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A 1) s t r nc t 

Rcccntly protocols liavc bccii iotroducctl tliat cn- 
able the integration of synchronous traflic (voicc or 
video) and asynchrorioris trafic (data) arid cxtciid tlic 
size of local area networks withoiit loss i n  spced or ca- 
pacity. Onc of thcsc is DRAMA, a niitltiband protocol 
b,zscd on broadbniicl tcchiiolopy. 11 provitlcs dynamic 
allocation of baiidwitltli aiiioiig cliistcrs of nodcs in tlic 
t o l d  network. 111 this papcr, we propose and cvaliiate 
a nunibcr of traflic placernciil policies for sricli net- 
works. Mctrics uscd for pcrforiiiniicc cvdiintioii ii i-  

cliitle average nctwork access dclny, tlcgrcc of fairncss 
of access aniong the iiodcs, and network tliroiighput. 
'The fcasibi1it.y of the D R A M A  protocol is csl.allislicd 
through sirnulation stiitlics. I>ltAhlA provides cflcc- 
tive integration of syiiclironoiis atid a.qync1ironou.s traf- 
fic diie to its ability to scparak trafiic typcs. Unclcr 
the suggested tramc placciiiciit policics, t.lic 0 R . A  M A  
protocol is shown to liantllc divcrsc lontls, mixes of 
traflic typcs, aiid iiuriibcrs of noclcs, xq wcll x.9 inotlili- 
cations to thc network strrictrirc aiitl iiioniciitnry trnf- 
fic overloads. 
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Langley Rescarcli Center. 
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1 Itittodtiction 

Scvcrnl rcccntly introduced protocols illustrate the 
cliangc in performance that results from subdividing 
network capacity into miiltiple channels. In addition, 
tlcniand for integration of video and voice traflic with 
data trafic has resulted in protocols that allow for 
both synchronous and asynchronous traffic, such w 
DRAMA. The DRAMA protocol not only takes ad- 
vantage of the multichannel eficiency but also allows 
for synchronous and asynchronous traffic over a large 
cliatancc witlioiit significant loss in speed and capac- 
ity. This protocol is introduced in [15,16], and is based 
on a broadband teclinology, allowing for dynamic al- 
locatiori of bandwidth among clusters of nodes, called 
local area network groups (LANGe), and dynamic 
allocation of synchronouslasynchronous trafic band- 
width. 

hlarsnn and Rofinella (1 21 evaluate multichannel 
iiiiiltiple-access schemes such u CSMA/CD for local 
iictworks, but standard CSMA/CD protocols do not 
provide for transmission of synchronous data as ad- 
tlrcssed i n  this paper. Chlamtac and Cana [4] pro- 
post a miilLic)iannel design which statically allocates 
bnndrvicltli capacity to avoid the simultaneous deliv- 
cry of frames to a node from different channels, but 
docs not allow for enicient use of unwaated band- 
width diie to imbalanced trafic patterns. Merakos 
and Disdikian (lo] divide the capacity of the netwbtk 
into channels for intra- and inter-LAN traffic, but 
docs not provide for dynamic allocation of the band- 
width allocated to  each traffic type. Minimum deliv- 
cry timcs for aynchtonous traflic cannot be guaranteed 
diie to the use of bridges for intetcopnection of LANs. 
Wong and Yrrm (17) allocate channel bandwidth by a 
contention-based reservation protocol which provides 
circuit switching services for all traffic typeb, wherem, 
D R A M A  only provides circuit switched servicee for 
synchronous tramc. 
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In  [11], wc prcscnlctl the rcsii1I.a of a collccbioii of 
simiilation sludics of l l ie  D I t A M A  proLoco1. 'l'lint, pa- 
per lociised on tlic al)ility of tlic prot.ocol lo rcallo- 
catc bandwidth among 1,A NGs i n  ortlcr lo rcspoiitl 1.0 
changes in  individual L A  NG worklontls. 'Tlic ciirrctit 
paper report-s on siiiiiilation studies rnotlclirig nn int l i -  
vitliral LANG; i n  it, wc arialyac iiclwork pcrforiiiniicc 
in handling loatln aiid cvaliiatc how t.rnflic plncciiioit 
policics nffccl pcrforrriniic,c. Wc nssiiiiic a iniilt.ic.liari- 

ncl network based on CSMA/CD arid wish to tlccitle 
if tlic approach is feasible. 

This paper is organized a9 follows. Scction 2 de- 
scribes tlie DRAMA protocol; Section 3 describes Ilie 
simulation model iiscd in these cxperiinents; Scction 
4 prcsents the trallic placenicnt policics stridictl here; 
arid Scction 5 discusses tlic rcsulls of llicsc slutlica. 

2 The D R A M A  Protocol  

The DRAMA protocel is dcsigncd for tlic dynamic 
sharing of bandwidth of a single broadbaiid biis among 
groups of nodes in  a large, intcgral,cd voice-video/data 
network. The amount of bandsvidtli available is a9- 
sumed to be large, say 350-500 M l l x .  T h e  nodcs, 
each capable of transmitting all traflic types, are cliis- 
tered by distance atid function into LANCs. This 
type of clustering is typical for various locations of 
a company within a particular city, instnllatiotis on 
a large ship or military base, or among dimcrent de- 
partments within a university. The cable bandwidth 
is frequcncy-divided in  to bands dcdicatcd to pxrticu- 
lar LANCs and a global pool of bands that may be 
acquired by any of Ihc LANCs. For cacti LANG, rc- 
questing, acquiring, or rcleasing a band depends on 
the current distribution and atnoilnt of trafic within 
that LANG relative to tlie currcnt trafic within tlie 
entire network. A LANG is allowed to transinit only 
on tliosc bnncls wliicli have bccn assigiicd apccifically 
to it, but is required to rcccive on all bands. For R 

more detailed discussion of D M M A  , iiicliicling error 
recovery, the reader is referred to [15,16,11]. 

