities. Then, a transmission error has to be 
resolved by checkpointing (P/F-recovery). For our 
considerations we assume that the transmission of 
supervi sory frames is error-free. Therefore, time
out recovery needs not be considered. 

2.3 Summary of Model Assumptions 
The paper aims at the calculation of the channel 
throughput which is a complex function of the para
meters: modulus value, link propagation delay, pro
cessing delay, channel transmission rate, message 
length and bit error probability. 
Throughout this paper we adopt the following re
strictions and assumptions: 
- stations are saturated 
- messages are of constant length 

P/F-bit only takes effect on S-frames 
- S-frames are always correctly transmitted 
- primary time-out state is not cons i dered 

1.2.0/j I.3 'l~ 
1.0,2 

RR7~ 
Supervisory Frame ----.:::::::. 
with Poll- Bit set to 1 

Disturbed 

RR ' l 'P~ 

Repeated Frame~ ~ 

1 '2'1~ 
1,3, 2 >< 
1,0 ,3 

1.1 , 2 
RR , 2 , F 

/ 
Final Bit se t to 1 

1. 2,1 

1, 3,1 

1,0 .1 

RR ,l, F 

REJ, 2 

1,1 . 2 

1. 2. 2 

1. 3, 2 

RR ,2 .F 

Pig . 2 Point- ta- point link" full duplex operation 
Modulo = 43 constant frame length 
I 3N(S )3 N(R): Information f rame 
RR3N(R) 3 P/F: Supervisory f r ame 
N(S ): Send sequence number 
N(R) : Receive sequence number 
P/F: Poll/Final- bit 

3. ANALYSIS 
In this section the principal way to calculate the 
maximum information throughput of a NRM controlled 
data link is summarized. To keep the paper straight
forward, some derivations of analytical expressions 
are stated in the appendix. 
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3.1 Principle of Throughput Analysis 
The throughput analysis is based on the concept of 
the II virtual transmission time ll

• This new concept 
allows to present performance measures in explicit 
and easily computable expressions. Furthermore, it 
is a quantity comprising not only the real trans
mission times of a message but also the waiting 
times for acknowlegments and the duration of error 
recovery actions. 
For the analytic throughput calculation, several 
transmission cases have been distinguished syste
matica lly: 
a) Throughput degradation due to window limi

tation, see Fig.2 
b) Throughput degradation due to one or several 

consecutive frame errors. 
In either case, several subcases have to be con
sidered as well. In each of the cases the result
ing virtual transmission time is exactly calcula
ted. From this and the special values of the para
meters as transmission rate, message length, etc., 
the useful channel throughput is calculated fi-
na 11y. 

3.2 Preliminaries 
For the analysis we have to specify some quanti
ties which are useful for the calculation of the 
virtual transmission time: 
1 : 

lS: 

tr= 

tS: 

tp: 

constant message length - the number of in
formation bits in an I-frame. 
overhead length - 48 bit in the unextended 
frame format (modulus value = 8) and 56 bit 
in the extended frame format (modulus 
val ue = 128). 
transmission time of an I-frame (v = channel 
transmission rate): 

tI = (l+lS) / v (3.1) 
transmission time of as-frame: 

ts = 1 S / v ( 3 . 2 ) 
constant delay - consisting of processing 
delay (tproc ) and link propagation delay 
(tprop ) 

tp = tproc + t prop (3.3) 
probability a frame is received in error. 
PF i s depending on the independent bit error 
probability PBit, the message length, and 
the overhead length 

PF = 1-(I-PBit)l+ls (3.4) 

3.3 The Virtual Transmission Time 
The virtual transmission time represents the 
effective channel occupation by one frame includ
ing repeated transmissions in case of errors and 
enforced idle times due to the protocol mechanism. 
The virtual transmission time is defined in the 
following way: The virtual transmission time of an 
I-frame with N(S) = i begins with the start of its 
transmission provided the I-frame with N(S) = i-I 
is received in sequence and without transmission 
error. It terminates at the end of its trans
mission at the sending station, provided this 
transmission of the frame is successful, see 
Ref./2/ _ 

