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Abstract of meeting the higher speeds and throughput demanded by
higher CPU speeds. In theory, thousands of optical signals
Recent advances in computer processing speeds have resan be multiplexed onto the same optical fiber with much
sulted in a parallel processing environment in which the lower crosstalk between them than in traditional, electronic
interconnection networks (INs) themselves are the limiting interconnection networks, but in practice, the limitations
factor in terms of performance. Larger and faster INs can imposed by transmitters, detectors, splitters, etc. permit
be implemented optically subject to the current limitation in only ten to twenty channels per fiber [1, 6].
the number of wavelengths imposed by optical switch and e approach to overcome this limitation is to organize
fllter technology if the INs are arrangeql hierarchically, i.e. processing nodes hierarchically [3, 5, 18]. Nodes are inter-
if the processing nodes are arrangeq n clu_sters and theseconnected in small clusters and these clusters are connected
clusters are connected together special routing nodes atoney; 4 new level either through interface nodes or through
or more higher levels. HORN [15] uses optically connected an entirely new network superimposed on the small clus-
rings as the basic building blocks and connects these ringsters. This process is repeated as many times as necessary
using an optical tree. Three key issues facing HORN are ad-y, hieve a network of the desired number of processing
dre;sed in this paper: dynamic channel allocation (DCA), nodes while not violating the 10-20 wavelength limit per
optical power budget (OPB) and bit error rate_ (BER). Four. cluster. This approach is also supported by conclusions by
approaches to DCA are evaluated and a design trade-off IS Goodman [7] and Dandamudi [2] that nodes in an IN en-

Ferformed bet\évlleenhth?m. The first two arz tr?ken fr(:jm thegage in data transfers more frequently with nearby nodes
iterature [5] while the last two are proposed here and ex- .1 with more distant ones, at least in a well designed IN.

poit the muIFipIe paths available in a hierarchical neMork. _ These hierarchical networks can be classified by the topol-
The evaluation of OPB and BER shows that HORN is feas"ogy of the basic cluster and the topology by which clusters

ble and practical when optical amplification is used at the are interconnected. Proposed topologies include a star of

initial signal insertion point for transmissions at higher lev- stars [13], a bus of buses [1], a hypercube of hypercubes [8]
els in the hierarchy. and a tree of rings [15, 16].

Hierarchical Optical Ring Interconnection Network
(HORN) [15] is an all-optical IN in which the basic clusters
are rings that are interconnected in a tree structure. Major
objectives for HORN include non-blocking, collision-free

It's generally known and accepted that the speeds atcommunication; scalability; unity diameter; low latency;
which computers process information has increased almostand efficient accommodation of variations in communica-
two orders of magnitude in the last ten to fifteen years. tion traffic flow. An example of HORN is shown in Figure
Technological advances in other areas in parallel process- in which 234 processors are connected in a three layer hi-
ing systems haven't been able to keep up with that increaseerarchy.H (n, g) is used in this figure to identify individual
in processing speed, reaching the point that interconnectiorgroups of a hierarchical interconnection, wharesfers to
networks (INs) themselves are now the limiting factor in the the level and; refers to a group at level; H(n) is used to
performance of parallel processing systems [15, 7]. The ap-identify all groups of a hierarchical interconnection at level
plication of optical interconnects to INs holds the potential n.

1. Introduction



Routing Node
®  Processing Node

H(1,9) H(1,10)

@ >\
S X
Ha8){ )
8 ) P Wavelength Assignment
20 for Local Communication
H(2,2)
HE X, /@H(l,lZ)
H(1,6) H(1,13)
3, , @
H(LS) @ 2 2
/\ HE.1) H(1,14)

H(1,15)