I3asic design objectives of DRAMA are the integra- 
tion of synchronous/asynchronous trarric and dynamic 
bandwidth allocation. 

2.1 Synchronous/Asyncl~ro~ious 
Transmission Protocol 

This section briefly describes the DRAMA protocol 
for a LANG. In the protocol, the fraction of a band's 
capacity allotted to each traflic type depends on the 
current synchronous and r~9ynchronoris load. Time on 
cacli band is slottcd into framcs. Each hand's framcs 
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arc dcliiiiitcrl by "frame-begin'' markers broadcast by 
the band's ciirrent brnd-leader and are partitioned 
into voice/video and data regions. The boundary be- 
Lwccn llic two regions varies from frame to frame, de- 
pcndiiig 011 tlia number of voice calls in talk-spurts 
diiring that frame. Either data or voice/video may 
coiigiinic thc ciitirc frame if no trafic of the other type 
is prcacnt.. 

'1'11~ d a k ~  rcgion in composed of data packets and 
call-sctiip rcqiicsta. The bandwidth in the data re- 
gion is allocabcd using a CSMA/CD traffic placement 
policy. Norrnally CSMA/CD is not suitable for use 
among nodcs separated by more than several kilome- 
lcrfi becaiise tlie interval during which a collision can 
occur is dircctly proportional to the propagation de- 
lay bctwecn tlie most distant nodes. DRAMA circum- 
vents this problem by restricting transmission privi- 
lcgcs on a band to exactly one LANG at a time, while 
allowing all LANCs to receive the transmissions. In 
this way, the CSMAlCD-based protocol can be used 
over the entire set of LANCs with the same efliciency 
as in a single LANG. 

The voice/video region provides a virtual circuit 
for each e~t~ablished (one-way) voice call. In the 
mrilti-channel version this means that a two-way inter- 
LANC call uses two bands, one for each direction of 
tlie call. One varying size slot is allocakd in the voice 
region to  each (one-way) voice circuit. The slot con- 
tains a varying site voice packet followed by control 
information, called the control byfe. The slot sire may 
dimer because silence periods, which comprise roughly 
GO% of an average voice conversation [3], are not trans- 
mitted. The control byte informs the other nodes 
whcther the call will terminate after this frame or will 
be continued. The slota for the different voice calls 
are contiguous and precede any dpta transmitted in 
the frame. 

Figure 1 shows a frame in which five calls are ongo- 
ing (A,n,C,D,E), one of which is silent (D). Three 
packets are transmitted in the data region using 
CSMAICD (data packets 1 and 2, and a successful 
call-setup for the next frame). 

Since in CSMA/CD the amount of bandwidth 
wasted due to collisions increases dramatically with 
load, it is important to  allocate bandwidth in a fair 
manner. Therefore, reducing load on heavily used 
channels at the cost of increasing it on lower utilized 
channels should reduce total collisiony 

2.2 Dynamic Bandwidth Allocation 

In proposed broadband systems such M (91 and (131, 
(u well as in currently available commercial systems, 
the broadband frequency spectrum is statically parti- 
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tioned by user group and/or by trnnic class. For ex- 
ample, CableNet [14], Sytek’s LocalNet [GI, atid Mitrc 
CableNet [S) each partition llie banclwidtli into fixed 
bands for particular applications of specific grotl1)s of 
users; some bands are permanently reserved for vitlco 
cliannels, some are reserved for time division multi- 
plexing for a set of closcly located users, and sonie 
bands are dedicated to spccific functions siicli as pro- 
cess control. Ilowever, a common cliaracleristic of a 
nelwork that si~pports diversc trallic classcs siicli  as 
voice, data, atid video is that the bniidwitltli rcqirire- 
ments of both an individual node AMI a I A N G  lluctil- 
ate widely over time compared with the IANG’s av- 
erage requirement. In such diversified systems, static 
partitioning according to average reqiiiremelils will of- 
ten waste idle bandwidth; a t  otlier times, it will l e  
insufficient to satisfy a LANC’s trallic requircnienls 
while bandwidth is availablc elservlierc i n  the nctwork. 

In the DRAMA protocol the bandwidlli is 
frequency-divided into M + 1 bands. Oiie baiitl is 
reserved for a slotted band-control cliaririel used hy 
all tlie L A N C s  to coordinate band-sharing, and the 
remaining M fxed-size bands (say, IOMllz each) are 
available for voice, data  and video traiismissions. Tlie 
M bands are partitioned irito a set of Rcrficnfcd b n t i d ~  

and a set of available bands. Dedicated barids guar- 
antee that no LANC “starves” and tliat each 1,ANC’s 
performance is at  least that of a noriiial, solitary 
LANG using a baseband cable. 