Se ssion 3.4 
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CD 1.2 ,1 
--- ---- -- -- - ------

Q) 1. 3 , 2 

(El 1. 0 ,3 

RR , O, P 

RR , 3, P 

CD 1. 2, 3 
- - -- -- - -- -- -- - -

TO (2) Q) 1.3,3 
- ---------- - --- -

TO(3) (El 1,0,3 
- - ----- - --- - -- - -- t t 

REJ, 2 

1.1 ,2 

1,2,2 

1,3 ,2 

RR , 2 , F 
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The vir tual t ransmission time T (s ) of an 
I - frame with the position numbe~ S 3 

s = 13 23 3; Modulo = 43 @= Position Number 

If the I-frame with N(S) = i cannot be transmitted 
due to M-I unacknowledged I-frames, its virtual 
transmission time is prolonged by the time it has 
to wait until an acknowledgment of one or more out
standing I-frames is received, see Fig.3. This de
finition allows to replace the complicated sequence 
of 1- and S-frames from both directions in case of 
window limitation and in case of one or several con
secutive frame errors by an equivalent but much 
simpler sequence of virtual transmission times. 
The example of Fig.3 demonstrates the virtual trans
mission time from an I-frame with N(S) = 2 trans
mitted from primary to secondary. In the example 
the considered I-frame is disturbed twice. Its vir
tual transmission time starts at the end of the 
successful transmission of frame 1,1,3 and ends at 
the beginning of the transmission of frame 1,3,3. 
In the example window limitation and frame errors 
are considered. To understand these and other com
plicated sequences of 1- and S-frames, the virtual 
transmission time is partitioned into three poss
ible durations, as demonstrated in Fig.3: 
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TO, the transmission time of an I-frame corres
ponds to tI' 

T1, the duration for the first retransmission if 
the frame under consideration was disturbed. 

T2, the duration for one more retransmission. 
These time durations are depending on the protocol 
mechanism and the position number s which marks the 
position of a frame within a sequence of (M-1) 
transmi tted frames as well as on the number of con
secutive disturbed frames. In case of window l imi
tation always sequences of M-1 frames are trans
mitted, see Fig.2,3. Appendix A1 and A2 give ana
lytic expressions of TO(s), T1(S) and T2 for every 
special case as mentioned above. 
The virtual transmission time of a frame which has 
been disturbed exactly n times before it is re
ceived correctly is 

Tv(s) = TO(s) + T1(S) + (n-1)T2 (3.5) 
The probability that the same frame is disturbed 
n times is geometrically distributed and equal to 

n PF,(l-PF)' n = 0,1,2,... (3.6) 
Then, the conditional expectation of the virtual 
transmission time can simply be derived 

2 
E[Tv(sTI = E[TO(s)J + PF' E[T1(s)J+ PF .E[T2] (3.7) 

l-PF 
The probability that a frame gets the position s 
in a sequence of (M-1) I-frames is determined as 
follows: 

M-2 
PF( 1-PF) 

1- ( 1-p F) M-I 
for s=1 

a( s) = (3.8) 
PF(1-PF)s-2 

M 1 for s=2, ... ,M-1 
l-(l-PF) -

The derivation of a (s) is treated in appendix A3. 
By means of the equation (3.7) and (3.8) we get 
the mean virtual transmission time: 

3.4 The Throughput 

M-1 
E 

s=l 
(3.9) 

As mentioned in section 2, we calculate the channel 
throughput for each direction separately and under 
the assumption that the stations are saturated. The 
mean time to transmit successfully an I-frame with 
a message length 1 corresponds to the expectation 
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of the virtual transmission time derived in Eq.(3.9). 
Therefore, the maximum information throughput is 
determined as follows: 

Throughput 
_ 1 
- En vJ (3.10) 

The throughput can be normal ized by the transmission 
rate v. Thus, we get the relative throughput 

1 Rel . Throughput (3.11) E[T ~ . v 

For the throughput calculation we have to estimate 
the expectation of the virtual transmiss i on time 
and thereby the durations TO(s), T1(s) and T2 for 

each direction and every special case summarized 
in section 3.1. The evaluation of these durations 
is outlined in appendix A1 and A2. 

