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Abstract

A contention—based TDMA protocol was
previously proposed for data transmissions. It was proved
to have satisfactory performance for an error free channel.
To maintain operational in erroneous channel a new
modified protocol is proposed and analyzed. Results
derived include the average frame length, the average
number of wasted slots, the average number of residual
packets, and the average delay. Numerical examples
shown also include the effect ofy channel errors and the
marginregained by proper error control codes.

I.Introduction

Numerous researches on satellite communication
protocol are focused on normal operations in channel
without errors. Contention—based time division multiple
access protocols have good performance in application
such as very small aperture terminal (VSAT) (1], (3] from
medium to heavy traffic when the channel is error free.
For the protocol to operate in a channel which may
contain errors, a modified protocol is proposed as follows.
Let M be the number of users, F a positive integer such
that (F—1)slots < round trip propogation delay< F slots,
and N=[M/F) the smallest integer greater than or equal
to M/F. The frame structure shown in Fig. 1 consists of
three parts:

a)Reservation Subframe: It is used to reserve the
number of slots in the variable subframe. Each user has
one m—bit vector to reserve the number of slots to be used
inthe variablesubframe

:(}Fixed Subframe: Users of the same group share
one fixed slot. If more than one user in the same group
transmit in the shared fixed slot , a collision results. The
length of the fixed subframe should not be shorter than
the round—trip signal propogation delay, this is to
guarantee that the slot assignment for the variable
subframe can be done properly.

¢)Variable Subframe: If a user transmits his data
packet in the fixed subframe and encounters a collision or
his transmission in the fixed subframe succeeds but he
still has more data packets waiting for transmission, he
will have to use the variable subframe. The number of
slots occupied by this user of course is determined by the
content of his request issued in his reservation vector.
Also shown in Fig. 1 is an example to demonstrate the
observations of the protocol. Assume specifically M=23,
F=3, N=8, m=3 and in the enlarged reservation

_ subframe j (1<j<3) is used to denote group j. Suppose at
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the beginning of the current frame, Ul.l’ U 41 and Uy 4

has one, three, and two packets waiting for transmission
respectively. From Fig. 1, we observe U1 T U 4l and

U, gintheir reservation vector set (001), (Oil),ana (010)

res’pectively. Alsoweseethat Uy | andU, collidein the
3 7

first slot while Uy 4 has a successful transmission in the

third slot of the fixed subframe and the second slot is
empty because there are no packets from group 2. In the
variable subframe U1 1 and U 41 tonsume one and three

slots due to their collisionin the fixed subframe. However,
Ugg needs only one moreslotin the variable subframe.
k)

In principle, slot assignment should be
determined using both the information carried in the
reservation subframe and the condition (empty, success,
or collision) detected from the corresponding slot in the
fixed subframe. If channel is noiseless the condition in the
fixed subframe can be determined unambiguously from
the contents in the reservation subframe. However, slot
assignment is definitely disrupted by channel errors.
First, the condition in the fixed subframe can nolonger be
deduced  alone from  reservation subframe
unambiguously. Second, the number of slots assigned to
any particular user may not be the same as it originally
requested. How does channel error affect the performance
is the subject to be studied in this paper. But when
channel error occurs, we have to first modify the protocol
so that slot assignment can still be done jointly using the
information carried in the reservation subframe and the
condition in the fixed subframe. The frame structure of
the modified protocol is sketched in Fig. 2. Compare with
Fig. 1 we observe that the four arrowed reservation
vectors are in error. Since the status (collision, success, or
empty) in the first slot of the fixed subframe is not yet
available when the fixed subframe ends, we have to first
invest a time slot, denoted by V1 in Fig. 2, in the variable

subframe. In other words, the variable subframe now has
at least one slot. In order tomake better use of the channel
resource, V 1 is used as follows. Let Fi denotetheithslotin

the fixed subframe, we always let Ul,l use V, and the
other users in group 1 use F; (Notice that in Fig. 2, Ul,l
transmits in V, and U 4,1 transmits in Fl') Therefore if
Ul,l indeed transmits in V, its success is guaranteed.
Additional slotsin the variable subframe assigned to Ul,l
are determined from the observed Rl 1k thereservation
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vector of U; 1 InFig.2,U 1,1 only uses V, inthe variable
subframe since the observed R1 1k is one The status in
F, belongstooneofthe followmg

1.1) F is observed to be empty. In this case, it can
be concluded that eachof U2 1 UN 1 has no packets to

transmit and requests no slots in the variable subframe no
matter R 1k isinfact correct or not.