The available bands are either assigned to a LANC 
or are in a global pool. Bands in tlie pool arc shared 
via a dynamic, fully-distributed, baiid-sharing pol- 
icy that allowe each LANG to obtain global barids 
based on three factors: its curreiit needs, the current 
needs of otlier LANCs ,  and the current availability of 
global bands. When a LANG acquires a band, tliat 
LANC’s nodes have exclusive transmission riglils to 
the band; each node in the system must be able lo  re- 
ceive all bands that might contain packets adclresscd 
to it. Decause all bands can be received a t  all I IO~CS, 

a uniform communication meclianisin exists among 
all nodes in all LANCs; this is preferable to the usc 
of gateways, which introduce additional delays and 
buflering requirements since transferred trafic rniist 
compete with local trafic when it is sent betwecn 
nets. Simple wide-band repeaters may be required 
over a long distance network to overcome attenuation 
and/or signal distortion. The details of tliis b i ~ i t l  RI- 
location can be fourid in  [ I l l .  

2.3 Traffic Placement 

When a node wishes to transmit, i t  chooses among the 
bands on which i ta  LANG currently lias transmission 

privilcgcs; tlic rioclc sceks n bniid with no trallic. If tlie 
LANG owns IO baiitls, a lypical figure, we estimale 
this 10 takc about 20 iiiicroscconds. We refer to the 
policy for clioosirig arriorig tlic frec transmission bands 
as the frnftc plncerrie~i! policy.  

Giveti the frame forrnal in Figure 1, two primary ob- 
jectives in forrniilating a placement policy exist. First, 
i L  is importaiit to kccp lati(1s frce of voice/video trallic 
if possiblc sitrcc a barid cannot be freed if its release 
woiild iiilcrriipl syiicliroliolls trallic. Second, in or- 
tlcr to iiiiiiiiiiizc clclny, clnta trallic is spread RS everily 
i19 possible ovcr all l l ic 1,ANG’s current bands. The 
systems arid algoritliins that control this trafic place- 
ment policy arid ils resultiiig performance are tlie sub- 
ject of tliis papcr. 

2.4 D R A M A  Implci i icatat ion 

111 llie original DRAMA system eacli node needed as 
tiiaiiy rcccivcrs as tlierc wcre channels and enougli tun- 
able transaiitlcrs to service tlie channels assigned to 
its L A N C .  This is not ‘economically feasible. Figure 
2 presents a possible solution to tliis cost problem by 
sliowing liow iiodcs i n  a LANG can share receivers and 
Iiow tlic i r i i i i i h t  of transmitters per node can be lim- 
itcd. The tictwork sketclied lins 100 Mb total capacity, 
tlividcd into 100 cliaiiriels. Tlie L A N C  illustrated l i a ~  
10 bands assigned to it. Eacli node needs at  least one 
tunable transmitterlreceiver pair to be able to deter- 
riiine wlietlier a selected band is free and to detect 
a possible collision on that band after it has begun 
transmittirig. Nodes can have more than one tun- 
able trarisrnitlcr if they need to send information on 
mote than one channel simultaneously. All incoming 
information is Iiaridled by tlie LANG central receiver 
system and is forwarded to the nodes in that LANC 
by a secondary clianriel that connects all nodes, or, 
alternatively, by twisted pair (not shown). In the SYS- 

tern illustrated, tlie LANG receiver lras 100 fixed re- 
ceivers to listen to all cliannels; i t  filters all message# 
belonging to ils IANG (inclirding the ones sent from 
within the LANC) and channels them to the LANG 
net. llence the total number of signaling devices in a 
1,ANC with n nodes is 3n + 100. 

3 Siiiiiilntiou Modcl 

We used simiilntiotr to study performance o l  the 
DRAMA protocol with diuerent lrafic policies. The 
network model and related protocols were written in 
SIMSCRIP’I’ 11.5. Tlie simulation program is highly 
parameterized to allow experimentation with dillerent 
loads and diKereiit trafic placement policies. 
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Iiii tial cxperimentation filio~~cd t.hat tlic rnodcl 
achieved steady-statc i n  1.8 sccontls of siiiiitlation 
time; thus for each expcrimenl., data collection b c p n  
aftcr this point. Thrcc tcchniqiics wcrc iiscd for rnodel 
validation. First, traces - lliat is, priiiI.ing scqueiiccs 
of significant modcl statc changc?r - aatisficd oitr coti- 
cerns about corrcct program iml)lctiicnI.at.ioii. Sccontl, 
as iiidicatcd by figurcs in  this papcr, tlic inoclcl rcpli- 
cnl.ctl Rtandard CSMA/CJI hclinvior. Tltird, xq we 
allcrcd input parameters thc modcl rcspondcd appro- 
priatcly. We did occasionally cncountcr what wim, 
a t  least initially, countcrintuitivc bcliavior in cxpcri- 
ments, but further analysis sliowcd in each case that 
the modcl had behaved appropriatcly; it wa.9 our in- 
tuition that failcd 11s. 

4 M ~ ~ C I  Objcctivco ni i t~  Strricti ira 

The main objectivcs of our sitnulalion cxpcrinicnls 
are: 

To create an implcmciitation of the DRAMA pro- 
tocol at tlic packct lcvcl a.9 it woiiltl opcratc in a 
singlc LANG, 

0 To compare scvcrnl trnflic placcriicril policics, and 

0 To measure performance under a variety of loads 
and traffic placcmcnt parametcrs. 

Our earlier studics [11] dcalt with performance is- 
sues corresponding to band allocations among the 
LANCS in a network. In thme studics, a LANG WM 

modeled as an abstract cntity with varying nceds for 
bands. In this study, Iiowcvcr, wc conccntratc 011 tlic 
pcrforrnance issues related to a siiiglc IANG (a9 op- 
posed to a network of IANGs). Accordingly, a IANG 
is modeled as a group of nodcs with tlic ability lo 
communicate to nodcs across tlic network. Restrict- 
ing simulation to a single LANG consitlcrably rcduccs 

blc indicatcs the status (dedicated/global) of each 
band. 