4. RESULTS 

In this section typical calculation and through
put results of HOLC-NRM controlled data links are 
presented as a function of the essential parame
t~rs: message length 1, processing plus propaga
t~on delay t p, m~d~lus M, transmission rate v and 
blt error probablllty PBit. The presentation of 
the results is restricted to satellite links with 
a propagation delay of 350 ms. 

I 
THROUGHPUT I TRANSMISSION RATE 

10 

/~ 
r"a,: 

0.8 ~ModuIO < 128 

0.6 

Module : 8 G 

* 
~ _ PARAMETERS _ 

G tp :3SOms 

~I 
P
Sit

, 1O- 7 

v : ~8 kbl t /s 

I 
a,: I I 

DIRECTION CAlCULAT I~ SlMULAn~ 

I PRI TO SEC ---==-- 61 95 '10 
SEC TO PRI - - - I x conI In! 

O.L. 

0.2 

100 300 1000 :m0 10000 30000 . 
MESSAGE LENGTH (BIT I 

Fig . 4 Relative throughput versus message length Z 
(bit error probability 10- 7) 

As demonstrated in Fig.4, window limitation in case 
of Modulo = 8 appears over a wide range of the mess
age length due to the HOLC protocol mechanism. With 
a bit error probabi 1 i ty of 10- 7 the channel is near
ly fully used by message lengths greater than 
10 000 bit, and Modulo = 8. 
For the parameter configuration shown in Fig.4 and 
the modulus value of 128 a better throughput be
haviour is obtained. 

1 

THROUGHPUT I TRANSMISSION RATE 
10 ,.----~---r------r----.---,---____. 

[)IRECTI~ CALCULATION SIMULATION 

~~T~O~ ~ ~!:'i:n! 
0.8 

0.6 

O.L. 

0.2 

0.0
30 

Fig . 5 

PARAMETERS 
!p,350 ms 

PB,! ' 10- 5 

Y : ~8 kbfl/s 

100 1000 3000 10000 30000 -MESSAGE LENGTH (BIT) 

Relative throughput versus message length l 
(bit error probability 10- 5) 
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Fig.5 shows that for a bit error probability of 
10-5 and message lengths of 10 000 bit the attain
able throughput for modulo = 8 is much better than 
modulo = 128. Therefore, an increase of modulo does 
not always enforce an increase of throughput, be
cause the recovery actions (P/F-recovery) need more 
time in case of a higher modulus value. As the graph 
in Fig.5 demonstrates the throughput behaviour of 
both di recti ons is di fferent as a cause of the master 
function of the primary station. Retransmitted and 
aga in di s turbed frames of the pri ma ry need more ti me 
to recover than disturbed frames transmitted from 
the secondary, i.e. the time duration T20f the di
rection from primary to secondary is much longer 
than T2 of the other di recti on. 

1 
THROUGHPUT I TRANSMISSION RAT E 

1.0 
1.' ~ 

( P~,t·YJ-6 

I O.B I 

A=~-------------I- -----!-I~ 
PARAMETERS. 

ty. .5 1.3000 bit 
/" PBit ,lO tp ,350 ms 

v = 48 kbitls 
I-- ~ V DIRECTION CALCULATION SIMULATION 

PRI TO SEC - 6\950/. 
SEC TO PRI -- - x cctlf. int o 

0.6 

0.4 

0.2 

I I 
8 16 32 

Pig . 6 Relative throughput versus modulus value 

Fig.6 represents the relative throughput versus 
the modulus value. We observe a strong dependence 
oJ the throughput on the error probabil i ty: at 
first, the enforced idle times can be reduced by 
increasing modulo. After reaching a maximu~,the 
throughput cannot further be increased by the mo-

