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Synchronous  and Channel-Sense Asynchronous Dynamic 
Group-Random-Access Schemes for Multiple-Access 

Communications 
IZHAK RUBIN, MEMBER, IEEE 

Abstracr-Adaptive random-access schemes are  introduced  and 
analyzed  to  provide  access-control  supervision  for a  multiple-access 
communication  channel.  The  dynamic  group-random-access (DGRA) 
schemes  introduced  in  this  paper  implement  an  adaptive GRA struc- 
ture. An active  terminal  transmits  its  ready packet at  random within 
the  next specified time  period.  Colliding  packets  are  retransmitted  at 
a random  slot within the next time  period.  The  duration of each time 
period  is  dynamically  determined  in  accordance with the observed 
state of the  channel  during  the  previous  time  period.  Synchronous  and 
carrier-sense  asynchronous DGRA procedures,  the  latter employing 
collision detection  and/or idle detection,  are considered. The schemes 
a re  shown  to  exhibit good delay-throughput  characteristics.  The  car- 
rier-sense ADGRA/ID scheme, employing  idle detection, is shown to 
yield superior  performance  to  that  exhibited by other  carrier-sense 
schemes,  over a wide range of operational  parameters. 

I. INTRODUCTION 

R ANDOM-ACCESS schemes have been widely used and 
considered for  implementation as access-control disci- 

plines, coordinating  and supervising the sharing of a multiple- 
access communication  channel. Applications  include packet- 
radio networks, local area networks, cellular-radio  local 
distribution systems,  satellite communication  networks,  and 
computer  communication  networks [ I ]  , [3] - [ 191 . 
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Random-access  schemes  employ distributed  control al- 
gorithms to  control  the access of a message into a multiple- 
access communication channel.  Terminals gain access into  the 
channel on a nonexclusive (contention) basis. As a result, 
different messages may be transmitted (partially or  com- 
pletely) simultaneously in  time, resulting  in  a  destructive 
collision (as recognized by a return feedback channel, such 
as that provided  by  a  two-way  broadcast channel,  or by an 
acknowledgment scheme). Colliding messages are scheduled 
for retransmission  by their respective terminals after a random 
delay. 

Fixed  random-access schemes employ a  nonadaptive access- 
control  structure. The latter does not change  with the  state 
of the  communication  channel. Such  a procedure can be 
carried out in  a synchronous or asynchronous  fashion. Ex- 
amples are nonslotted  and  slotted ALOHA [3] and group- 
random-access (GRA) [ I ]  schemes. In turn, an adaptive 
random-access procedure  employs an access-control function 
which dynamically adapts  its  structure  to  the  state of the 
channel. For  that  purpose, terminals  typically use channel- 
sensing operations, enabling  them to  determine  at each time 
whether  the  channel is idle or busy, as  well  as to  determine 
(or  estimate directly by listening or indirectly by software) 
the  occurrence of collisions across the channel.  Examples 
are provided by tree  and stack  random-access procedures 
[4] , [5] , [ 151 , [ 191 , carrier-sense multiple-access (CSMA) 
schemes [IO] , [ 1 I ]  , [ 131 , [ 141 , hybrid disciplines [ 121 , and 
a multitude of other adaptive  access-control  schemes [5]  -[9], 

In this paper, we introduce  and analyze  adaptive  syn- 
chronous  and  asynchronous group-random-access schemes 

~ 1 6 1 ,   ~ 7 1 .  
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[18]. (These schemes constitute a  subset of a general fam- 
ily of multipriority-based DGRA schemes developed by I. 
Rubin  for  IRI  Corporation.) We present distributed dynamic 
schemes that  exhibit highly efficient delay-throughput per- 
formance  operation  for various channel  acquisition delay 
levels. These multiaccess  schemes are a derivative of the group- 
random-access  (GRA) discipline presented in [ l ]  . According 
to  the  GRA  procedure, time  periods  are  recurrently  specified, 
for each group (class) of network terminals for  the transmis- 
sion of the group messages (packets). An active terminal 
transmits  its  ready  packet  at  random within its  next  period. 
Colliding packets  are  retransmitted  at a random slot  within the 
next  time period. As shown  in [ 11 , the  GRA scheme exhibits 
delay-throughput  performance characteristics similar to those 
obtained  by  the  slotted-ALOHA  procedure. As for  the  latter, 
the  GRA scheme  requires the  incorporation of a proper  flow- 
control  procedure to stabilize its  throughput behavior. 

In this  paper, we introduce a new class of random-access 
procedures-the dynamic  GRA (DGRA)  schemes.  A  DGRA 
scheme implements  an adaptive GRA  structure.  The  duration 
of each time  period is dynamically determined in  accordance 
with  the observed state of the channel  during the previous 
time  period. In particular,  the  number of transmission  slots 
allocated to  each  period  are  set in proportion  to  the  number  of 
collisions (or  the  number of slots  experiencing collisions) dur- 
ing the previous period. This induces  an adaptivity function 
which is simple to  implement,  and does not  require  the storage 
and  manipulation of a previously observed set of state vari- 
ables  (as required by  certain  tree-search-based  algorithms). 
The  framed organization of the  GRA  and  DGRA schemes 
makes  them specially suitable for  accommodating  hybrid 
access-control  schemes for  integrated services digital net- 
works. 

We first  introduce  and analyze  a synchronous DGRA 
(SDGRA) procedure. Under  this  scheme,  a  system synchro- 
nism is attained, so that  packet transmissions start  at recog- 
nized  time-slot  marks. We show such  a  scheme to yield  a delay- 
throughput curve similar to  that  attained by  a GRA  or a 
slotted-ALOHA  scheme,  but  in  contrast to  the  latter,  to 
induce a inherently  stable  operation. Since the  time interval 
between  the  termination of a  DGRA period  and  the  start 
of a subsequent  one can  be made to  be longer than  the system 
propagation  delay,  the  DGRA scheme  can  be employed  for 
satellite communication systems, as well as for local distribu- 
tion  and local  area communication  networks. I t  serves as an 
efficient  synchronous random-access protocol  which is both 
inherently stable and simple to implement. 

It is noted  that  the SDGRA procedure is similar to  that 
used by various other random-access  schemes  which do  not 
employ  the group/transmission-period structure;  for  example, 
in  considering  adaptive  schemes such as those  termed in [ 151 
as ALOHA with  control schemes,  where  a message retrans- 
mission takes place in a slot  with  probability p ( n ) ,  where n 
denotes  the  current  number of backing packets.  It is fre- 
quently assumed [15] that p ( n )  = an-’, for large n ,  as 
shown  here  for  the  SDGRA scheme. Such adaptive  schemes 
have been  investigated also in [6]  -[9] . In comparison,  note 
that  the  DGRA scheme employs a dynamic  recurrent  period 

structure and uses the number of collisions (of packets  or 
slots)  in  a  period as the  control observable. 