1. 2) F is observed to be successful. In this case we

assume that the identity of the user who actually
transmits, say U. j,1ocan be determined from the observed

contents of the packet Then only the observed R. i1k is
used for slot assignment. In an 2 Fy is used by i 41
although theobservedR 41k

1.3) F, is observed to contain a collision. In this
case the observed R, | i's are used for slot assignment in

the variablesubframe.
Asfor group j>2ifthestatus of F. is available when

all the preceeding groups have finished their use of the

variable subframe then no extra slot has to be appended

and slot assignment for group j can be explained similarly.
In Fig. 2, V, is an appended slot but wasted since

U1 oisinactive and thestatus of F, isempty therefore the
reservation vectors R1 2.k and R3 2k T ignored. The
success status of F3 1mpl|es that the only active user in

3i dof R d.
group 3is U2,3 andofcourseRy 4 | isagainignore

II. Analysis

Assumptions

1)The only effect of the channel error is on the
content of thereservation vector. The data slots are not so
critical as the reservation vector and can also be corrected
by the upper layer protocols [2*.

2) The condition of a slot in the fixed subframe is
empty, success, or collision and is always correctly
received.

3) All the network users observe identical channel
conditions.

4)The input to each terminal is assumed to be a
Bernoulli process. The input process to different
terminals are assumed to be independent.

5) Each user has an infinite buffer.

II.1 Transient—State Anblysis
Qli), jj k- queue lengthof Ui, j at the beginning of frame
k

Ql QK :queuelength of U, ;attheendof framek
Al K :number of packets arriveat U m framek

RP. . ik : number of residual packets of U i .inframek
1 K :number of slots used by U
m: number of bitsin areservati 1on vect or

d=2"-1: maximumslots reserved per user
slotb: number of bits per slot
L, :lengthofframek

N.

=length of reservation subframe+ 21 21 i
J —_— l W
N j

F
=m*M/slotb+2 E L .
j=li=1 L,
F N.

j
vY% X L k+F
i=liz1 b
d,ifx>d

cd(x)= x,if—d<x<d
—d,ifx¢—d .
P : the probability that abit isin error and all bit
errors areindependent
e(x-y): the probability of changing x to y under bit
error probability Pe» where—d<x,y<d.
Physically e(x—»y) represents the probability of
changing an issued request to the observed request, e.g.

e(x~y)=p, (x’y )(1 - )m'd(x’Y) in  particular

‘ e(qu>=(1—pe)
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Lijk
Due to our modification in Fig. 2, we must divide

users into three categories and treat them differently.
They are {U; 1} {Y J,J)?} and {U; . 1>2} ForU1 jwe

construct the followmg recursive relatxons

¥ PQY ., =q)
q=0 i,jk

[e(cy(a)-0)+e(cy(a)+
1)],¢=1
e b
E P(Ql 1k=q)e(cd
l) 02
Now consider L, ik for ]>2 Let A. be the event

that an extra slot has to be appended for group j and will
be used by Uy L . Fig. 3 sketches the possible events which

lead to Ll =1 under A Traverse from the root to any
of the leaves repr%ents one of such events. The

(l)P(Ll’l’k=0=

corr&cpondl iprobablht y can beobtained for

L i =1 ) Through similar procedures we can
obtain theprobabilityfor P(L1 j =1 |Kj).
Finally wehave

(P(Ly ; =O=P(A)PL, |, =tIA)
+PE)P(L,  =tK)

where P(A.) and P(A.) will be obtained later. The
detailed  derivations of P(L; jk=1,’|Aj) and

P(Ll.i,k=l| Kj) will beshownin [4].




As for P(L k—l) with i#1 we proceed as follows.
Define U ={U; g ’UN J}, the set of users in group j.