1 

THROUGHPUT (TRANSMISSION RATE 
1.0 

~l~~I ____ I 
,~ 

0.8 

0.6 

t - - -~4, 

PARAMETERS 
I, 100J bit 

~~~ v, 48 kbil/s 

PBit' 10 . 5 I 

0.4 

0.2 
ORECTlON CALCUlATION SlMU.ATION 'ty.---
PRI TO SEC 
SECm PRI 

0.0 
0.01 

-
- - -

I 

0.02 

6j 95% 
x oorl. ~, I 

0.05 0.1 ~ 

PROPAGATION DELAY (SEC I 

Fiq . ? Relative throughput versus propagation delay 

dulus value anymore; on the contrary, a further in
crease of modulo also increases the probability of 
retransmission of undisturbed frames in case of 
error and, thus, throughput drops again. This drop 
becomes the more effective the higher the error pro
bability. Finally, Fig.7 demonstrates that for the 
parameters assigned therein, as well as for propa
gation delays up to 50 ms (terrestrial links) mo
dulo = 8 is the suitable value, whereas for propa
gation delays greater than 50 ms (satellite links) 
modulo = 128 provides a better throughput behaviour. 

CONCLUSION 
In the paper an analytic solution of full duplex 
and HDLC-NRM controlled data links has been presen
ted . The solution offers insights in parametric de
pendences of the throughput on the most important 
channel and protocol characteristics. By means of a 
detailed consideration of the various principal 
cases of the information exchange, including trans
mission errors and proper retransmissions, the maxi
mum throughput is found by a fast and accurate eva
luation for HDLC-NRM controlled data links. 
Finally, a practical implication of the analysis 
will be discussed. For the optimization of the use
ful channel throughput a rule of thumb can be re
commended to facilitate the selection of the optimum 
data link parameters. With this rough estimation we 
are able to determine two limits of the message 
length interval lmin and lmax ensuring that the ma
ximum of the throughput calculation is within these 

v . 2tp 1 0.2 limits: ~ 

lmin M-3 ; lmax == PBit ' 3M-4 

In the rough calculation the probability a frame is 
received in error was restricted by 10 per cent. 
With this rule of thumb it is possible to check and 
to modify the parameters in such a way that the 
data link is operating in the optimum range of the 
throughput. As an example, for the graph of Fig.5 
we find 270 bit < 1 < 2300 bit for M = 128 and 
6720 bit < 1 < 10 000 bit for M = 8. As shown by 
this example, the message lengths may vary between 
these limitations and need not necessarily be con
stant as assumed for the analysis. If the interval 
obtained by lmin and lmax does not cover the de
sired message lengths the modulus value may be 
chosen appropriately to meet the requirements. 
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APPENDIX 
AI) Evaluation of TO' Tl and T2 (Errors permitted 

in Direction Pnmary to Secondary). 
Case (la) ~ Transmission with Window Limitation 
Even in case of no frame errors and window li mita-
tion, the parameter 2tp > (M-3)tI. (1) 

r- t I.,...- 2tp + 2tI + ts--::-itI1 
(2) i Q) i p CD iQ)i 

PRIMAR:3" :"""\ / 1'3 : t'~ 
SEca-lDARY: 1,1,2 RR,2.F 1.2,1 1.3,1 1,0,1 RR,1,F 

(j) F CD (2) (j) F 

Fig . 8 Window limitation without f r ame errors~ 
Modulo = 4~ trltp = 1 

In the diagram the sequence numbers are replaced 
by the position numbers. As shown in Fig.8 

TO (s) ={2tI + 2tp + ts s 1 (2) 
t I s = 2, 3 , ... , M- 1 . 