We then  introduce  and analyze asynchronous channel- 
sensing DGRA (ADGRA) disciplines, involving idle-detection 
(ADGRA/ID) and collision-detection  (ADGRA/CD)  opera- 
tions. The ADGRA protocol integrates additional channel- 
sensing operations  with  the DGRA procedure.  The channel- 
sensing function  permits each terminal to  detect (within proper 
time delays): 1) termination of a successful message trans- 
mission; 2 )  termination of a collision burst; 3) channel idle 
state.  The  number  of transmission bursts (“slots”) in a period 
is adaptively determined as for  the DGRA  scheme. A terminal 
selects a  transmission slot  for  its (new or  retransmitted) 
message as specified by the  DGRA  protocol.  Each active 
terminal then senses the  channel  to  determine  its  turn to 
transmit  within  the underlying period.  Thus, a terminal  which 
has  selected the  kth. slot within  a period will sense the  channel 
to  determine  the  termination  time of the  (k - 1)st trans- 
mission “slot,”  at which time  it will initiate  its transmission. 
Note  that such  a “slot”  may  contain a successful (variable- 
length) message transmission,  a collision (multimessage trans- 
mission) burst,  or  it  may be  idle. In the  latter case,  employing 
an  idle-detection  operation,  the  “slot” can be terminated 
after a time  period  equal to TI. Such a procedure is employed 
by the  ADGRA/ID scheme. If in addition  the colliding termi- 
nals are equipped  with collision-detection capability,  they can 
detect collision, and subsequently they will abort transmission 
upon sensing collision. As a result, also incorporating  the  time it 
takes  for all the  net terminals to  detect  the  termination of 
the collision burst, a  collision slot  would  then last for a period 
of time  equal  to rC. The  ADGRAlCD  scheme thus  incor- 
porates  such a  collision-detection operation in addition to  the 
idle-detection  procedure described  above. 

In assessing the  performance of such asynchronous multi- 
ple-access schemes, the timely operation of the channel-sens- 
ing function becomes of key  importance.  The efficiency of 
this function critically depends  upon  certain  equipment/ 
channel delay factors. These factors are incorporated  in  our 
performance analysis. Such  a factor of key significance is the 
channel acquisition time  delay,  denoted as t, = aT where T 
represents  the average message transmission  time. The  factor 
ta expresses the  period of time measured from  the  instant 
that a terminal  initiates a  transmission of its message to  the 
time  that all terminals in  the  net (i.e., sharing the multiaccess 
communication  channel) recognize that  the  channel is busy. 
The acquisition time delay  includes  delay components  such as 
terminal  turn-around-time (tta, so that a half-duplex  ter- 
minal can  switch  from  reception  to transmission mode), 
transmitter/receiver attack-times (tta, to  permit  the  transmit- 
ter and receiver to reach  the  proper  output power levels), 
synchronization preamble time delays ( fsp,  for  bit  sync, 
encryption sync), processing delays (tpr), and  propagation 
delay  across the  medium ( t p ) .  Thus, 

f a  zz t ta  + tat + tsp + tp ,  + t p .  

It is noted  that  the  time  required  under  an  ADGRA/ID  scheme 
to establish that a “slot” is idle is thus equal to f a ,  so that 
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a1 rz/T = a. The time delay representing  the  time  it  takes 
for all net  terminals  to establish that a  transmission  burst has 
terminated following its  actual  termination, so that  the  chan- 
nel state changed from busy t o  idle, is denoted  by tgr.  This 
parameter involves delay factors (whose levels may  depend 
upon  the burst being single-message or multimessage) such as 
channel signal detect  time ( t s d )  and  propagation delay (tp). 
We incorporate delay factors tu and tgI into  the ADGRA 
"slot" period. 

The ADGRA schemes  can be applied as efficient  protocols 
for local distribution  networks (LDN's) and  for local area 
networks (LAN's). Local distribution  networks span medium- 
range ("local-loop") regions. Cellular-radio  regional networks, 
packet-radio  networks, mobile radio  networks, military 
communication  and C3 radio  nets,  and  data-termination-sys- 
tems serve as examples. For LDN's, in particular  when half- 
duplex transceivers are employed, we have tp  4 tu, tgrl,g tu 
(the  propagation delay is equal to  a fraction of a  millisecond, 
while other delay factors become dominant); a relatively high 
a = a1 level is prescribed. We show the ADGRA schemes to  be 
specifically efficient under these conditions. Local area nets 
span a much  shorter range over less noisy communication 
channels, and  many times they involve full-duplex  equipment 
inducing less channel sensing and processing delays. Under 
such conditions, t, becomesa  more significant component  of tu 
and t g I ,  and lower ff = az levels are attained. We show the 
ADGRA schemes to be also  efficient  in this range. 

The following  results  are attained. 
1) The DGRA schemes  are shown to  yield an  inherently 

stable operation  when a proper period-length adaptation  func- 
tion is implemented  and  when  the  number of message col- 
lisions per slot is known. The delay-throughput  operation of 
the DGRA schemes is shown  to be virtually the same when  the 
channel observables consist  of just  the recognition of slots 
in  collision.  (In the  latter case,  an  admission stability  control 
as in [ l ]  can be employed,  without  noticeably affecting the 
scheme's delay-throughput behavior.) 

2) The  delay-throughput  performance analysis of SDGRA, 
ADGRA/ID, and ADGRA/CD schemes is carried out. 

3) Under an SDGRA scheme,  the  maximum  throughput 
is c"" = e-' = 0.368 under Poisson traffic statistics. For a 
Bernoulli batch arrival process with  mean  batch size b,  we 
obtain c"" = 1 for b = 1 ,  and 0.3107 < c"" < 0.5 for b > 1 .  

4) For  idle-detection  time delays a1 (normalized  by the 
packet transmission time) in the range 0 < a1 < 1 ,  the 
ADGRAlID schemes  yield  a maximum  channel  throughput 
C" given by 

0.368 = e-' < C* < 0.806. 

Under  lower az levels, the ADGRA/JD is also shown to  yield 
superior delay-throughput  performance curves. For  example, 
this scheme is  shown  to yield  a  superior performance  to  that 
attained by  a  CSMA/nonpersistent  scheme [6] for az > 
0.02. Such higher a1 levels are  typically encountered in many 
packet-radio  and local distribution  situations (in particular, 
when half-duplex  communication  modes are employed). 

5) For  the ADGRA/CD scheme, which  carries out idle- 

detection  and collision-detection operations  within a time 
period  (normalized  by the  packet transmission time)  equal 
to a, 0 < a < 1, the  maximum  channel  throughput C* is 
given by 

C* = (ea + 1 -a)-' 

and thus varies between 1 and e-l as a varies from 0 to 1 .  
The system model is presented in Section 11. The SDGRA 

throughput  performance  and message delay analyses are 
carried out  in  Sections I11 and IV, respectively. Carrier-sense 
asynchronous DGRA procedures are presented  and analyzed in 
Section V. Performance  curves are given and  conclusions 
drawn  in Section VI. 