H(L.2) H@L17) HL16)

in some channels going unused in one portion of a IN while
performance in another portion of the network is suffering
due to overuse of the available channels. One approach to
this problem that has been proposed is dynamic bandwidth
reallocation [18, 5] wherein a system tracks some param-
eters in the network and dynamically reassigns channels
to the areas with the greater needs. This reallocation ap-
proach, which we call dynamic channel allocation (DCA),
should be analyzed with respect to need in HORN and a
design/algorithm should be specified. Finally, the optical
power budget (OPB) for HORN needs to be evaluated in-
cluding signal to noise ratio (SNR) and bit error rate (BER).
An analysis MAC protocols was performed previously
and a token based protocol was selected for use in HORN
[12]. In this protocol, called THORN, different bits of a
token packet are used to control access to each of the data
channels. THORN ensures fairness of access to all nodes
while also maximizing channel usage rate in that a node

does not have to wait for an assigned slot to transmit its
data. It also provides a method to transmit small, high prior-
ity messages virtually immediately. As will be shown later,
THORN also provides another method to track channel us-
age for DCA.
L . . This paper will analyze DCA and OPB. Two approaches
HORN uses wavelength division multiplexing (WDM) to DCA are taken from the literature and two other ap-
and spatial separation to isolate communication on the ringsproaches made possible by THORN are proposed. All four
at different levels. On each of the lowest level rings, also pproaches to DCA will be analyzed and compared. Even
calle_d local rings, each process_ing node (PN) is assigne hough data transmission in HORN is “single hop”, signal
a unique wavelength _fo_r reception and a source _selects dosses are still proportional to the number of nodes that a
destination by transmitting on the wavelength assigned to essage must pass through. An attempt is made in this pa-
Fhe destinatioq. Th(_a same set of yvavelengths can be reusea]er to assess whether losses in HORN are low enough to
in each 'OC‘T’" ring since they are isolated from one anOtherensure sufficient signal strength for reliable detection at ev-
.by th'e routing nOdeS' At the remote Ievel; a wavglength ery node in the network. The need for optical signal ampli-
is uniquely assgned to eactng of PNS’_ or ring of fNGS fication is also analyzed. This analysis is based on the an-
of PNs, depending on the level at which communication ticipated losses due to signal insertion, transmission, signal

occurs. Wayelengths can also be reu_sed gt these levels Fxtraction using splitters at each of the PNs, and routing us-
long as the isolation from the other rings in the network .

is maintained. It should be apparent that broadcasting an({;‘(gw?lggﬁte?/:lzflc tunable filters (AOTFs) to route messages
multi-casting is inherent in this approach; messages can be
sent to all PNs on a ring by transmitting on the appropriate i
channel and level. In Figure 1 the same set of Wavelengthsz- Analysis
that are shown fof (1, 11) is repeated in each of the local
rings (any ring designatel (1, ¢)) thus permitting 256 vir-
tual channels to operate simultaneously while using only 22
physical wavelengths. There are four possible approaches to DCA in HORN;
Several key issues need to be addressed to establish théne first two are presented in the literature [5] while the last
benefits and practicality of HORN. First, while WDM and two are made possible by the THORN protocol [12]. In the
spatial separation greatly reduce the number of contentiondirst, a complete representation of the pertinent communica-
for each of the channels in question, there are still times intion parameters is maintained at every processing and rout-
which two sources may attempt to access the same chaning node in the network. These parameters include chan-
nel at the same time. A media access (MAC) protocol is nel assignments and some indication of current demands on
needed to prevent this from happening and to ensure fair-the assigned channels. The second approach is similar but
ness of access to all sources. Second, data traffic is ofteronly a partial representation of the network is maintained at
bursty in parallel processing systems and this could resulteach node, data is maintained only for the current node and

Figure 1. Sample HORN network with 234 pro-
cessing nodes.