To find T1(s) two subcases within case (la) have 
to be distinguished: 

In a sequence of M-I frames one or more consecu
tive frames are disturbed. It is demanded that 
the frame with the position number M-I is corr
ectly transmitted, then, REJ-recovery is possible. 

!Ie---- T' RE)ls) -------1 

.. _-!)) '\ L ! ~ •• ~ 
SECONDARY: Q) F RE ),l CD ~ 

Fig . 9a Window limitation~ f rames repeated by 
REJ-recovery~ Modulo = 4 ~ t r ltp = 1 

Consequently, the solution of this subcase is 

T1REJ (s) = (M-s)t I + 2tp + 2tS (s fM-I). 

I-!" --- T'P/Fls ) ! 

:J!)~ 
Q)F CD(2)Q)F 

Fig . 9b Window limitation~ f rames repeated by 
PIF-recovery~ Modulo = 4~ trltp = 1 

(3) 

In the second subcase the disturbed frames have 
to be recovered with P/F-recovery. Thus, 

TIP / F ( s) = [2 ( M-I) - s + 1]. t I + 2 t P + 3 tS' ( 4 ) 

Both subcases and their probabilities 1_p~-I-s and 
p~-l- $ , respectively result into 

T1(s) = (M-S)t I +2tp+ 2ts+p~-1-~[~-I)tI+tS] .(5) 

By similar reasoning results for T2 can be derived 
which happen to be independent of the position 
number s. In the worst case we have 

(6 ) 

Case (lb) - Window Limitation Enforced by Errors 
In this case, the parameters obey: 2tp S (M-~tr(7) 

Furthermore, the probability that a frame gets the 
position s in the sequence of transmitted frames 

is equally probable and need not be considered in 
this case. 
The duration TO corresponds to the transmission 
time of an I-frame t I , therefore TO = tI' ( 8) 
To determine the duration T1 two subcases have to 
be distinguished: 
- After one frame is received in error, both 

stations stop their transmission (window limi
tation) and have to start error recovery. Then, 
tp is bounded by (M-3)tr-ts <: 2tp~ (M-3)tr (9) 

PRIMARY: 

SECONDARY: 

Fi g. 10 Window limitati on enforced by frame err ors 
Modulo = 5 ' t It = 1 

~ r p 

On condition that the last transmitted frame of the 
primary - in this example 1,2,0 - is either disturbed 
or error-free, the durations TIREJ and T1P/F are 
evaluated as in the previous case. Thus, 

M-2 [ ] T1 = ~-I)tI+ 2tp + 2tS + PF . ~-l)tI+ 'ts . (10 ) 

'-The primary is able to transmit its S-frame earlier, 
i.e. before I-frame 1,1,0. Then,2tp ~ ~-3)tctS' (11) 

There exist three possibilities for T1: 

Ti = (M-2)t I + 2tp + 2tS 
with the probability: M-3 

1-PF 

T·· - (M-1)t I + 2tp + 2tS 1 -
with the probabil ity: ( 1-PF )p~-3 
T··~ (2M-3)t I + 2t + 3tS 1 -

P M-2 wi th the probability: PF 

(12) 

(13) 

(14) 

If 2tp« (M-3)t I - ts then it can be assumed that 
window limitation is appearing after k consecutive 
disturbed I-frames. _T, ' _ 

PRIMARY: 

SECONDARY : 

: : 
1,3,1 I'V: 1,0,3 1,1 ,1. 1,2,0 1,1..1 i 

~l: Glr, 1im. 
1,2,2 I.3.3 1,1.,1. : 1,0,1. / 1,1 , 1. 

i REJ,1. i 
;.... n , t

I
---1 

Fig . 11 Error recovery without window limitation 
Modulo = 5 ~ trl tp = 6 

When only one I-frame is disturbed the duration T1 
is determined by (see Fig.11): 

T i = (n+3) tI - w . t I , ( 15 ) 

where 

~2 _ nt r-2(tp+ts) . _[2tp+tSj 
\'1=- - t , n---t-+ 1. 

tI I I 
(16 ) 

(L J corresponds to the entire function) 
To find the solution for T1 in this subcase, we 
find from Fig.12 for the current window size x: 
x < M - 2tp + ts = lM - 2tp + ts J (17) 

tI tI 
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T,+ktl T· 1 T" 1 