11. THE SYSTEM MODEL 

A multiple-access communications  channel is shared  among 
the  network  stations.  The  number  of  network  stations is 
typically large. A station would have a single outstanding 
message at a time wishing to transmit  this message across the 
communications  channel. A message is considered to be of 
fixed  length, containing p-' bits/message, and thus is also 
termed as a packet. Messages are transmitted across the  chan- 
nel at a rate  of R bit& so that a message (packet)  trans- 
mission time is equal to  r = (@)- ' s/packet. 

Under  a synchronous access-control  scheme, time is divided 
into  time slots,  each  of duration T seconds.  Each station  can 
recognize the  start  times of the slots.  Scheduled packet transmis- 
sions  always begin at  the  start  of a slot. 

The message arrival process A = {A, ,  m 2 l} represents 
the  superposition of all new message arrivals at  the system 
stations; A ,  denotes  the  number of packets (messages) 
arriving during the (m - 1)st time slot.  The  distribution 
of A ,  is governed by the probabilities 

generating function (z transform) 

m 

and  moments A' = E@,'), A = AT. Under  a Poisson arrival 
process,  we have 

- 

P(A, = k )  =ak = exp (-X)Xk/k!, k = 0,1, .-. (2.3) 

The  synchronous  dynamic group-random-access (SDGRA) 
scheme is defined as follows. It is a synchronous scheme, so 
that  time slots  are  defined and recognized as indicated above. 
Transmission time periods are defined. The nth period P,, 
n > 1, consists  of  a collection  of L ,  consecutive  slots. The 
(n + 1)st period (P,+'), of  length L,+l slots,  starts In+ 
slots  beyond  the  termination of P,. The  interperiod interval 
between P, and Pn+l (of duration  equal  to I,+, slots)  ac- 
counts  for  any  propagation delays, as well as for  the use 
of the  channel during  these  times for  other  information  trans- 
mission services. 
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Under the SDGRA scheme, a message arriving at  its  station 
during a  period P, (i.e., when  its full arrival is recorded  at  a 
start of a slot which is within P,) is immediately transmitted 
across the channel at  the  start of this slot (within P,). A 
message arriving in  the  interperiod  time between P, and 
P,+l is transmitted  within P,+l at a slot chosen at  random, 
in accordance with a uniform  distribution over P,+l. If more 
than a single packet is transmitted in  a  slot,  these packets 
are said to collide. Colliding packets are assumed here  to be 
lost,  and  thus  must be retransmitted. A station whose packet 
collided in  period P, will retransmit this packet within P,+l 
at a slot chosen at  random, according to a uniform  distribu- 
tion over P,+ . 

The following parameters  are  defined: 

M ,  number  of new packet arrivals in P, 
N ,  number of packets  transmitted over P, 
R,  number of packets colliding over P, 
C, number  of  slots experiencing  collisions over P, 
S, number of successful packet transmissions over P,. 
Similarly, M,(')), Nn(i) ,  Rn(i) ,  Cn(i), and S,(') are  defined 

as the  corresponding variables over the ith  slot of Pn. We also 
define Tnti) as the  number of packet retransmissions  sched- 
uled for  the ith slot of P,. 

We set I ( A )  to  denote  the  indicator  function of A ,  so that 
I ( A )  = 1 if A holds, andI (A)  = 0 otherwise. By these  defini- 
tions,  we have 

Ln+ 1 

R,  = x T n + l ( i ) ;  
i= 1 

Ln+ 1 

Note  that P(M,+l(i) = k )  =P(A,  = k) ,  each k .  

ically according to  the  relationship 
The  duration is determined by each  station  dynam- 

In actual  implementation,  the observables are typically {Cn, 
n 2 1) rather  than {R,, n 2 l};R, is then  estimated  from  the 
observed variable C,, and we employ 

The  delay-throughput  performance curves under these two 
observation cases will be noted  to be very close over the 
effective range of operation. 

111. THROUGHPUT PERFORMANCE OF  THE 
SYNCHRONOUS SDGRA SCHEME 

We consider the SDGRA scheme presented in Section 11. 
We assume the arrival process to be in  equilibrium and to 
consist of independent  and identically distributed  random 
variables {A, ,  rn > l} (so that a Poisson arrival process consti- 
tutes a special case). Since packets scheduled for transmission 
(whether new arrivals or retransmissions) within P,+l will 
choose  a  slot at  random in accordance with a uniform distri- 
bution over the  period,  we have for  each n,  k ,  j ,  1 

Since  expression  (3.2) is independent of k we have 

The  channel  throughput  index s expresses the (limiting, in 
equilibrium) average number of successful packet transmis- 
sions  per slot. By (3.3),  we  conclude 

Since 

we obtain  from (3.3) and (3.5) 

(3.6) 

The  expectation  in (3.6) is with respect to  the equilibrium 
distribution of M,. 

To gain insight into  the desired procedure  for choosing 
L,+l, assume first  that N,+ ,  is a priori known  to  the  net- 
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(3 .i 4) 

where h - - l ( N n + l )  = ~//Z(N,+~). It is readily verified that 
for N,+'(') = T , + p  +M,+1 ( i) 

for 0 < j < i. Also, 

to  be positive, it is sufficient to require 

where M,+ (4 expresses the  number of  new messages arriving 
during the (i - 1)st slot,  and  thus which  are  ready for trans- 
mission across the  ith  slot. Since T,+1 (i) and M,+' are 
statistically independent  random variables, we obtain using 

lim nh- ( n )  = CY (3.8) (3.14) 
n+-  

4i =P(Nn+'(k) = 118, = i )  
where (Y is a positive constant.  Substituting (3.8) into (3.7), 
we obtain =al(l  -f-l(i)>i+aoif-l(i)[l -f-'(i)]'-'. (3.15) 

lim E(S,+l(k)lNn+l = n ) =  lim (Y(1 -an-'>"-' 
By (3.2)-(3.4), we have 

= &e-&. (3.9) E(Sn+1 IR, =i)=f(i)qi. 