Then
(3)P(L; ,j’k=0)=P(Na(UJ“{U 1)) >1)P(Q k=0)e(0“

0)+P(Na(U.)=0)+P(N (UU; = l)P(Qle_0)+
P(N,(U~{U;, })>0)*2 P(Q} k= Deleg(a)-0)
(4)P(L]Jk—l) =P(N,| (U (U, J})>2)1>(Ql x=0e(040

+E P(Q k—‘l)e(cd(Q)"[) £21

where N
P(Na(Uj—{U 1>0)=1- 11 P(QSJk_)
s#l
)
P(N,({U;HY; Po=1- n P(Qg’j,k:())
s#l
Nj )
- L PQs >0
s#i

In numerica.l calculations we start from k=1 and
assume Q 1=0 for all i and j. From this set of initial
condmons we can proceed to compute the distributions of

and Q and thenL. ., and Q
forth until they converge
jK
We use WF. X to denote the number of slots

wasted by group jin the fixed subframe. The waste is due
to either collision or no one uses it.We have

P(N "{Ul 1}) =0)+

so on and so

1,j,2 i,j,3’

P(Na(Ul“{Ul’l})ZQ)’j=1

()W, =)= {P(N,(U)=01+P(N,(U)22)

>1
Now P(A .)can beobta&ned as follows.
1 N
(6)P(A) P( E )3 L[sk—(J—l— E WFs W=

(T P(A)=1-P(A)

WV, .y

WV denotes the number of slots wasted by
1Jy

Ui j in the variable subframe. The waste of course is due to
overreservation of slotsin the variable subframe. We have

fori=1,j=1
d—1 b

EIP(QLI ,k=‘1)e(q_'
a+1)+P(@} | =0)
[e(0-0)+e(0-1)]

w=1

d—w
(BP(WV, | =w)= qEIP(Q?’1,k=Q)e(Q*

-oq+w)+P(Qt1’,1’k=0)

L e(0~w),w>1

Now for i=1, j>1, through similar reasonings we
have

(OP(WV, ;  =w)=P(A)P(WV) ;\ =w| A)+P(R)P(

WV Jk—w|K)
In general fori#l,j>1 weha,ve

d—
(10) P(in,j,f‘”):qi . P(Qi k= e(aatw)
+P(N(U[-{0 2R =00 w21

_

Let Ly be the length of frame k expressed in

number of slots. Ignoring the length of reservation
subframe wehave

F
(11)Lk(z) [2 S)L (z)][ ) WFJ l((z)]

Al,hk
We use A ik to denote the number of packets
arrivingat the queue cof U, ;in framek. Then
(12) 1Jk(z) L (1-g; +a] Jz)

RP],],k
Let RP, iLjk denote the number of packets among
Qtl) Jk which have not yet been transmitted by the end of
framek, i.e. the number of U; i 's residual packetsin frame
k. Clearly,
_ab +
UBRP; 5 =(Q5 3L i)
Where (x)T=x if x>0 and 0 otherwise.
Qi ik
Qb X has been used to denote the queue length of
U. Ja.t the begmnmg of framek. Clearly

(14) Qi ,jvk( )—RPi’j’k_l(Z) i,j,k—l(z)



I1.2 Steady—State
In numerical calculations, steady—state values
can be obtained from the given initial conditions, say

L,=F+Fand Q} ;,1=0for alli,j by iteratively applying
W

the recursive relations constructed in (1)—(14) and the
values should converge when k becomes big enough.
Let D; j be the delay of a packet generated by U; i

Di, i canbe de(;omposed into waitingtime Wi, j andservice
timeSi’.,i.e.

(15) Di,j=Wi,j+Si,j

In the sequel we shall use Xi, j to denote the steady—state
value of the random variable X.

i)k’
Intuitively, E(Wi .) canbewritten as
(16) E(Wi,j)=E(LJ)/2+E(RPi’j)/oi’-
To derive E(S; j) we define several additional

notations as follows.

ie. Xi,j=ll(_i’l:: Xi,j,k'

(17) V., = the average number of data slots in the variable
subframe occupied by group j

N;
=2 E(l; )-1-WF

(18) Gj': the average number of data slots in the variable

subframe occupied by the users of group 1 to group j—1
plusthelength of the fixed subframe
Y g

Uy
=X V.+F
j=t

(19) ﬁi P the average number of data slots occupied by

V1t
i—1

=i|£1E(Li'aj) .

