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Abstract 
This paper proposes a novel bandwidth arrangement for an Add/Drop Multiplexer (ADM) 
that minimizes the line capacity required in bi-directional ring networks wherein the ADMs 
are connected logically in a mesh topology. The technique, characterized by timeslotlwave
length conversion, realizes uniform add/drop processing common to all ADMs, regardless of 
their location on the ring. A self-healing algorithm is proposed for the network, which offers 
better performance than existing algorithms for SONET rings in terms of protection line 
capacity, restoration time, and survivability against multiple failures. Delay issue caused by 
the self-healing function is also considered. 
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1 INTRODUCTION 

It is expected that Metropolitan Area and Wide Area Networks (MANs and WANs) will 
have to handle many kinds of Local Area Networks (LANs) providing different services 
with widely differing bit-rates and differing protocols, together with ordinary sub-networks. 
In such a situation, multiplexing various signals into a single network is the only way to 
achieve reasonable cost. Obviously, network survivability becomes more important as the 
number of multiplexed channels and the transmission line bit-rate increase (Wu, 1992). 

A ring structure is a physical network topology and offers both effective cost and surviv
ability (Wu, 1990, To, 1991) for MAN or WAN applications. The ring achieves lower costs 
due to its reduced conduit space requirements or low number of links, and higher survivabil
ity through its self-healing function (Wu, 1990). However, the ring requires larger line 
capacity since fewer routes are available to support crossing traffic. To date, Hill has re
ported that the ring topology requires the maximum number of wavelengths among the 
optical path network topologies that use Wavelength Division Multiplexing (WDM) (Hill, 
1988). In an interesting development, Elrefaie has introduced a wavelength assignment table 
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14 Part One MAN 

that minimizes the number of wavelengths for full-mesh connected bi-directional rings for 
systems with fewer than 11 nodes (Elrefaie, 1993). However, the wavelength allocation 
table is determined by a central control node, which leads to a centralized control environ
ment and so exposes the network to the complete system down with control node failure. 
Moreover, general assignment, for an arbitrary number of nodes, that optimizes line capacity 
is an outstanding problem. 

This paper proposes a novel bandwidth grooming scheme for Add/Drop Multiplexers 
(ADMs) that minimizes the line capacity required by the logical mesh topology. The pro
posal is advantageous due to its uniform processing scheme common to all ADMs in the 
ring, while releasing us from a bandwidth allocation problem. Moreover, the novel self
healing algorithm that best suits the ring is proposed (Tomizawa, 1994). It offers better 
performance than existing rings using the Synchronous Optical NETwork (SO NET) proto
col, in terms of protection capacity, restoration ratio, and survivability against multiple 
failures. 

First, the multiplexing structure that will be employed in future MANs or WANs is 
discussed. Section 3 considers connectivity requirements in future networks. This leads us 
to a full-mesh connected ring for a distributed control environment. Section 4 describes a 
novel bandwidth grooming technique for a fully connected mesh topology. The scheme is 
examined in both time and frequency domains for application to rings using either Time 
Division Multiplexing (TDM) or WDM. Section 5 proposes a self-healing algorithm that 
can be described as dual-ended shared path switching. Section 6 estimates the performance 
of the proposed algorithm. Section 7 considers transmission delay taking self-healing func
tions into account, which limits the network scale. This paper concludes in section 8. Sec
tion 9 includes acknowledgments, and 10 is the appendix. 