0 rtcqucst Queues: Each node maintains three 
qiicucs, one each for data, voice setup, and video 
sctup. A first-in-first-out policy is used to service 
CRCll  qllcuc. 

0 Scntlcr Uni l s :  In addition to the requeet queueo, 
cncli node maintains tinits to control the sending 
o l  voicc, video and data blocks. These buflers 
conlain the packet that is being currently trans- 
mittcd ; ~ 9  data. 

Thc aimillator initially generates the n nodes corre- 
sponding to asingle LANG. For each of these n nodes, 
data trallic is created in terms of data packets a3 op- 
posed to data messages of variable 1enRth. The data 
Krncrator assumes Poisson arrivals of packets that are 
thcn placed in a data queue a t  the appropriate node. 
For elliciency, voice and video traffic are generated 
at the LANG level (described a3 LANG manager in 
Figrire 3), and then randomly assigned to  nodes in 
the L A N C .  Both video and voice traffic have Poisson 
arrivals and cxponential service times. When a data 
pnckcl., voice request packed, or video request packet 
is placed in its rcspective queue, the data frsrne con- 
troller checks with the band status table to determine 
wlicthcr a band is available for the packet. The time 
required to check all bands is called the band choice 
thinking lime. A packet is not removed from its queue 
itntil after it h a s  been placed and the collision interval 
has pruscd. 

The videojvoicejdata trallic mix generated in a 
IANG is dcacribed m a percentage of the total load 
in the LANC. Once these percentages are chosen for 
a particular experiment, the average arrival rate for 
each traffic typc at each node ( A D T ,  Avo, AVI  respec- 
tively) can be determined using the following system 
of cquations: 

I 
I 
8 
8 
I 

(4) I 
I 
8 

the execution time required for each run. The conclu- 
sions determined for a single LANG are easily gener- 
alized to the multiple LANG case since each LANG 

In our earlier study (111, we have ahown that bands 
can be rapidly reallocated such that tlic band ulilita- 
tion a t  every LANG is kept within a rrmnll pcrceiitngc 
o l  the total network average. In this stridy, we want 
to hold the number of bands constant and study the 

As shown in Figure 3, the simulation model iii- 

0 Band Status Table: Each node maintains a band 
status table for all bands. Each cntry of this ta- 

(1) 

(3) ADTCIDT = PDTG 
PVOC" 

~ v o i ~ v o  = 

(5) 
PvrG , 

AvrPvr = - 

C* 
A D T P D T  + AVOPVO + Avt/lvl = - n 

operates independently. P D T + P V O + P V I  = 100 (2) 

ellecta of traffic placement on the network. 

cl u des: where 

lOOn 

C,, is the assumed average channel capacity used 
by the LANC, 
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P D T ,  PVO, a d  pvl 
of data, voice, and 
respectively, and 

are the desired percetrtages 
video trafic on tlw channel 

p D T ,  pvo ,  and pvr are the lhe given average 
service times of data, voice, and video trafic re- 
spectively. 

Some simulation experiments studied the erect of 
traflic mix. Equations (1) through (5) were used to 
generate arrival rates. For example, a tralTIc mix of 
15% voice, 25% video and 60% data and a total net- 
work load of 60% results in individual network loads 
of 9%, 15% and 36% for voice, video and data respec- 
tively. The data  arrival rate necessary to generate its 
appropriate load is further dependent upon the length 
of the specific packet. Data trafic is then uniformly 
distributed among the nodes of the network. 

Other simulation experiments generated varied 
mixes of voice, video and data  trallic in  order to test 
the D R A M A  system’s ability to handle dimerent traf- 
fic conditions. However, in many runs where other 
features of the protocol were being studied, a typi- 
cal traffic mix of 15% voice, 25% video and 60% data 
w a s  used. Standard transmission rates of 64 Kb/s 
for voice and 500 Kb/s for video were used for each 
circuit. The  justification for using the higher video 
load is that  a single video transmission occupies half 
a band, making it harder to place this kind of traf- 
fic than to  place equivalent voice trallic. We felt that 
the increased video traffic would cause greater disrup- 
tions since these calls would occupy a large block on 
a band, making it more dillicult to place data tramc 
and would tend to occupy more bands less eflectively. 
The reeults would, in turn, have a greater tendency 
to show where problems in trafic integration would 
occur, Finally, most of the tests used a capacity of 
10 Mb/s for the entire network, implemented as ten 1 
Mb/e bands. 

We considered the following performance metrics 
for system evaluation: 

1. Access Delay: Due to the significance of nclwork 
, access delay in our experiments, we refer to this 

as accesg delay. Thus the accesa delay does not 
include the transmission and propagation delays. 
6i indicatea the average access delay at node i .  

2. Fairneua: The network access delay for each of 
tlre n nodes rhould be independent of ita position 
in the network and should be close to the average 
access delay E of the network. This is measured 
by the degree of fairness D j ,  where 
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where 

0 6i is the mean access delay at the ith node, 
0 E is the mean access delay in the LANG, 

n is the number of nod- in the L A N G  

Ideally, Dj should be zero. Note that this equk  
tion is used to measure fairness within a single 
LANC.  Fairness among L A N G s  w(u studied in 
[111. 

3 Throughpuf: We measure the throughput of a 
JANG as a function of tlre ofleered load, which 
is measured as a percent of network capacity. In 
these studies offered load ranged from 0 to 200 
percent. Here, throughput is the percent of the 
network capacity taken up with successful traffic. 