The limiting throughput in  (3.9) is maximized  by setting 
CY = 1 and  subsequently choosing 

E(M,+, IR, = i) = Xf(i) 

(3.16) 

(3.1 7) 

Under  period-length function (3.1 0), the  channel  throughput m 

[see (3.4)]  becomes X&A= Z k f Z k .  (3.1 8) 
k= 1 

s =E[(1 -N,-')Nn-1]. (3.1 1) 
Using (3.16)  and (3.17)  in  (3.13),  we obtain 

Since 
r i @ E ( R n + l  IR, =i)=i+f(i)(X-qi). (3.19) 

CY, =(1 -n-') '-? > e - ' ,  e a c h n > I  
For  the  channel  throughput  to reach  equilibrium so that 

and lin~,.+.~~~, = e - ' ,  we conclude  that  under L,+' = N,+,  
we have 

the system is stable (and  finite average message delays and 
positive throughput levels ensue), the following condition is 
imposed: 

(3.12) 

inducing  a  minimum throughput  index  equal to e-l. 
We have thus shown that given N,+ ,  it is most desirable 

to set L,+l = N,+,  , inducing a channel  throughput  index 
given by (3.11), which is not lower than e - ' .  However, it 
is assumed that {N , ,  n l} are not directly observed by the 
network  stations. Assume, rather,  that  the variables represent- 
ing the  number of  period collisions { R ; ,  n > 1) are observed. 
Then  we  set L,+l = f(R,). To  'evaluate  the  throughput be- 

lim rdi < l .  
i-t m 

We wish to  determine  the  form of the  function f that 
wdl  induce  condition (3.20), as well as derive the resulting 
channel  throughput capacities. This is established  by the 
next  theorem. 

i?zeorem 3.1: Condition (3.20) holds, so that  the  multiple- 
access communications  channel  controlled by the SDGRA 
scheme is stable if and  only  if.contro1  functionfsatisfies 

havior of the  channel governed by the SDCRA scheme alone, 
we also set I, = 0, each n .  lim f(i)/i = a (3.2 1) 

By (3.5) we have 
i+ m 

where a is a  positive constant  and provided the  input  traffic 
E(R,+1 IR,)=R, +E(Mn+1 IRn)-EECSn+l IRn). rate satisfies 

(3.13) h <C, (3.22) 
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where Ca is the  channel traffic throughput capacity when 
control  parameter a is used,  and is given by 

Ca =sup{h>O: X<(al +a,a-')exp(--a-')}.  (3.23) 

In particular,  under a  Poisson arrival stream,  we have 

ea = s u p { h > ~ :  X<(h+a-')exp(-X-aa-')} 

={x>o: x=(X+a-')exp(-X-a-')}  (3.24) 

so that  the  maximum  channel  traffic  capacity C* i s  given by 

C* =sup Ca = l /e.  (3.25) 

Proof: By (3.19) we conclude  that (3.20) holds if and 

a 

only if 

(3.26) 

If (3.21) holds,  then using (3.15)  in  (3.26) and  noting  that 

(3.27) 

we deduce expressions  (3.22) and (3.23). For a Poisson arrival 
process, we  substitute 

a,, = exp (-X), a l  = h exp (-X) (3.28) 

in (3.23) to conclude  result (3.24). Equation  (3.25)  for C* 
is then  obtained  by  noting  that x exp (-x) < e- '. 

For mijm f(i)/i = 0, we obtain l h ~ i + ~  ri/i = 1 ,  while 
hijm f(i)/i = 00 induces limijm ri/i = 7. 0 

Theorem  3.1  thus establishes that,  asymptotically  with 
R,, L,+l s h h d  be chosen as' a  linear function of R,; for 
example, 

where [x] is the largest integer  which is <x. Under  such a 
linear function,  the SDGRA  scheme is automatically  stable, 
provided the  traffic  rate  is less than  the  channel  capacity Ca. 

Under  a control  function f which satisifies (3.29) for X < 
Ca, the'  system is stable so that  the  throughput s (at  equilib- 
rium) is equal to  the arrival rate X: 

s = h .  (3.30) 

To  illustrate  the  throughput  performance of the SDGRA 
scheme under a  non-Poisson arrival process, we consider the 
following  example. 

Example (Bernoulli Batch Arrival Message Stream): Assume 
the  total system message arrival process to be characterized 
as a  Bernoulli batch  stochastic  point process. Thus, a batch  of 
messages arrives at a slot  (within a  period) with  probability 
p ,  0 < p < 1, while  a slot witnesses no arrival with probabil- 
ity 1 - ' p .  Arrivals are  independent  from  slot  to  slot.  The  nth 

arriving batch  consists of G, messages where { G n ,  n 2 1) is 
a sequence of i,i.d.  random variables governed by the dis- 
tribution 

and  mean 

m 

b = kbk. 
k =  1 

(3.32) 

We choose a control  function which satisfies (3.2 1). Since 

we conclude by Theorem  3.1 and (3.23) that  the  SDGRA 
scheme is stable  provided X < Ca,  where the  traffic capacity 
is given by 

Ca =sup{X>O:X<[pb, +(1  -p)a- ']  exp(-a-l)}. 

(3.34) 

In considering arrival processes with  fixed average batch size 
b,  the arrival rate variable X is expressed in  terms of the  traf- 
fic rate variable p by  the relationship 

h =pb .  (3.35) 

Using (3.35) to replace p by h in  (3.34), we  obtain 

Ca = {X > 0 :  X = [a-' exp (---')I 

*[1  -b- 'b,   exp(--a- ')+a- 'b-. '  

* exp (-K')]-'}. (3.36) 

The  maximum  channel  throughput  capacity C* where 

c* = sup ca 
a 

is obtained  from (3.36) to be given as follows: 

(3.37) 

wherex = a- is the  unique  solution  to  the  functional  equation 

exp (-x) = bbl-'(l -x), for bl > O  

and 

ii= 1,   forb,  = O .  (3.38) 

For b = bl = 1, at  most a single message can arrive at a 
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slot, so that clearly  a maximum  throughput  capacity of C* = 
1 is attained. In turn, if b > 1, we obtain  by (3.37) and (3.38) 
that 

C*<O.5, f o r b > l .  (3.3Yj 

The maximum  capacity C* approaches 0.5 as b  becomes closer 
to 1 (and  then ii-' approaches 0). Thus, if the  model describes 
Bernoulli batch arrivals where  normally the  batch  consists'of 
a single message, but  on rare  occasions multimessage arrivals 
can occur inducing b = 1,  we  attain C* % 0.5. For  example, 
for  bl = 0.999, b2 = 0.001, so that b = 8 1  + 2b2 = 1.001, 
we obtain Q-' = 0.06 and 

C* % 0.4847. (3.40) 

It is interesting to  note  that C* jumps  from a maximum level 
o f 0 . 5 f o r b > l t o C * = I a t b = 1 .  

To  obtain a lower bound  on C*, when b > 1, we consider 
the case where bl = 0. In this case, by (3.37) we have 

C* = e-'(l + b-'e-')-',  for  b, = 0. (3.41) 

the later  slot is designated as the slot  starting  the  next 
period if the message arrives in an  interperiod  duration, 
or as the slot  following the arrival slot (so that F,, = 
0) if the message arrives within a period 

W,, nth message waiting time, expressing.  (in  slots) the 
duration of the period from  the t i ke  of the allowable 
transmission slot following the message arrival to  the 
time that  the successful transmission of the message 
starts 

P message propagation delay (in slots). 
The 1 term  in (4.1) represents the message transmission time, 
which is  equal to  1 slot. 