2.1. Dynamic Channel Allocation



below in the hierarchy. In the third and fourth approaches by:

each node monitors the tokens for each ring or PN directly J
connected to it at the next lower level in the hierarchy. For Np = Z n; (2)
example, node (t) in Figure 2 monitors the tokens for nodes i=1

(2) tzrough_ (f)l‘l In the _f'rStéhr?ﬁ a‘:ﬁ roachtes the chanr:_elswheren; is the number of nodes at levigh the local struc-
are dynamicafly reassighed whiie the system 1S operatingy, .o only andj is the number of the current level. The total

!oased on the demand mdlcateq by.the. method chosen, buéize of the database across the entire system is proportional
in the fourth approach communication is transferred to the

. . . . . to II7_,n; S L. This approach also requires multiple,
next higher level in the hierarchy if the required channel(s) tun i=1ti 2721 i PP a b

. . able transmitters and receivers at each node since the
at_ the desired level are_unavallable. These fo_ur approaCheBhysicaI wavelength assigned to a node will change based
will be ar_lalyzed below n ter_ms of database size, hardwareon availability and multiple transmissions will arrive simul-
complexity and communication overhead. taneously when multiple channels are assigned to a node at
a given level. The software to reallocate channels and syn-
chronize data transmission at different levels will be the less

complicated since this reallocation, coordination and syn-

In the full database representation approach the size of thechronization will only have to be asserted across a portion

database at each node will be proportional to the number ofof the network and any change in channel allocation only
nodes in the system, which is given by: has to be transmitted to the affected nodes. Communication

traffic to coordinate DCA will be proportional t& p. Since
r channel allocation is localized synchronization of data cy-
Np = Z ng 1) cles will also only affect portions of the network at different
i=1 times. Dowd’s comment that synchronization imposes un-
) ) ) acceptable delays would especially apply to this approach
wheren; is the number of nodes at levelandr is the since this is his favored approach [3, 5]. He has proposed

num_ber of levels in the_ system. Since this database 'San alternative that does not require data cycle synchroniza-
duplicated at all nodes in the system the amount of datation [4]

stored across all nodes is proportional Xg.. This ap-
proach requires multiple, tunable transmitters and receivers

at each node since the physical wavelength assigned to 2.1.3 Token Based Approach With Channel Realloca-
node will change based on availability and multiple trans- tion

missions will arrive simultaneously when multiple channels

are assigned to a node at a given level. The software to re
allocate channels and synchronize data transmission at dif
ferent levels will be the most complicated of the four ap-

proaches since this reallocation, coordination and synchro

2.1.1 Full Database Representation Approach

In this paper we propose two DCA approaches that moni-
tor the tokens used by the THORN protocol. These tokens
are a direct indication of channel usage and demand. In the
first token based approach channels are reallocated based
nization will have to be asserted across the entire network®" the usage and dgmand indicated by the tokens.' In the
second approach, discussed more below, transmissions are

in concert. Any change in channel allocation will have to be : : . .
transmitted simultaneously to every node in the network andredlrected to higher levels in the hierarchy when the tokens
indicate that the desired channel will not be free soon. Nei-

the databases at each channel will have to be updated reg't—h fth h datab ither at h nod
ularly even if no changes are made to channel allocations. er ot these approaches use databases either at each node

This means that the communication traffic just to coordi- or at some central location. The token based approach with
nate DCA will be proportional taVy. Channel allocation channel reallocation will require multiple, tunable transmit-

will have to be synchronized across the entire network in or- tehrs and 'r”ecelvers at eaﬁh no?].e Lor EaCh Ilevel of the h|era(rj-
der to maintain currency of the databases and to ensure tha y as Wil any approach in Which channe's are reassigne
messages are not misdirected. Dowd, et. al. have conclude ynamically. The software to reallocate channels and syn-

that the delay imposed to synchronize the data cycles undetﬁ?ror."zteh datatFrTr(;srtmgsmn will be ﬁvgn Ietsh§ comlgljllcatt.ed
this approach is unacceptable [4]. an in the partial database approach since this reallocation,

coordination and synchronization will only have to be as-
serted between adjacent levels. Synchronization is greatly
2.1.2 Partial Database Representation Approach simplified since it can be controlled through the tokens. The
THORN protocol presented previously [12] provides for a
In the partial database representation approach the size aémall payload as part of the token packet which can be used
the database at each node will be proportional to the numbeto coordinate and reassign channels. Communication traf-
of nodes at the current level and below only, which is given fic to coordinate DCA will therefore have minimal affect



dedicated channels.