4. Recovery h e :  We were interested in the re- 
sponse of a single L A N G  to impulse traffic. To 
this end, in some experiments a sudden pulse of 
traffic WM generated in order to determine how 
long the system-would take to return to within 5 
percent of the nominal load. Ten percent of the 
nodes were given a burst of additiond data  tramc 
in order to build up the queues at these nodes. 

5 Traffic P lacemen t  Policy 

A s  previously stated, the trafic distribution is a mix 
of video, voice and data  traffic. Our simulation has 
separate trafic generation procedures for each type of 
trallic. In an effort to minimize the number of bands 
carrying synchronous traffic, new synchronous traf- 
fic is assigned to the lowest numbered band carrying 
synchronous trallic upon which it will fit. Video and 
voice traffic is handled essentially as described in the 
DRAMA protocol. Because of the short length of the 
simulation runs relative to the length of video and 
voice transmissions, these trallic. demands are fairly 
static. We paid more attention to the placement of 
data trallic because its dynamic nature has greater 
efTect on the network. We also studied the reeponse 
to the load changes that would be induced by starting 
or stopping a video transmission. 

By examining a number of placement strategic% we 
intended to determine the sensitivity of the network’s 
performance to various melhods of placing data traffic 
on llre network. 

5.1 Traffic Placemerrt Strategies 

Traffic placenlent policies are concerned with tech- 
niques to compete for transmission time and to handle 
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ilrisiicccssriil I.raiisiiiissions. hlorc sprcifically, a traf- 
fic placeniciit policy m i s t  aclt1rcs.s t.lic rollowing sitii- 
ations: 

A node would likc to traiisiiiit 1 ~ 1 1 .  fi i ids all 
bands busy. Tlic basic qiicstioii is Iiow loiip; llic 
iiodc sliorild paiisc bcrorc rccxaiiiiiiiiig I.lic 1)aiids. 
Stratcgics vary rrorn no clclay 1.0 waiting A IarRc 
amoiiiit of timc iiiitlcr t.lic nssiiiiipt.ion that t . 1 ~  
i iclwork is crirreiit.ly sat.iirat.ccl. Tlic t.iirie re- 
quircd to scaii all baiitls, wliicli wc call scnn t i t t i e ,  

is thc iiiinimiiiri possildc tlclay. I n  soinc policirs 
an additional tlclay is atltlctl i n  coiisitlcratioii of 
otlicr nodes' attcnipting to traiisiiiit. llavirig a 
multiband network with no available bands is a 
much bettcr indication of the state or thc nct.- 
work than findiiig a singlc-band I.',l.licriict iictwork 
busy. We belicvcd lliat this iiiroriiiatioii miglit be 
uscd to devise bettcr placeincnt policics. 

A node attempts to transinit but a collision oc-, 
curs. A collision does no1 ncccssarily indicate 
that the network is busy, oiily that a band is 
busy. When a node atteinpts to (rc)translnit a 
packct, it cxaniiiics all bands to dctcrminc wliicli 
oncs are not busy. With light trnfic it is bct- 
ler to attcmpl irnmcdialc rclraiisrnissioii. Undcr 
high loads, a tlclay iiiity rcducc collisioiis. 

A node transinits succcssfully and has additional 
packets in its queue to IC scnt. This slalc is 
similar to the coiitlitioii for busy bands, but has 
no information al>orit tlic slate of tlic nctwork. 

Wc stiiclicd four basic al.ratcgics. ' I ~ I C  aiinplcsl, 
j i t e d ,  is a static policy that delays a constant amount 
of time before retransmitting. We uscd a ininimirrn 
of 20 microseconds for this figure. Since llie policy 
assumes no knowledge of nctwork load, it provides a 
baseline for comparison with otlicr nictliocls that usc 
local or global knowledge i n  ortlcr to iinprove perfor- 
mance. Each of tlic t h e e  situatioiis above cinploys 
this delay. 

Speedup bases llie dclay bctwccii altciiipts upon 
llie nodc's own queue size, rising only local knowl- 
edge. The delay is inversely proporlional to tlie queue 
length. In this approach lhe node transmits pack- 
ets more frequently n.q its queue grows and incorpe 
rates an opposite philosophy of bnckolf. Undcr light 
network loading, a node will empty i t s  queue more 
quickly by transmitting more often. We assunied that 
this method would reduce delays at low loads but that 
performance might sull'er at high loads. Speedup uses 
this calculation for each of three situations. 

Bnckolf employs the binary backoll approach, in  
which tlie delay tirnc increases a~ morc collisions oc- 
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cur. ' I h i a  nictliotl has been shown to be very EUCC~SS- 

rill 011 CSMAICD networks during heavy loads, and 
woiiltl Rivc us a point of comparison for alternative 
st.rntcgics iiiitlcr airnilar adverse conditions. ln non- 
collision sit.riat,ions backolf waita for a time not less 
tlian senti lime and not more than  twice the value of 
S C R ~  l i t t ic .  

Civcii oiir iriluition that q ~ e e d r p  would be prefer- 
ahlc iii lip;lil loads and brcknlJin hesvy loads, we also 
iiivcsI.ignt,ccl A coinbination of the two, which we called 
t c t n p c n d  bnckofl  If a node is experiencing few colli- 
sioiis, knrpemd backofl will approximate speedup. As 
llic iiuinlxr of collisions increases, the delay incorpo- 
rated into the formula for backofl will quickly domi- 
nate the tcrm lor speedup and will give the character- 
istics of R bnchflapproach. 