The  distribution  of F, is determined directly from  the 
message arrival statistics and  the DGRA period  durations. 
Fi@r an i.i.d. message arrival sequence {A, , ,  n > l}, message 
arrivals are uniformly  distributed over any  time interval 'in 
equilibrium. We then  obtain  the  steady-state mean  of F,, 
to  be given by 

But, since under b, = 0 we have b > 2, we obtain = Eo(I + ... + l)/xEo(In + Ln)  

c* >e-'(l + 0 5 - ' )  = (e + O S - '  % 0.3107, 
= 1 2 (r + F)/X(j + E) (4.2) 

t 
f o r b > l .  (3,42) where Eo denotes  expectation  with  respect  to  the Stationary 

distribution,  and we define 
Thus, by (3.39) and (3.42) we conclude  that (e + OS) - '  1 
0.3107 < C* < 0.5, for b > 1,  under a Bernoulli batch arrival =Eo(Ln)7zk =Eo('nk), 

- 
(4.3) 

process. 
We note  that  throughput analysis under  the SDGRA 

scheme  with I, > 0 is carried out similarly. Relation (3.6) 
can  now be  employed,  noting  that M,,+' will represent the 
number  of new message arrivals during (Z,,+] + L, ,+ , )  slots. 
In  particular,  for a Poisson arrival process, M , + ]  is governed 
by a Poisson distribution, so that  the  channel  throughput 
utilization  during the  time  periods in which the channel is 
used by the SDGRA  scheme is identical to  that prescribed  in 
Theorem 3 .l. The same holds  for  any arrival process for whlch 
the arrival statistics  during the SDGRA periods follow the 
distribution ( a k ,  k > 0).  

or  as  the corresponding Cesaro-1 limits. 
It is noted  that assuming In to  be fixed  or  determined by 

R,-', say In = Y(R,,-~) while L ,  = f(Rn),  the  moments 
in (4.3) are  determined  from  the steady-state.distribution of 
the Markov chain  R = { R ,  n 2 1). In particular, if y and f 
are linear functions  of R ,  F in (4.2) is expressed in terms  of 

and $ where 

Rk   =Eo(Rk)  
- 

(4.4) 

and R' = E ,  or as the corresponding Cesaro-1 limits. 
- 

The  main delay measure'is  the message waiting time  com- 

IV. MESSAGE DELAY ANALYSIS FOR THE ponent whose  limiting mean  is  denoted as 

SDGRA SCHEME N 

We consider  an SDCRA scheme with a  period length  func- W = lim N-' EO(Wk). 
- 

(4.5) 
tion f satisfying (3.21) when X < C,. The message delay N + m  k = l  

measure D, expresses the  total  time (in slots) from  the  in- 
stant (slot)  of the nth message arrival to  the  instant  this We compute @ by using the  technique developed  by Rubin in 
message is successfully transmitted across the channel. This [ 1 ] and  [2] , employing  a Markov ratio  limit  theorem.  The  fol- 
delay variable is expressed as lowing result is derived in the  Appendix. 

Theorem 4.1: Under the SDGRA  scheme, for X < C,, the 

F,, nth message frame  latency, expressing the period 
duration (in slots) from  the message arrival time t o  
the  start time of the  next allowable  transmission slot; = {E,[R,(L, + Ln+ 1 + u n +  1 11 )I t 2 M  + Z)I . (4.6) 

[Xi + a 1  
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The mean average message delay is  given by 

O = W + l  + P + F  

where F i s  given by (4.2). 
The computation of ?? is then carried out by using (4.6) 

and by computing  the corresponding moments of the Markov 
chain R = {I?,, n 2 1)  or  the  joint Markov chain {R,, L,+ = 

f ( R n j , I n + l  = 7 ( R n ) 3  n 2 11. 
In particular,  if we use (3.29) to define f, we have 

Using (4.8), we obtain  from (4.6) the average message waiting 
time to be given as  follows. 

Corollary I :  For  an  SDGFU scheme with L,+ = f ( R n )  = 

- [K + aR,j , for X < C,, limiting average message waiting  time 
W satisfies the following  relationships: 

w(K - 1) <w < w(K) (4.9) 

where 

w(K) = [KEo(Rn) + $&o(Rn*) + 3 aEo(Rn-1Rn) 

+E~(R~~~+~)I/[~(E~(~~>+K+~EO(R~>I. (4.10) 

Thus, using (4.9) and (4.10), the average message delay is 
expressed directly  in  terms of the  first  two limiting moments 
of R = {R,, n 2 l}, in terms of the  correlation  function 
Eo(R,-lR,), and by Eo(R~+lIn+l) and r which depend 
upon  the  interperiod interval function. All of these moments 
can be computed through a simulation run of R by  itself, 
or  through numerical solution of the  corresponding  steady- 
state  functions. 

If the  channel is exclusively controlled by the SDGRA 
scheme and  propagation delays  are low, we can  set 

I ,  = 0, each n ,  with  probability 1 .  (4.1 1) 

Then  the results presented in  Theorem 1 and Corollary 1 re- 
duce  as  follows. 

Corollary 2: Under an SDGRA  scheme when X < C,, if 
condition (4.1 1) holds,  the message waiting t h e  and delay 
are given by 
- 
W = [Eo(RnCn)  + Eo(RnLn+ I ) I / ~ W O ( L ~ )  (4.12) 

D = W +  1 +P. (4.13) 

If in  addition we set L,+l = [K -t a R , 1  ,we  have 

I w(K 1) < W Q W(K)  (4.14) 

where 
- w(K)=X-!R+aVar(R,  +Rn_,)[4h(K+&)]- '  

(4.1 5) 

where =Eo(R,). 

Equation (4.15) well illustrates the  dependence of the 
message mean waiting time on the  mean  and variance of R .  
Further  note  that  under a GRA scheme L,+l = L = constant, 
so that by (4.12) we obtain 

- 
W = r 1 R .  (4.16) 

In comparison with (4.1 5), we note  that  the  DGRA  procedure 
induces  a lower E level, resulting  in  a smaller h-'R term; 
however, the statistical  variations of L ,  induce  the variance 
term shown'in  (4.15). 

V. CHANNEL-SENSE ASYNCHRONOUS DGRA 
PROCEDURE:  THE ADGRA/ID (IDLE- 

DETECTION) AND ADGRA/CD 
(COLLISION-DETECTION) 

SCHEMES 

The DGRA  scheme can also be implemented  on an asyn- 
chronous basis. As for  the SDGRA scheme,  the  terminal 
receiver is assumed to have channel sensing (CS) capability. 
Under the SDGRA procedure,  the CS capability was used to 
determine  the  number of colliding messages (or  slots)  in  a 
period upon which the  length of the following period was 
based. Slots were,  however, always of fixed  length,  starting 
at synchronized time  marks. In turn,  under an asynchronous 
DGRA  (ADGRA) procedure,  the  duration and location of 
time  slots is not  fixed,  but dynamically determined based on 
the ongoing channel  activity. Two  types of slot  adaptation 
mechanisms  are  considered (see also Section I). 