mQ
2.1.4 Token Based Approach With Message Redirec- Q(h) (k)p
Source PE

tion (9)

on data transmissions since the token packets circulate on Q

Step 2 U

—

Step
This last approach imposes minimal requirements on the Destination PE S
types and number of transmitters and receivers at each node. Y < w
The software will be very simple; all it has to do is deter- Step 3
mine if the desired channel is busy and redirect transmission \O
to another level if it is. No synchronization of data cycles ® () (m)(n)
will be necessary and there is no communication overhead (
for DCA. In this approach the small payload in the token \(C) @ 0] O)b
packets under THORN can be used to transmit small, high (6) 1 @ 0
priority messages or even normal priority messages on a
limited basis. This approach doesn’t use DCA in the same
way the other approaches since the channels are not reas-
signed but does fill the same need and makes use of the
same channels that DCA does without having to perform
the channel reallocation dynamically. The main drawback Figure 2. Routing of remote transmissions in
to this approach is that it places more demand on the chan- HORN.
nels assigned to higher levels in the hierarchy. The solution
to this is to assign an increasing number of channels to each
level just as a fat tree data structure doubles the number of . - . .
links for each step up the tree. very predictable ways based on the|r.|r.1teract|on with acous-
tic waves. FPFs use resonant cavities that transmit only
. transmissions whose wavelengths are exact multiples of the
2.2. Optical Power Budget length of the cavities. AOTFs were selected because they
are tunable over a broader range of wavelengths and can
Routing in HORN is accomplished on two levels: local select more frequencies simultaneously [10]. AOTFs also
and remote. Local communication takes place when sourcehave very high inband transmission and very low crosstalk.
and destination PNs are physically on the same lowest (lo-Inband transmission better than 99% and crosstalk of less
cal) level ring. Each PN is assigned a different wavelength than -15 dB have been reported [10, 11, 19].
for reception, so routing is simply a matter of tuning to the  Message transmission is unidirectional on all rings so
right wavelength. The same set of wavelengths is reusedrouting in both the local and remote cases can be modeled
in every local ring but these messages never leave their owrgs a string of PN and routing nodes.
local ring so there are no channel conflicts and no otherrout- |, the local transmission case a message will not have
ing needs to be performed on them. Messages transmittegl, pass through more tha¥ — 1 splitters whereV is the
in all other cases are optically routed by wavelength to the h,mber of nodes on a local ring, as shown in Figure 3. At-
destinatiorring through at least two routing nodes. Figure (enyation of the signal is the same\at 2 splitters but at the
2 shows a sample of remote routing where the message mugjestination node the message is deflected to the PN rather
be optically routed at nodes (g), (u), (1), and (f). The desired {hap passed on the next node. There will be three distinct
PN on the destination ring is specified in a simple header. .omponents to the loss: signal insertion loss, transmission
Each PN on the target ring processes the header and eithgpgg at up taV — 2 splitters, and an extraction loss.
buffers the message or discards it based on the destination
address in the header.

Source Destination
Two major issues in designing a HORN network are the
routing nodes technology and the splitter design. At the "'M;;;;ge ’ R
routing nodes the objective is to direct optical signal based insered v
on their wavelength and to be able to control that routing Hom g Cxracted

by varying some parameter in the router. Two optical tech-

nologies are mature and able to meet these requirements: Figure 3. Equivalent model of a local message
AOTFs [10] and Fabry-Perot Filters (FPFs) [9]. AOTFs op-  transmission path in HORN

erate on the principle that optical signals can be directed in



Figure 4 shows the remote transmission case in which ~ Similarly, using the model in Figure 4, an expression
a message may have to pass through upNo- 1 splitters can be derived for the minimum power reaching a detector
and up toN,. routing nodes (AOTFs) wher®',. is the total for remote transmissions in HORN when there Ard®Ns
number of routing nodes in the system. Signal loss in this on each local ring and a total @¥,. routing nodes in the
case will be comprised of insertion loss, transmission loss system:
through up t@2 N — 2 splitters, loss at up t&/,. AOTFs, and