(20) X, ;=an indicator random variable for which X j=1

if Ui i c(7)llides withother users, otherwise0. ’

(21)C; {=PIX; =1]

0,i=j=1

P(Na(Uj_{Ul’pUi’l})Zl)a i#1,j=1

PN, (U—{U; j})21), i1
=13 b _ =
(22)ai,j(q’[)_ll(_l’{:P(Qi,j,k—q’Li,j,k 0

1ifx>0
(23)u(x)={

0ifx<0
24)E(S, ;)= L $ Sa

T pab _m g
(24) E( 11) l—P(Ql l=0) o121 171((1()

2

[W(+1-0)(F+(q+1)/2)+u(a-O(F+(+1)/2)]
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_ 1 [ [} '
(25)E(Sl’j)_m{P(Aj){qEllzlal’-](q’m(u
(er1-q)(ie; FHa-T)(F+i) +a(a-1)/2)/a

+u(q-f) (e, JFHE1)(F+)+461)/2)/ )
HIPAP( E L (0010 +a 1T,
+a(a-1)/2+¢ (Gyta))/atu(a-(+(E1)G+A
)/2+Cl’j(§j+f—j))/l_|}},j>1

1 [« ] [+ 1]
26)E(S. .)= T ¥ oa (q0u(t++1
(B)E(S; 1-P(Q] j=0){Q=ll=Oa"J(q[)[u( T

Ji+Ha 1)@, D+Ha(a-1)/2+¢; (G, +a)/

Gu(q-O)(+ ()G, +Le-1)/2+4¢; (G, -+
/g1

III. Numerical Examples

Presented here are some representative examples.
In the following examples we consider a uniform system
with M=20 ,m=3 and F=4, ie.
61,1_"'_65,1_01,2_“‘_”5,4_0/M'

Fig. 4 shows the variation of the average frame

length T, versus k with Q¥ 0=0 for all ij with p=0.1
0=0.3 and 0.9. The pur’pose of this figure is to

demonstrate how fk converges toits steady—state value.

Fig. 5 shows the steady—state expectation of the overall
average of queue lengths at the beginning of a frame, i.e.

Q:(.E.Q'i j)/M in which Q; j denotes the steady—state
l,J 2. 9

expectation of Q; i In Fig. 5 Q is plotted against 0. each

curve in Fig. 5 is labeled by a number which is the
corresponding value of Pe: Fig. 6 shows the effect of

channel errors on the delay performance of our protocol,
ie. D =(ED; j)/M versus o. Fig. 7 is used to show the
l 9

averageof ‘the total number of wasted slots per frame. The
improvement achieved via error control codes is

illustrated in Figs 8 and 9. For simplicity we only plot D,
the most representative performance measure, versus ¢.
The results in Fig. 8 and 9 are obtained solely from
computer simulations. Results of Q, TW, which show
consistent trends have also been obtained. In Fig. 8 we use
the simple repetition code while in Fig. 9 the famous
BCH(n,k,t) code is used. The protection against channel
noise via coding is done only for the reservation subframe.
When repetition code is used, each reservation vector is
repeated r times. The value of r in Figs. 8 is 7. When BCH
code is used the coding is done at once for the entire
reservation subframe. The values of (n,k,t) in Figs. 9—10
are (127,64,10) and (511,67,87). The value of k in each of
those two sets is good enough to accommodate a system
whose M=20 and m=3 since Mm=60. We witness that




BCH codes offer better improvement over repetition

codes at the expense of more overheads. In particular

channel errors are almost all corrected when k- ONE FRAME -~
BCH(511,67,87) codeis used. /\'>