1) Idle-Detection (ID) Procedure: The  terminal receiver 
is able to  determine  the  channel  to be idle after a  listening 
period  of  duration 71; we set 

assuming 0 d aI < 1  where r is the average message length 
(or packet  length). 

2)  Collision-Detection (CD) Procedure: The terminal re- 
ceiver is able to  determine  that  the channel is in  a state  of 
multimessage collision, and  subsequently  abort  its transmis- 
sion after a  listening period of duration rc ;  we set 

assuming 0 < cyc < 1. 
The ADGRAIID scheme protocol is defined as follows. 

The scheme employs  the same access procedure as that dic- 
tated by the SDGRA procedure,  with  the following  differ- 
ence: upon recognizing (after  the  start of a slot)  the channel 
to be idle, the underlying slot is determined by all terminals 
to be of duration rI. 

The ADGRAICD scheme protocol is described as follows. 
The  scheme is governed by the SDGRA  procedure with  the 
following  difference: upon recognizing (after  the  start of a 
slot)  the channel to be idle or in collision state,  the  underlying 
slot is determined  to be of duration TI or rc, respectively. 
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In the case of an ongoing collision, the  transmitting terminals 
recognize  this state  and  subsequently  abort  their transmission 
within  a duration  equal  to T ~ .  (Such  a  collision-detection 
operation is carried out by the CSMA/CD scheme [ 131 , [ 141 .) 

The ADGRAIID scheme is of particular  interest in  applica- 
tions  to  many  packet-radio  and local distribution  networks 
(see discussion in Section I). In  such systems, we typically 
have T~ < T, and  the  idle-detection  procedure can be readily 
implemented. In turn, collision-detection operation  cannot 
many times  be  effectively  carried out  for these  systems.  This 
is particularly true  for systems  where the terminal  trans- 
ceiver operates in a half-duplex  mode. In these cases (which 
encompass  a  significant portion of the existing packet-radio 
and local distribution  network systems), the collision-detec- 
tion capability cannot be employed since a transmitting 
terminal is not able to listen to  its  own transmission, and 
subsequently it  cannot establish whether  it is currently in 
a collision state. In turn,  the  idle-detection capability is 
readily implemented. 

Furthermore, an asynchronous  operation is at many times 
highly desirable for  such systems. Additionally,  due  to rela- 
tively long turnaround times for  many such systems, the 
level of a1 is determined to be relatively high (e.g., 0.2 < 
aI < 1). Under such  conditions, we will show the ADGRA/ 
ID scheme to yield higher throughput  than  other carrier-sense 
schemes, such as the CSMA procedures [ 101 . 

Proof: See the  Appendix. 
The  maximum  channel  traffic throughput capacity CCD* 

under  the ADGRA/CD  scheme is  given by 

(5.7) 

The  throughput  performance of the key schemes of interest 
here is obtained as special cases of Theorem 5.1. For = 
oc, = 1,  the SDGRA  scheme  results, leading to  the results 
presented in  Theorem 3.1.  The performance of the ADGRA/ 
ID scheme is obtained  by  setting 

It is noted  that  the ADGRA schemes can accommodate 
messages of varying random lengths through  the use of the 
carrier-sensing procedure  for  end-of-text  determination. To 
compare  with  the SDGRA procedure, we continue to assume, 

The following  result is then  obtained  from Theorem 5.1. 

function satisfying (3.21) is stable  provided 
Corollary 5.1: An ADGRA/ID  scheme  employing  a control 

for  the following  calculations, messages (or packets) to be of 
fixed length. 

The  throughput behavior of an ADGRA  scheme  which 
employes  both  ID  and CD operations,  termed as an ADGRA/ 

X <C, (ID) 

where the traffic throughput capacity C,(ID)  is  given by 

(5.9) 

CD procedure, is  given by the following theorem.  The message 
arrival process at  the channel is assumed to be a Poisson 

C, ={X: exp(-A-a-')[l - ( I  -aI)exp(-~--a-')]-l 

process with  intensity of X packetdpacket  slot = AT-' pack- = ~ a [  1 - exp (-haI - a - ' ) ] ) .  (5.10) 
ets/s. 

Theorem 5.1: An ADGRAlCD  scheme  employing  a control  The  maximum channel  traffic throughput  capacity CID * under 
function which satisfies (3.21) is stable  provided the ADGRA/ID  scheme is  given by 

X < C, (CD) (5.3) 
C I D *  =sup  C, (ID) ={X: A = exp (.-X)[l -exp (-X)]-'} 

l l  

where the  traffic  throughput capacity C,(CD), when control 
parameter a is used, is given by so that 

(5.1 1) 

c, = {X: pX(ac - aI)  + q(1 + kaC h) - -  hac = 0)  (5.4) CID* 0.806465994 o.806. 0 

(5.12) 

To evaluate the  throughput  performance of an ADGRA/ 
where 

p = { q  [expC-h-aa'.'')-exp(---hac--a-')] CD scheme, we set 

.- exp (--ha1 - a- ' 1)- ' (5.5) The following  result is then  deduced by using Theorem 5.1. 
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1.0, 

0 1 2 3 4 5 6 7 e 9 10 
MULTIPLIER CONSTANT (a) 

Fig. 1. Channel  throughput  capacity Ca variation versus control 
multiplier  constant for SDGRA, ADGRA/ID, and ADGRAlCD 
schemes  under  various  and a y ~  conditions. 

cOrOllQ?y 5.2: An ADGRA/CD  scheme  employing  a control 
function satisfying (3.26),  for which aI = q = a, is stable 
provided 

X <ca (CD) (5.14) 

where 

c , (CD)={h: (Xo l+Q- ' ) eXp( . -ha-Q- ' )  

. [ l - ( (X+Q-')eXp(--h-Q-l)]- '  

= Xa(1 -+)-I}. (5.1 5) 

The  maximum channel traffic  capacity CCD * under this 
scheme is given by 

(5.16) 

Proof: Using the  results of Theorem  3.1, we have 

x exp (.-x) 

I + x exp (-x)(l - a)a- '  I 
(5.17) 

where x = Xa + Q-'. Equation (5.17)  yields (5.15). Since 
xe-* < e- l ,  we conclude by the  monotonicity  of  the  func- 
tion in (5.1  7) that 

which  yields  (5.1 6). 0 

It is noted  that  the  maximum  at  (5.16) is attained  at a 
level a given by 

We will observe in the  next section the relative insensitivity 
of the  throughput  performance  to  the precise value of a. 

It is noted  from  (5.16)  that 

e-l <CCD* < 1  (5.20) 

where  a  capacity level of 1 is attained  when a1 = ac = a = 0, 
whde a throughput  capacity of e-' is achieved by the  SDGRA 
scheme when a = 1. 