2 MULTIPLEXING STRUCTURE 

LANs are required to achieve gigabit throughputs for connecting several computer terminals 
driven by powerful processors. In that, technologies for constituting gigabit LANs have 
been actively studied and developed. Examples include High Performance Parallel Interface 
(HIPPI), Fiber Distributed Dual Interface (FDDI), Fiber-Channel (FC), or Asynchronous 
Transfer Mode (ATM), each of which is fascinating for gigabit LANs. On the other hand, 
MANs or WANs should handle data traffic between these LANs of differing bit-rates and of 
differing protocols, video broadcasting traffic, even telephone traffic. Hence in MANs or 
WANs, a unified or standardized protocol is needed, by which signals of differing bit-rate 
are multiplexed and transmitted to the network. A TM protocol seems to be a solution but it 
has several problems: 1) The trade-off between Quality of Service (QoS) and the ATM node 
buffer size (Fischer, 1994). Small buffers increase the cell loss rate, while large buffers 
increase cell delay. 2) The problem of queue and jitter (Aoyama, 1992). Queueing time and 
cell-delay fluctuation increase when many large nodes are attached to the network. 3) The 
flow control problem. Even if a flow control function based on whether mean or peak cell 
rate is realized, cell loss probability cannot be completely excluded. Moreover, closed-loop 
reactive flow control based on Available Bit-Rate (ABR) is not feasible in a large network 
because of its long feed-back time (Fischer, 1994). 4) The traffic model problem (Partridge, 
1994). Because burst cell traffic cannot be described by existing statistical traffic models, no 
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TI: Transmission-line Interface 
SHF: Self-Healing Function 

(a) ATM Multiplexing 
Figure 1 Multiplexing structure 

(b) Physical Multiplexing 

one can exactly predict the cell loss probability. These problems may originate in trying to 
use statistical multiplexing to increase transmission resource efficiency utilization. 
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There are two multiplexing structures that can allow MAN/W AN nodes to be connected 
to gigabit LANs. How to realize the node functions, e.g. termination, multiplexing and 
routing, determines the multiplexing structure. The first is an ATM multiplexing after 
solving all the problems mentioned above, where all signals are encapsulated into ATM 
cells, every routing is executed cell by cell, mUltiplexing in a statistical manner, and then 
signals are transmitted to the network after being terminated in Transmission-line Interface 
(TI) format, for example a Synchronous Digital Hierarchy (SDH) frame. The second is a 
physical multiplexing, where all functions can be done in TI format at a physical layer. Map 
different kinds of signals into TI, multiplexing proceeds in a fixed manner. The multiplexing 
structures are shown in Figure lea), (b). In Figure I (a), the MAN/WAN node is equipped 
with an ATM-Cross-Connect system (ATM-XC) to which ATM-LAN, Frame Relay net
work, Switched Multi-megabit Data Services (SMDS), and SDH network are connected as 
sub-networks. The signals in these sub-networks are segmented into A TM cells at the ATM 
adaptor, and their routes are determined by setting their cell headers (Virtual Path Identifier: 
VPI), and are arranged at A TM-XC. They are mapped into TI at the TI adaptor. On the 
other hand, in Figure l(b), these sub-networks are connected to low-speed ports of a multi
plexer (MUX) after the signals are mapped into TI. Each MUX low-speed port is connected 
to that of the opposite node so that each sub-network can communicate with the same kind of 
sub-network. 

It should be noted that network administration is quite different between two structures. 
ATM multiplexing requires an OAM-cell administration, while physical multiplexing pro
vides a path administration. We adopt physical multiplexing because of the following two 
reasons: it offers an excellent quality of signal monitoring in network administration, and is 
free from the flow comtrol problem which is more serious as the transmission line-rate 
getting higher: several tens of giga-bitls. However, it offers inefficient usage of transmission 
resources. We adopt physical multiplexing at the expense of efficiency of circuit 



16 Part One MAN 

accomodation into transmission line, but which makes it possible to achieve line bit-rates 
from 10 Gbitls to I Tbitls by using optical technologies. 

Multiplexing technologies for very high-speed optical systems can be categorized into 
two types. First is SDH or SONET using TDM scheme. SDH is based on STM-l of 156 
Mbitls and consists of other higher rates such as STM-4 of 622 Mbitls and STM-16 of 2.4 
Gbitls. These transmission rates have been standardized by International Telecommunica
tions Union-Telecommunication (ITU-T). NIT is developing an STM-64 system which is 
the 10 Gbitls version of SDH (Kobayashi, 1994), and ITU-T is discussing its standardization. 
At present, SDH is the most promising technology for multi giga-bitls multiplexing and 
transmission. 