an extraction loss. Pout = Pp+Li+R+ (2N -2)(T + L.)
Source Ring +k(LAOTF + Lc) (4)
Source PN
[o}—2{s}= « « - —[n] whereL 4o r is the transmission loss through an AOTF. As
Message : stated previously, AOTF transmission efficiencies of more

than 99% have been reported, corresponding td abr
of -0.043 dB at each AOTF [10, 11, 19].
Insertion losses of 1 dB are routinely achieved in optical
[ roessingnoce o . fibers. Note that01s +1016 = 1 since the amount of power
into the splitter has to be equal to the power transmitted
e e Destiation PN and reflected from it, so the selection of a transmission effi-
Y s Y o Y e ciency defines botf’ andR. The coupling efficiencyl,.., is
determined by four interfaces where the index of refraction
Brracbd changes, two at the two ends of the fibers and two at the in-
put and output faces of the splitter. If air is in the spaces be-
Figure 4. Equivalent model of a remote mes- tween the fibers and the splitter then it's possible to achieve
sage transmission path in HORN a coupling efficiency of.. = 101log0.96* = —0.7 dB since
the reflectance for normal incidence at an air to glass inter-
faces is typically about 4%. If index matching oil is in-
Fiber losses can be significant but losses less than 3stead in those spaces then it should be possible to obtain
dB/km for 0.8um < A < 1.4um are possible [14]. Since 1, = —0.5dB.
total fiber Iength will be on the order of 10 meters the fiber Using these results we can derive an expression for the
losses for both local and remote transmissions can be madenaximum number of PNs as a function of splitter transmis-
to be negligibly small and will therefore be ignored in the sjon efficiency for local transmissions:
following calculations
At the PNs the splitter selection is a balance between ex- N (Pout(min) — Py — L — R) 2 (5
tracting enough signal for detection at each node and trans- e T+ L.
mitting as much signal as possible to the next node. Splitters , o ,
are available in a wide range of transmission efficiencies. A WNe"€Lout(min) iS the the minimum power for reliable de-
high transmission efficiency means that a low percentage oft€ction. , o
the power is extracted for use at the node in question so if Eduation (5) is graphed in Figure S fé}, = 1 and
the efficiency is too high then not enough power is being Lout(min) = 10pW. It can be seen from this figure that
extracted to detect. On the other hand a low transmissionSPlitters with transmission efficiencies of 90% will allow a
efficiency means that too little power may be passed on toSyStem with a maximum of 43 PNs. This far exceeds the
the rest of the nodes in the ring and the signal will die out SYStém constraints in HORN of no more than about 20 PNs
after passing through only a few PNs. on a local ring but_on_ly exceeds the minimum requlrt_ement
Using the model given in Figure 3, an expression can pe for remote transr_mssmns by three _PNs since data will pass
derived for the minimum power reaching the detector at a through about twice as many PNs in those cases.

destination node for a local transmission when thereare If we subtract Equation (3) from Equation (4) and solve
PNs on each local ring: for V we obtain an expression for the reductiom\p, .. as

a function of the number of routing nodé€s, :

oo o

Routing node K

Destination Ring

Pyt =Py +Li+ R+ (N —2)(T + L) (3)

where P,,,; is the power reaching the detectdt;, is the ANpar =
strength of the sourcd,; is the insertion lossk is the per-

centage of the signal that is extracted or deflected at eachiThis means that for every two routing nodes that a mes-
splitter, T' is the splitter transmission efficiency aid is sage must pass through the maximum number of PNs it can
the coupling efficiency between the fiber and the splitters. pass through is reduced by one when = 7', which is

(All quantities are in dB.) very nearly the case for the values derived Torand L.

—kL,
T+L,

(6)
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above. For the conditions graphed in Figure 5 only six
routing nodes can be accommodated. Therefore, a HORN
of modest size can get by without any optical amplification,
a more general, scalable system will require some interme-
diate amplification of the optical signals.