The message delay analysis for  the ADGRA schemes pro- 
ceeds exactly as presented in Section IV for  the  SDGRA 
scheme.  The message waiting time  and delay measures w and 

are computed as in Section IV, incorporating  the statistics 
of the Markov chain R = {RH, n 2 I}. The  transition  probabil- 
ity  functions of R are now modified  due  to  the statistical 
change in the arrival sequence {Mn(')), noting  that E(MH(')) = 
X, or ha1 or hac. We summarize  these  observations as follows. 

Theorem 5.2: The message waiting time  and delay  measures 
W and 5 under  the ADGRA  schemes  are computed as ex- 
pressed by Theorem 4.1 and Corollaries  4.1 and4.2,in  termsof 
the  stationary statistics of the underlying Markov chain R = 
{ R,,  n 2 1). 0 

VI.  PERFORMANCE  CURVES  AND CONCLUSIONS 

- 

Performance computations for SDGRA and ADGRA 
schemes have been carried out using the  formulas  and  proce- 
dures derived here.  The resulting performance curves are 
shown  in Figs. 1-5. 

In Fig. 1 the variation of the  channel  throughput  capacity 
Ca with  the value of the  multiplier  constant Q is shown. Curves 
are  shown for  the SDGRA scheme (az = ac = l), for ADGRA/ 
ID  schemes with (a1 = 0, q = l), (az = 0.1, ac = l),  and 
(a1 = 0.5, ac = l ) ,  as well as for an ADGRA/CD  scheme 
with (a1 = ay~ = 0.1) and (a1 = ac = 0.5).  The following 
observations  are made. 

1) In all cases, the capacity Ca is highly insensitive to  the 
value of  Q, if a is higher than a minimum level (typically, 
Q Z 1). Thus, the  throughput behavior of  the SDGRA and 
ADGRA schemes is highly robust  to variations  in the scheme 
key control  parameter a. 

2) The  ADGRAlID scheme  provides improvement in the 
channel  throughput behavior over the SDGRA  scheme. The 
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Fig. 2. Maximum  throughput  capacity C* versus a1 for  ADGRA/CD, 
ADGRA/ID,  and  nonpersistent CSMA. 

OFFERED  TRAFFIC  RATE (X) 
Fig. 3. Throughput versus offered  traffic curves for  ADGRA/ID Car= 

0), ADGRA/ID(a = 5 ,  a1 = O.l), and  SDGRA (a = 1.582) schemes. 

T(ADGRA/IDI 

0 0.1 0.2 0.3 0.4 ( 

Fig. 4. Average period  length (in  slots)  versus throughput  for 
SDGRA  scheme (K = a = 1) and  ADGRA/ID  sckeme  (with K = 1, 
a = 5, a1 = 0.5); average period  time  length ( T )  shown  for  the 
ADGRA/ID scheme. Also shown  are  the  corresponding  results  for 
the same  schemes when  the observables are  the  number of colliding 
slots  per  period(with ac = 2); results  presented  by 0. 

h r\ 4 4- 
0 1 Y - I 

THROUGHPUT (s) 
5 
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Fig. 5. Average  message waiting  time versus throughput for SDGRA 
(K = a = l), ADGRA/ID (K = 1, a = 5 ,  LYZ = 0.5), and  GRA (K = 5, 
a = 0). Also shown  are  the  corresponding  results ( 0 )  when  the ob- 
servables are  the  number of colliding slots per period  (with a~ = 2). 

improvement increases as cq decreases. Further  improvement 
is achieved by using collision detection.  The  latter improve- 
ment is,  however,  significant  only if  CY^ is sufficiently small. 
For  example,  for ar = 0.5 the corresponding ADGRAlID 
and ADGRAlCD exhibit close throughput  performance 
levels. 

In Fig. 2 the maximum throughput capacity Cy: is pres- 
ented as a function of ar. The capacity is shown  for ADGRA/ 
CD schemes  (where ar = orc = a) and for ADGRA/ID  schemes 
(where cu, = I). For comparison  purposes, also shown are 
two  capacity curves attained by the  nonpersistent carrier- 
sense multiple-access (CSMA) scheme [ l o ]  . The first  curve 
relates to LDN applications, as well as certain LAN scenarios, 
where tp < t,. In these cases, tp/T 4 ffP < CYI = a, t g I  = tp. 
Proceeding as in [ lo ]  , the CSMA throughput s versus channel 
traffic G performance  function is obtained to be given by 

G exp (--cuG)(l + aP) 
G(l + CY + C Y ~ )  + exp (--crG) 

s = ----- 

G exp (wG) 

G(l + CY) + exp (TG) 
‘v - 

It is observed that  for CY > 0.02, the ADGRA/ID  scheme 
exhibits superior throughput  performance.  (Note  that  the 
ADGRA protocol allows collisions within  a slot  to occur  only 
between  terminals that have a priori chosen  this slot; in turn, 

under the CSMA protocol, following  a  channel idle condi- 
tion, terminals whch  become active during an interval of 
duration tu can induce message collisions.) We also notecthat 
the CSMA scheme is inherently  unstable.  The  second CSMA 
curve represents the CSMA throughput  capacity when the 
propagation delay becomes the key dominant  factor, so 
that we have ta S t g I  S tp. The corresponding  throughput 
curve is  given by (6.1) with CY = ap. Note in (6.1) that s has 
been increased by  a factor of (1 + aP) to  account  for  the 
inclusion of the propagation delay component  into  the mes- 
sage slot. (In many LDN systems,  the message transmission 
burst contains a  “key-tone’’  preamble  which accommodates 
the various t, delay components. This tu period is also made 
part of the  “slot”  duration.) We observe in Fig. 2 that even 
under  the a = aP conditions,  for CY > 0.02, the ADGRA/ID 
procedure exhibits a better  throughput  performance. 

In Fig. 3,  throughput versus offered traffic curves are 
shown. These curves serve  as precise representation of the 
throughput s = X for X < C, and normally  as  lower bounds  to 
the  actual  throughput curves for A > C,. In  the  latter range, 
we use the relationship qi  2 q = h i - , -  qi, which  normally 
holds in  this range (noting  that  (1 - > 
The curves are shown  for ADGRAlID (ar = 0 ,  large a), ADGRA/ 
ID (a = 5 ,  az = O . l ) ,  and SDGRA (a = 1.582 = 1 -e-‘ ) .  It  
is shown that  for h > C, the  throughput does not rapidly 
degrade to  zero as for  the  fixed  (unstable) random-access 
scheme, but  rather remains at high levels, exhibiting  a  low 
degradation rate. 