6 Resrilts 

Figtire 4 illustrates DMMA's  performance compared 
with equivaleh eingle-channel CSMA/CD protocols. 
The most important aspect shown in Figure 4 is 
tliat the access delay of the multiband DRAMA 
systcm is considerably lower than that of equiva- 
lent or liiglicr bandwidth single-band CSMA/CD sys- 
tcmq. Figure 5 substantiates this point and demon- 
strates that as the number of bands in the LANG 
increases from 1 to 20, the access delay fat integrated 
voice/vidco/data trallic decreases significantly. One 
can conclude that multiple-band locd area network 
Rysteins are able to sriccessfully handle integrated t rd -  
fic using a CSMA/CD-type protocol. Also, DRAMA% 
pcrformancc is for networks that can cover UP to 100 
km whereas single-band higher frequency CSMA/CD 
protocols work only for a few km. 

Specifically, the curves of Figure 4 depict the aver- 
age acccss delay of a data package. As expected, the 
clclay is Iiigh even lor low loads in a 50 Mb/s channel 
witliori t synchronous trallic. Here, the collision slot 
time is a large percentage of the time it takes to send 
a packet so collisions become very costly. The 10 Mb/r 
channel with synchronous traflic uses a framed Ether- 
net, where framing is necessary in order t o  provide 
guaranteed access for the synchronous synchronous 
information. The cost of incorporating synchronous 
tralTic is significant, since the framing creates a point, 
located immediately d t e r  the voice/video frame kr- 
minates, where the probability of colIbionr is high. 

In contrast, DRAMA efktively separ&tea the Oyn- 
clironous ell'ecta caused by framing bo that  data pack- 
ets generally have immediate access to at leaat same 
bands. In addition, DRAMA provider for efficient r e  
covcry of that portion of the frame which i6 not used 
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lontl iiiervnsrs. 'I%iis, policies wit.li hnckog should be 
iist-tl Tor 1.r:ifIic ih-ctiicii l .  i t i  I.hc D11 AMA prol.oco1. 

; i i i t l  i i d  ~ . o h l l y  iiiicxpcct.ctl - prop- 
vr1.y is rrvc:ilrd i t i  f igt t rc 7. As IVC scale i t p  Troni 
IO h i t c I s  wil.11 100 iioclcs 1.0 50 aiitl 500, rcspcclively, 

t t i ( *  p-rrottii;tttw i i i i lv tovvs.  ' i l i v  iticrr:i.w iit ;iv;iihIilr 
I~:iitt1s : i l l 1  IWS i t 1  t I.1it.t sqi;ir:th)i i Iwl.wc*cii syitcliroiioiis 
: t i t 0  ;tsyit(~lttcitioiis I.ritllic so  1.li:tt ih l n k r  Iixq iiiorc 
Ii;iiicIa 1.0 r l i c x w  niiiniig. A 1 t.lic i ippcr iioclc niitl ba t i t l  
c o i i i i ~ . ,  l i ~ - ~ h  tlct.criornt.ioii iii RCCCSS ticlay occurs iip lo 
80% olrcrctl load. Most otlicr protocols fail to reach 
I his lcvrl or iwrrorinnncc ailti innst get worse aq tile 
iiotlr coiiiil, iiicrcnscs. 

Otic itiipnrImit. q i i c s h i  clisciissccl in Sec1,ioii 3 is 
IICIW 1111 A hlh 1i:iiidIcs ;I co i i i h i i i n lh i  or locnlizctl, 
Iiiits1.y ovrr1o;iiI I.rnIRc. Figi irc 8 sliows hosv quickly 
t.1iv sys~.c.tii rcwrt.s i i i i t lcr 1 . 1 1 ~  vnrioiis I.rdRc plnceincii l  
nlgoriI.liiiis iii ortlcr 1.0 clcnr 1.1ie iioclcs' queues. The 
I d n I  iiiiiii1)cr of packc1.s iii the systcrn is showii at. 
vnrioiis siiiiiilnt.ioii tiriics Tor tl ircc sitnatioiia: (1) w i th  
80% orcrct l  I.rnllic for fetiipered brckolf; (2) w i th  90% 
olrcwtl t.rnflic for /cttipct.cd bnckof i  aiid (3) ah 2 sec- 
o i i t l s  iii 1 . 1 1 ~  sii i i i i l i i t ioi i of nii 80% riiii we oncr aii ovcr- 
I ~ n t l  1.0 10% or IJIC iiodca. l'lic overload consials o f  AS 

i i iniiy packr1.s iis would liavc tcc i i  needed lo  raise lltc 
t d a l  o&ritig to 90% over the entire simulation period. 
*HIP itrt.work rcapoiisc to this sevcre lrai isienl is good 
iii l.11nt. iinckcl. qiicucs rct.urii to prcvioris levels wit l i i i i  
f i  1.0 IO scroiicls. 