l-PF 
T"· 1 

PF 

~----------~v~---------------
(M - 2) I-Frame 

Fig . 12 Solution- graph of T1 

Furthermore, the value of k is 
k = x - 4, thereby k E{-1,0,1,2, ... } (18) 
Hence, in this subcase T1 is given by 

T = k+1 (1- M-x)T· + (l-p )pM-3 Tu +pM-2. T••• 
1 PF PF 1 F F 1 F 1 ( 19) 

k+ 1 k+ 1 
k+1 I PF (l-PF )-(k+1)PF (l-PF) 

+ (l-PF )T 1 + tI 1-PF 

The determination of T2 in case (lb) is found in 
the same way as case (la) : 

T2 = (3M-4)t I + 4tS + 2tp . (20) 

A2) Evaluation of TO, T1, T2 (Errors Permitted 
from Secondary to Primary) 

Case (2a) - Transmission with Window Limitation 
For this case TO(s), T1(s) and T2 are found in ana
logy to appendix AI, case (la). Therefore, TO(s) 
corresponds to Eq.(2) and 
T1(s) = (M~s)tI + 2tp + 2tS' (21) 

(22) 

Case (2b) - Window Limitation Enforced by Errors 
The solution of TO corresponds to the transmission 
time of an I-frame tI, therefore, TO = t r . 

REJ,2 
PRIMARY: 1,2,1 1,3,2 1,1, ,2 1.5,2 1.0.2 

SECONDARY: 

~-- T1REJ 

Fig . 13a REJ- recovery without window limitation~ 

Modulo = 6~ tIltp = 6 

~rt~i2I;: 2I;:2I~ 5 FOi1:!:-
PRIMARY: 

SECONDARY: 

I. Tl P/F 

Fig . 13b PIF- recovery wi th window limitation~ 

Modulo = 6~ t I ltp = 6 

As Fig . 13a and 13b demonstrate there exist two 
possible time durations for T1: 

Session 3.4 

(24) 

The calculation of nand w was shown in A1,Eq.(16). 
In Eq. (24), y corresponds to the number of di s-:
turbed frames which follow the considered frame, ° <y < L-l. Furthermore, Lis determi ned by 

I, 2t + ts J 
L =L(M-2) - p tI + 1 . (25) 

With Eq.(23) and Eq.(24) and the corresponding pro
babilities we have 

L L-1 
T1 = PF' T1P/ F+ L P~ (l-PF)' T1REJ (y). (26) 

y=O 
The duration T2 agrees with Eq.(23); therefore 
T2 = TIP/F' 

A3) Derivation of a{s) 
The process that an I-frame occupies the current 
position s can be described by a discrete-time 
Markov chain, see Ref./6/. With all position num
bers s, (1 $ s < M-I), and the probability that 
a frame is either received correctly or in error, 
a state transition diagram can be found, see Fig.14. 

statp transition probability : ---. Ps 

- I-PS 

Fig . 14 Position number state transition diagram 

From this state transition diagram we find by stan
dard methods Eq.(3 .8). 
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0.1 (D. Manfield) i ' 

Could you explain a little the principle for constructing 
your Markov chain diagram in Appendix A3., to calculate the 
probability of a message occupying a certain position in 
the module sequence. 

A.I (T. Raith . & H.L. Truong) 

For reasons of . understa,ndi'ng we introduce position numbers 
in case ' ,of window limitation due to the modulus mechanism. 
They are different from the send or receive sequence 
numbers defined by the HDLe 'protocol. If no frame , error (s) 
occur the state diagram in Appendix 3 will , be passed through 
horizontally. 

• 

I~ a frame, error occurs, the disturbed frame is repeated in • 
the following sequence. Subsequent frames become the position 
numbers 2, 3 etc. This. fact is depict~d in the state diagram 
by the dashed lines. 

The transition probabil~ty is ~F which is the frame error 
probability. In this state diagram ' the transition probability 
should read PF and not PB • 

• 
iD 