IV. Conclusions > Yas Ui Uss

Based on the protocol considered in [3] we have %

' FIXED ’ ' VARIABLE
proposed amodified protocol which can work properly for SUBFRAME 1~ SUBFRAME
anoisy channel. Another major contribution of this paper
is to derive the results, although in recursive form, of the
key performance measure. The validity of these results
has not only been verified by computer simulations; but
also supported by those intuitively reasonable trends 1 TTTTTT
demonstrated in our numerical calculations. In addition, [Fl [ 1
the trends demonstrated in our numerical calculations .| "' l’ L
are intuitively reasonable which provides a further [ RESERVATION -
justification of our results. SUBFRAME

2
1T T
11T T
[ IBE|

References
[1] D. Chakraborty, "VSAT Communications Net works—
11\\/1“ Overview," vol. 26, no. 5, Communications Magazine,
2]3{“1%?8“3“5, "Time server in Advanced Automation Fig.2 Frame structure of the modified protocol
AreaNetwork,"

North—Holland, Computer Standards & Interfaces 8
1988) CS100361

3] Tsai and J. F. Chang, "A contention—based TDMA
techniquefor data transmissions

through satellite," IEEE Trans. Aerospace and
Electronic Systems, vol. AES—23, pp.

509518, July 1987. N fUsy oo Uns] =2
B] L. S. Liang and J. F. Chang, "The Effect of Channel e
rrors on the Performance of a Contention—Based
TDMA Protocol," Technical Report, National Taiwan
University, Taipei, Taiwan

—+——root

Ce(q) >~ 1

0+0 leaf 4
0+1
leaf 1
1 J
N.(4)=number of users in ¢ whose Qux >0
a-—=b change of reservation differential from a to b
ONE FRAME
"- -l Fie.3 The events which lead to Lij =1 under Aj
L
_-ku.-lluu.(.-x.|-xx-|-|1-
E o=0.9
}.._ RESERVATION _.{ 150 F Pe =0.1

SUBFRAME

% CONFLICT
77
SUCCESS ;P“ oos
D EMPTY E o b e e e s

0 k

800 1200 1800 2400

TP TUTY  PRTTIITTVI FTITI ONTTI SYTTUISETIOATL 1T

Fig. 1 Frame structure of the protocol considered in [3] Fig. 4T, vk p,=01

376



Q D

o T L T T [ T T Y T T T Y YT T T [T T T T T T T T

LB LI BRI R SRR B AL L L B B L

r=7

20

Py=0.5

200

LB L L N B e
ARV IS FREEE FNNNS PURTE PR

)
o

LLLL M LA Ll LA L naa g

=]
»
easlanneleanglsns

=g

0.5

Fig5Tvso Fig. 8 U vs & under repetition code r=7

D

-]

LS SR LA SRR LA LML B IR IR IS

AL L B B0 B A L B 00

500 BCH(127.64,10)

5600 ¢ Simulation

850 0.4

Po=0.5 260

0.3

200 0.2

0.1

ARERI L2200 LAALELARL) LLLE) LALAN LLRES LLAR) LELDY LARE) LARL)
Lovasley

LIRS Mty LU LAl RS SALAS LLARN LALLM RaLL) Lisas g
[ FPTCUPTYTY IYTTY IVSTYSUTTAITYSE FVTA FYTTY POTTI IYTTY ITY

0.0,
[3] = 0.
s oo s o s AP AT EERY b gaalaag

0.5 0.5

v
T
TerT
[d
o
I

Q
o

BCIH (127,64,10
Fig.6Dvso Fig. 9 IV va o under BCH code ( )

3
o

|

LI I o e L L L L B LRI BLELELLE R AL

80
o Simulation

BCH(511,87,87)

250

nnbanlien

[ FESWE FENTY FUTRE FYUTY ARUTURTNTY INUTS FUTES FUTY

Liastis

Pe =0.5~ 0.4

AR LA LA RARA) RAAA) LEAA) LAY LARRT MALL tatba Ll

ITETY
TITT
ITeT)

PR v os s Wl N A PR

MEETE NS NS W RN RN RN TN RS WS W o

0.5 0.5

Fig. 7TW vs o Fig. 10 D' vs o under BCH eode BT (511,67.87)

377