' 1 ' 1 1 ~  I I I 1 A  ht A proloco1 sliows n iiinrkctl t l i k rc i i cc  
Troiii i ior i i i i i l  CSMA/CD bclinvior iii the cllcct of 
roiiiicl t r ip  clclny (polci i t inl  collision dot time). Ilerc, 
pcrlori i iai icc is 1101 tl ic saiiic for difTereat valrics or 
traiisiiiissioii t.iiiic niid roriiitl trip delay even tiioiigli 
t.hc rat io or tlic two is the saiiie. Figlire 9 slio~vv~ t l d  
oiily n ~ .  Iiiglicr vnliics (approxitiiaI.ely 20 km lciigtl i) 
ciocs 1.1ic roii i i t l  trip dclay dcciaively increase the ac- 
CPSS tlclny. 'I'wo rncl.ors in DRAMA tlial do 1101 ex- 
ist. i n  siiiglc-l,niicl CSMA/CU liclp to reduce tl ie ef- 
h i .  of roiiiicl trip clclay and licncc iniprove l l ie  LAN 
spaiiiiiiig clistmicc. First, w i th  tlic reduced bandwicllli 
t l ic cmcct o f  a coilisioii is consiclcrnl>ly lessened, since 
1.1ie coiiisioii slot l i i i w  is a iiiricli stiiallcr perceritage of 
t l ic pnckcl. trniisiiiissioii l i inc. Second, the probabil- 
i1.y of collisioiia is f i i r t l icr rccliicccl siitce, wi th  tniilli- 
plc l ) ~ i i ( l s ,  R collisioii occiirs oiily i f  lwo packels arrive 
wi t l i i i i  tlic slot aiitl sclect tlic satne empty band. TIIUS, 
Ijcsitlcs cxtrc i iw flcxibil i ty in configuring a nelwotk as 
iiol~ccl aI)ovc, DIZAhlA provides l l i e  additional feature 
1.1iat 1,ANs CRII span both iiiricli greater aiid widely 
t li lrrr i t  ia t l islit ricc.9. 

111 oiir expcri imii ts, we have sceii a major impact on 
pcrforiiiniicc Ivy virt i tc or 1)ItAfdA's frame slriicture. 
III tlicsc ri i i is l l i c  frame sCriictiirc lias been enforced 80 
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t.11:1t, p c k c t . s  r v l i i r l i  arc: 1.m) 1;irgv 1.0 lil. ; i t ,  t , l i c  ciiil or ;I 

rr~llllc arc t lci i ict l  ;irwss iiiiI.il ;iR.c.r 1 . 1 ~  frniiie: iii;irk l i : i s  

ocriirrctl. ' l l i i s  c;i i i  rnrisi: :i(l(lil.ioii:il tlr1;rps r . s~ i i~ i ; i I l y  
;is load iiicrcxscs. i ' igi ircs t ( 1  - 12 t*.uniiiiiir I.Iir rclii t . i o t i  

I)ct.wccii fraiiic sizc, pnckct, sizc, I.rniisiii issiai r n k ,  niitl 
frnriic lqiii nligriiiiciiL. Iii orclcr Tor ii:iCkvls 1.0 f i t .  ;it. 
1 . 1 1 ~  ciicl oT a frnti ir I . l i ry slioiilt l  lw siii;ill iii r o i i i p i r -  
I S O I I  tviI.li l81ic Tr: l t l l t$  l t- i i~:I. l~. Ia'iKiirt- IO s I I o \ v s  I.~I;II. i f  
rvs kccp packcl 1.0 fraiiic r n h s  1.0 N X )  I.licii 1.111. tlvl;iy 
pc r Tor itia iicc is rcl n 1. i vcl  y s t,;il )IC i i  ii Irr c 1 i ;i i igrs i i I \):I II( I 
slr i ict i i rc or fraiiic s i x .  Ilorvcvcr, i f  \vc i i icrcxw Ibis 
r;iIio LO IO%, tlcI:iy ats IiiRIicr Io:icIs is riot.iccnI)Iy in- 
crensccl. Fi ir l l icr,  i f  we forcc all parkcf.s 1.0 Ivc nligiir(l 
oil rrainc boiiiitlnrics iirrToriiiniiec cvc i i  nf. low lontls  
is iriiicli poorer. Figiirc 1 I i l i i i s 1 , r n h  t.lir proiileiii by 
cliaiigc iii packet. Ieii~,I.li Froiii .SI< 1.0 8l< 1iiI.s. Iii I.liis 
figiirc, Ihc tlclny Ii:is I x c t i  noriii:iliztvl 1 . 0  n ',!I< p:ickf*I. 
tlclny siiicc otic is rcqii irctl 1.0 sr i i t l  iiiorc. 1i;ickd.s n t  
lorvcr packct sizc i t 1  orclcr 1.0 l.raiisiiiiIs h sntiic iii- 
roriiia(.ioti. Again, wc scc t h t ,  for rril.ios 20% or Icss 
Islie perforiiiaiicc is  rclat.ivcly coiis~.aitt., l ~ i r l  nbovc I h t .  
tlclay i i ic rcxcs npprccinbly. N o ~ t  t.lrnL at. 6K niitl SI\: 
packcl sizcs it is Imssiblc 1.0 f i t .  oiily oiir pnckrt. iiit.0 :I 
l r  n iiic. 

Fiiinlly, k'igiirc IZ sliows 1.1int. I icrforti iaiiw rnii 
Iw iticrcasccl sigiiilicniii.ly liy rI1;iiigiiig I.lir p r o h r d  
algorit . l i i~i  slightly, Iii this iiiotlilirnI.ioii cnrli Inti- 
tllcatlcr elides tlic T r a m  bcgii i i i iarkrr  wliciicvcr iio 

voice/vitlco calls arc nssigiicd 1.0 ihc  lmitl. Essciilially, 
l l i i s  rnnkcs tlie prol.ocol i i i iTrn imI  CSAIA/(:I) Tor r1nI.a 
i i i i t . i l  voicc/vitlco mils nrc pl:icrtl oii tlic l m t i t l .  l ly-  
iiniriic frnii i i i ig wil.li ovcrllorv ; i i i t i  t i i i i i i ig rvcovrry o t t  

t.liosc baiids wliicl i Iinvc syiicliroiioiis I.rnl[ic ;issigiircl. 
siniilnr Lo t l ic I :L)I>I  ovcrllotv sys~.ciri [I ,SI, \voiiltl pro- 
vide f i i r t l icr recovcry o f  wnst.ctl cnpnci1.y. 