One undesirable affect ignored in the above considera-
tion is that messages continue to circulate on the fiber rings
until losses reduce their strengths to undetectable levels and
that problem could be exacerbated by optical gain. Indis-
criminate use of optical gain may result in an infinite gain
condition, that is, the optical strength of a signal will grow
exponentially if the gain for each pass around a ring exceedssources are uncorrelated, that is they occur at random inter-
the loss. It was therefore decided not to use gain on the lo-vals relative to one another, then the BER is given by [17]:
cal rings and to use gain only at the initial insertion point
for remote transmissions. In this way the signal is amplified \/iexp(—%ﬁ)
only once, not every time it passes a certain point on a ring. BER = W ()

Figure 6 shows signal strength versus the number of PNs
in HORN for one and two full passes through the transmis-  In any electro-optic system random photon or electron
sion path for a system in which the splitters at each nodefluctuations may introduce noise at any element in the sys-
have a transmission efficiency of 90%. It shows again thattem. Crosstalk at splitters and routers pose additional po-
losses don't reduce the signal below detectable levels fortential noise sources. When noise terms are uncorrelated,
any path with less than 43 intermediate PNs and that thethe SNR is given by:
signal drops below detectable levels in less than two passes

Figure 6. Losses in HORN as a function of
the number of intermediate nodes. These
results are valid for both local and remote

transmissions if 10% of the signal is absorbed

an each intermediate node. An intermediate
node may be either a processing node or a
routing node.

through any path with more than 22 intermediate PNs. This SNR = Lsignat_ (8)
shows that signals can be made to die out due to normal /Zj ff

losses within two passes while still ensuring sufficient sig-

nal strength to all nodes in the first pass, further supportingwhere the noise terms in the denominator, represented by
the decision to use gain elements only at the initial insertion I;, are introduced by the source, detector, fiber and other

point for remote transmissions. intermediate elements.
_ The primary noise sources in the source and detector are
2.3. Bit Error Rate shot noise, flicker noise and Johnson noise. The shot noise

has an AC component and a DC component given by:
A second issue that should be addressed in conjunction

with OPB is signal transmission bit error rate (BER) which Lhot(ac) = 20 signat A f (9)
is defined as the number of bits received in error divided by
the number of bits transmitted. When the signal and noise If,wt(dc) =2qlpcAf (10)



whereyq is the charge on an electron aAd is the electrical ~ attenuated by at least 20 dB before it experiences a measur-
bandwidth of the systemi,;,,q; andIpc are the average  able transmission delay relative to the signal in the first pass
AC and DC currents in the system at the point where the around a ring. Second, this transmission delayed compo-

noise is measured. The Johnson noise is given by: nent is highly correlated to the basic signal. While it may
broaden the signal temporally, it doesn’t qualify as noise.
12 = 4kTAf (11) Itis therefore possible to achieve a BER better than’
t . . .
Re, if the number of routing nodes that remote transmissions

herek is Bol , . in d must pass through is limited to ten. This will permit a
wherek is Boltzmann's constanfl” is temperature in de-  5pn with three levels to accommodate up to 2000 PNs.

grees Kelvin andz,, is the circu?t resistancg. Flicker_ noise_ At present the crosstalk in the AOTF's is the limiting factor
is only present at low electronic frequencies and is negli- in this analysis

gible in HORN. The following values are reasonable and
achievable for these equations subject to our need to mini- .
mize the impact of shot and Johnson noises on our network 3- Conclusion

Af = 1MHz While the application of optics to INs will theoretically

= 10pA vastly improve their performance, current limitations in op-
tical technology severely limit the number of wavelengths
that can be used simultaneously. Hierarchical topologies
hold the promise of making optical INs practical in that they
will permit hundreds, perhaps thousands of PNs to be in-
terconnected using current technology. Several key issues
facing hierarchical optical networks need to be resolved to

[signal
IDO = 10mA
R, = 10kQ

Crosstalk levels in AOTF's have been reported the litera-
ture at 15 dB below the signal levels for wavelengths spaced

a few nanometers apart [11, 19]. The total contribution to establish their practicality and this paper addresses two of

the noise from the AOTF's will be a_fur_wctlon of the number those issues, DCA and OPB, for a specific hierarchical op-
of routing nodes that a data transmission must pass through,