The variation of the average period length (in number of 
slots) E = Eo@,) versus throughput is shown in  Fig. 4 for 
an SDGRA  scheme (with K = a = 1)  and  for  an ADGRA/ID 
scheme (with K = 1, a = 5 ,  a1 = 0.5). Also shown,  for  the 
latter scheme, is the average period time  duration T (normal- 
ized  by the  slot  duration). Note that 

T = E [ CYrP(j@) = 0) + 1 - P ( N ( k )  = O ) ]  . (6.2) 

The curves show that  the period duration varies only slightly 
over the main operational  throughput range. Therefore, 
the DGRA and ADGRA schemes  can also be  efficiently used 
when  the maximum  period  length is quite  constrained. If 
messages are blocked when  the period-length limit is reached, 
a  low  blocking probability level will normally  ensue. Such a 
scheme will also induce a  stable behavior (see [ l ] )  when  the 
observables employed are C = {C,} rather  than R = {R,}, 
where C, represents the  number of slots  in collision within 
the  nth  period. Using observables C, SDGRA-C and ADGRA- 
C  schemes have been examined, setting 

L,+l = 1K+aacC,].  (6.3) 

The  parameter a~ is used to estimate R,  as acC,. Over the 
operational  performance range most collisions are among two 
messages, so that aC E 2.  The  delay-throughput behavior of 
the SDGRA-C and ADGRA-C/ID  schemes has been  carried 
out  through  computer simulation of the underlying state 
process. Delay computations are performed as described  in 
Section IV. The  period-length  and  delay-throughput  perform- 
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mce  points  for these  schemes (with a~ = 2) are shown  in Fig. 
4 and Fig. 5,  respectively. The results  show the  latter scheme 
to yield  virtually identical  performance behavior to  that  ob- 
tained by the schemes using {R,} as observables. 

The message waiting time w is shown  in Fig. 5 as a function 
of the  channel  throughput  for  the SDGRA and ADGRA/ID 
schemes mentioned above. Also shown, as noted above, are 
the corresponding  results when {C,} are used as observables 
(with a~ = 2) .  The superior delay-throughput  performance 
of the ADGRA/ID scheme over *e SDGRA procedure is 
exhibited.  For  comparison, also shown is the delay-through- 
put curve for a GRA scheme  (with K = 5, a = 0, wZ = ac = 1 ) .  
The  latter curve is also  characteristic of  the behavior of other 
fixed  random-access procedures, such as the  slotted ALOHA 
scheme [ l ]  , [ 3 ] ,  [6]. The SDGRA scheme is observed to  
yield a  superior delay-throughput  performance, in addition 
to  its stable behavior, as compared  to  fixed random-access 
schemes  such as GRA or  slotted ALOHA. =E,[E,(R,(') lRn-1)(L, + (L, - 1 )  + ... + l)] 

APPENDIX 
Proof of 7'heorem 4.1: We define the vector Z ,  as the = 3 [E,(L,R,(')) +Eo(L,2R,(i))] 

channel  state  vector over (L ,  + I ,+ l ) :  

The  channel  state  evolution is described by  the Markov chain 
Z = {Z , ,  n > l}. By [l] and [2] we have 

E,(Jn2R,(')) =Eo[Ln2Eo(en(') IRn-l)] 

(A.9) 
where N(Z,, Z,+ 1 )  and W(2, Z,+ 1 )  represent  the  conditional 
steady-state average of  the  number  of messages successfully We have 
transmitted during P,+l and  the sum of the waiting  times of 
the messages transmitted  within P,+ , given (Z,,  Z,+ ). P(T,+l(')  =jlR,  = k ) =  j(l  -Ln+l ) - , - 1  k j 

For X < C,, the  channel reaches equilibrium, so that 

O<j<k.  (A.lO) 

We observe three  sets  of  terms  in (A.4). The  first  set  represents 
the delay components  of colliding messages within  their period 
of collision. The second set expresses the delay of the  latter 

Substituting (A.8) and (A.12) into (A.4), we  conclude 

E,[ W ( z , ,  z,+ 111 = 

and  the  slot  at whch  a message is transmitted.  Equation (A.4)  (A.13) 
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E(Sn+1 I R n ) = L n + 1 K N n + 1 ( ’ )  = 1 IRn)=Ln+lqR,.  

(A.19) 

Substituting (A.18) and (A.19) into (A.14) we obtain 

lim (ri/i) = -pah(ac - q )  - qa(1 + Xac - X) + a k c .  
i s m  ’ 

(A.20) 

Hence, to guarantee lim+= (ri/i) < 1, we require h < C,(CD) 
where 

Cu (CD) = SUP {h:  ph(ac -&I) 

+q(1 +Xa,-h)-Xac>O} (A.21) 

which  leads to expression (5.4). 
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Optimal Symbol-by-Symbol Detection for 
Signaling 

Duobinary 

MITCHELL D. EGGERS AND JOHN H. PAINTER, SENIOR MEMBER, IEEE 

Abstract-An optimal  symbol-by-symbol ietection scheme  for  duo- 
binary signaling  (Class I PRS) which  exploits  the inherent  correlation 
properties  of partial  response  signaling (PRS) is postulated.  Analyti- 
cal  results indicate a max,imum improvement of approximately 0.7 dB 
over  conventional  split shaping  duobinary  detection  at a 10-4 error 
rate.  Although  duobinary signaling  is  emphasized,  sufficient  generai- 
ity within  the formulation  is  maintained  to  accommodate  any  class of 
PRS. 

A 
I. INTRODUCTION 

LTHOUGH a  maximum likelihood detector  has been 
shown to  exhibit  the lowest error rates for partial  response 

detection [ l ]  , [ 2 ] ,  the vast memory requirements  and un- 
wanted  output delays  prevent physical realization. An alterna- 
tive detection scheme is postulated which exploits  the prevail- 
ing correlation  properties  of partial  response signaling (PRS), 
while avoiding the  complexity  encountered with maximum 
likelihood detection.  The following discussion emphasizes 
duobinary (Class I PRS) signaling, yet preserves sufficient 
generality to accommodate  any class of PRS. 

11. BACKGROUND 

A .  Precoded Duobinary Signaling 
Assuming the  intersymbol  interference is present  only at 

adjacent sampling intervals, and in the absence of channel 
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noise, the  kth  precoded  duobinary  output  symbol is  given by 
P I  

Sk = b k  3. b k - 1  (1) 

where 

b k   = m k  ‘ b k - 1  

b k  E { P ~ ~ P z }  = (-1 9 1 )  

skE{61,62,63}={--2,0,2}. 

Also, the source data stream { m k }  in an analog (-1, 1)  for- 
mat is assumed to  be  equiprobable  and  independent. Defining 
the  adjacent  symbol  correlation coefficient as 

E { ( S k - f k ) ( S k - I  -&-l)} 
P =  ( 2 )  

‘Sk ‘Sk - 1 

where 

$ = E { s ~ }  

oSj2 = var {si} 

the statistical dependency of the  output symbols formed 
from partial response filtering  becomes apparent.  The ensem- 
ble of  joint  output probabilities C p i j } ,  where 

pjj =P(Sk  = S j ,  s k -  1 = S j ) ,  (3) 

0090-6778/83/0900-1077 $01 .OO 0 1983 IEEE 

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 25, 2009 at 14:11 from IEEE Xplore.  Restrictions apply.