Tlicsc sttidies also atltlrcssctl n coiircri i Icrl. froil l  oiir 
carlier study (1 I].  'I'lial si.ritIy fociiscd on rcnllocat,ioii 
of baiicls aniorig I,A NGs nricl nssiiriiccl t.linl. tlic nllo- 
cnl io i i  coriltl bc "cnsily" c l o i i c ;  I.liis wi l l  not. tic t.riic i f  
syncliroiioiis lrnf l ic tcntls to sprcacl across iiios(. Iwiicls 
dlocntccl l o  R I A N C .  'I'liis sl i i t ly sliows tslial., i isi i ig Llic 
1)ltAAIA protocol, data rciriaiiis rcnsoiiahly wcll coii- 
cciitratcd oii a siiinll i i i i i i i l icr o f  Imic ls .  1svcii i i i i t l rr  
high loacls (e.g. IOO'X), iii each cx lwr i i i ic i i l  IVC rnii, 
soine cliaiincls ncvcr cnrriccl ~ i i y  syiicliroiioiis tlaIa 
I.liroirglioii1 l l i c  r i i i i .  'l'liis nllows 1 . 1 1 ~  I,h N G  1.0 rrlcnsc: 
somc bniids i f  i ietwork coiiclil ioiis rcqii irc rcnllocatioii. 

Fairness is aiiotlicr inc l r ic for a local area i iclwork. 
111 the DRAMA syslcii i  l l i c te  arc two coiisiclcra(.ions o l  
fairness: (1) that across l l i c  wliolc iictwork all I A N G  
have cqtinl ncccss dclay, niicl (2) t.linl. wi l l i i i i  A 1,ANG 
cacli node linvc cqiial accrsq tlclny. Tlic first. fniriirss 
factor, across (.lie iictrvork i v w  rcport.rtl iii [ I  I )  niitl 
sliowctl cqiinl L A  N G  access. I lit! sccoiitl fxiriiess h c -  ,. 

lor (vas i i icnsi irr t l  iii I.liis siii irilalion atucly lor tlie in- 
( I  i vicli i  ;i I iiot lrs.  S I.aI,is t.ics wcrc conipii ted to observe, 
t i i ~ ~ i i i  tlclny niitl sl.atitlnrt1 clcvinl.ioii o l  dclay about, tlic 
iiir:iti Tor rnrli iiotlc in t l ic network. I n  90% o l  all 
casrs ol)srrvctl, 1.1ic mcaiis I.ciidccl to be eqiial for all 
t i o h  ntitl 1 . 1 1 ~  stniitlnrcl c l c v i a t h  of  the  delay wxq 
;ilw:iys Irss t.linii ~.Iic tiicnir. I i i  t h  rcmnitiing 10% 
d 1 . 1 1 ~  r:i.ws, ( . l i t :  s(,:iiitInrtI tlcvintioii iicvcr cxccctlctl 
Ix'% of t.hc iiieaii. We ii01,c that bcyontl 100% load 
I.licse sIaI.isI.irs Iwcotnc nicniiinglrss 9iiicc l l i e  qiicuca 
grow iiiil~oiiiitlctl. This indicaI,cs t.lint iiodcs are beiiig 
fairly 1rcnt.ecl aiitl that iio i iodc is being denied accesq 
r-nee-ssivcly t l i t v  1.0 soiiie cliiirk iii thc protocol or iiode 
loc n I .  ~1o11. 

T l i c  niialysis of l h e  DRAMA protocol reported l iere 
aiid iii [ I  1 1  iiitlicates that Llie protocol has several iin- 
i i o r h i i t  fcahrcs. T l i c  most impressive characteristic 
is i1.s exlrcii ic f lcxibil i ly. A single metropolitaii area 
iiclwork,usiiig t l ic DRAMA protocol can support: 

0 I,h NCs with vcry dif lerciit numbers of nodes, 

0 I,hNC:s s p r c d  across a wide geographic area, 

0 Drniiiatic fluctuations of load, and 

Widcly varyii ig i i i ixturcs of traflic types. 

'I'Iit- protocol 1wovitIr.q (.his f lcxibil i ty siiicc: 
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A iielwork can quickly rebalaiice loads by  rcallo- 
rn t i i i g  I)niitls ainoiig the LANGs (taking 011 tlie 
ortlcr of 30 1.0 300 nis), 

The protocol eITectively integrates voice, video 
aiicl data oii a CSMAICD network, 

'I'lic Lranic placeincnt policies work well w i th  dy- 
iianiic resource allocation siiice the number of 
baiitls wi lh  synchronous tranic is kept to a mini- 
iiiiiiii, aiid 

WIC iicl.work is stable even a t  very heavy l O d 8  

atid wi th  momentary overloads at some nodes. 

I 
1 
I 
1 

'l'licse studics also suggest tliat, even w i th  a limited 
baiitlrvitltli (say 10 Mb/s), use of a mult iband network 
rather than a ,single bnnd (say ten 1 Mb/s bands ver- 
sus one 10 Mh/s band) can significantly lower average 
~ C C C P S  dclay (lliotigh transmission t ime for large pack- 
c1.s oii a 1 Mb band wi l l  be longer). In addition the 
iiiiiltibniid approach allows integration of synchronous 
atitl nsyiicliroiioiis trnllic. 
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