In the worst case data will have to pass throdghAOTF's. tical IN, HORN, which was presented previously [1.5]'
) oo ! e . Four approaches to DCA were presented and discussed.
The noise contribution due to optical amplification will be

on the order of 40 dB below the signal levels, which is the The approach that requires full representation of the entire

level reported for Willner and Hwang [20] for erbium doped network at each node is unacceptable since the growth of the

. - database and increase in communication traffic to maintain
fiber amplifiers (EDFA'S) at wavelengths at and near 1550

. oo . the currency of the databases makes that approach unscal-
nm. There will be, at most, one contribution to noise from

g . L o able. It was also concluded that the number of tunable trans-
the EDFA's in HORN since a transmission is amplified only . . . :
. . mitters and receivers in the first three approaches was unac-
when it is inserted onto the network for remote transmis-

. L . . . _ceptable. Multiple, tunable transmitters and receivers sig-
sion. The summation in the denominator of equation (8) is _. .
: i nificantly increase the cost, and therefore adversely affect
therefore given by:

the scalability of HORN. While multiple transmitters and
recievers may be beneficial under the last approach they are

le = Dhot(ae) + Donot(ae) + It ; :
" shot(ac) T “shot(dc) not required by the approach and can be fixed, and therefore
! ) ) much lower in cost. Improvements in delay and throughput
+k X Lyorr + Igpra (12)  due to reallocating channels dynamically have been found

not to be as significant as initially hypothesized and there
are indications that delays will actually increase if DCA is
used [4]. These results coupled with the increased com-
munication required maintain the databases in the first two
approaches lead to the selection of the last DCA approach
for use in HORN.

Data circulating indefinitely around the different rings in HORN was shown to be practical in terms of OPB and
HORN represents another potential source of crosstalk. INBER. It was shown that losses in HORN were low enough
can be shown fairly easily that this is not a significant con- that optical gain elements are not necessary for local trans-
tribution to noise in HORN. First, the distances around any missions, i.e. transmissions that don'’t leave the lowest ring
ring in HORN are so short that a message must make manyin HORN. Sufficient signal strength can easily be main-
loops around before it is out of phase to any significant ex- tained in a system with up to about 43 intermediate PNs
tent with the basic signal. The choice of using splitters with- in the transmission path which is much less than limit of
out gain elements therefore means that the signal has beetwenty imposed by current transmitter, detector and fiber-

wherelsorr andIgpr 4 are given by:
IAOTF = 0.032 x Isz'gnal (13)

IAOTF = 0.0001 x Isignal (14)



optic signal insertion/extraction technology. Use of op-
tical gain at only the point that a signal is initially in-

serted onto the remote transmission rings permits signal

strength to be maintained if much larger networks that fol-
low the HORN topology while also preventing the open

loop gain that would occur in some case when signals is

amplified indiscriminantly every pass certain points on the
rings since signals will circulate indefinitely when gain ex-
ceeds loss around a closed circuit. This also avoids the prob-

lem have having to remove signals actively from the rings. [10]

When splitter transmission efficiencies of 90% at are used

(7]

(8]

9]

each PN, losses were shown under this approach to signal

strength by at least 10 dB for each circuit a signal makes

around a ring. Noises in the sources, fibers, detectors and11l

routing elements were shown to be very low. The contribu-
tions to the BER from those elements was much less than

10=°%. Similarly the contribution to the BER was shown

to be very small due to a message continuously cycling
through the system until losses reduce its strength below

noise levels.

These results, coupled with the protocol analysis per-

formed previously [12], show that HORN is practical and
that the initial objectives of high throughput, low delay and
high scalability can be achieved. These results also meet the 13l
demands of that variations in communication traffic may
impose on an IN, avoid the need for actively removing
signals, and ensure sufficient signal strength to all PNs in [14]
HORN even as elements and rings are added.
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