Another candidate is WDM, by which the broadband characteristics of optical fiber can 
be fully utilized. A European WDM network trial commenced in 1992 (Hill, 1993). Several 
proposals have been made for WDM packet networks such as the single-hop or multi-hop 
scheme. However, in this paper, we restrict ourselves Optical Path configuration (Sato, 
1994) in which wavelengths are assigned to connected paths between nodes in the MANI 
WAN. High transmission capacity, exceeding that of SDH, is obtained by the summation of 
the bit-rate of each wavelength. 

Two architectural issues arise in network nodes as shown in Figure l(b). 1) How to 
decide which route a path takes for a connection, 2) how to restore network failures. Using 
the ring network architecture, the node configuration is simplified. A path route is simply 
one of just two directions, clockwise or counterclockwise, furthermore network failure can 
be restored automatically: the self-healing function is adopted. This paper proposes a band
width arrangement scheme to assure path connection and also a self-healing algorithm for 
failure restoration. 

So far, there are ring networks based on SDHlSONET, called SONET rings (Wu, 1994), 
that were designed to support mainly point-to-point traffic. However, the transmission speed 
of SONET rings is limited [0 STM-16/0C-48 and below. Although ring networks beyond 
10 Gbitls are necessary from the viewpoint of service economy (Wasem, 1992), they do not 
exist. WDM ring networks have been proposed as described in section 1, however, further 
studies are still needed because the architecture and devices strongly depend on further 
progress in optical technologies. It is important to establish a node function that is appli
cable to both SDH (TDM) and WDM. This will suggest a common Operation System (OpS) 
that ignores the physical differences between multiplexing schemes. In other words, when 
extending throughput, SDH to WDM, the additional changes should be suppressed as much 
as possible. 

The next section considers connectivity, an important issue when multiplexing various 
kinds of services into a single network. 

3 CONNECTIVITY CONSIDERATION 

The future MAN/W AN must be flexible enough to achieve any level of connectivity as 
various kinds of services will be supplied through many sub-networks (McEachern, 1992). 
Thus, connectivity management will be unavoidable. In a network supporting only point-to
point traffic, the operation system drives the XCs forming the path connections. However, it 
is difficult to support multi-cast services in the same manner: XCs should be able to support 
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(a) Logical connection (b) Physical connection 

Figure 2 Logical mesh connection on ring network 

any level of connectivity, and this requires a tremendous throughput. On the other hand, 
power users will be able to or even eager to determine the level of connectivity by them
selves. For basic users, however, the network provider should control the connectivity. In 
such a complex situation, the network can be simply configured by logically connecting all 
nodes in a mesh topology, regardless of individual communication activity needs. The 
highest connectivity is realized with the full-mesh demand pattern that is expected in the 
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later stages of broadband evolution (Elrefaie, 1993). Lower connectivity demands (star, 
point-to-point, etc.), can be satisfied by using a portion of the mesh. In networks wherein the 
nodes are always connected in a logical mesh, connectivity management is distributed 
among the nodes regardless whether they are owned by the user or the network provider. 
This leads to a distributed network control environment which increases network survivabil
ity against control node failures. We restrict ourselves hereafter to a logical-mesh connected 
ring network. In a meshed ring, each node is assumed to occupy a fixed share of the total 
bandwidth all the time as in SONET rings or WDM rings, as is true for much of the conven
tional Time Division Multiple Access (TDMA) networks. Although this type of ring net
work suffers no traffic-dependent delay or loss, it is less efficient in this usage of the trans
mission capacity. Simple protocols of this type are suitable for optical transmission as long 
as it appears to have "unlimited" capacity (Kataoka, 1992, Kawanishi, 1993). However, 
since future services need extremely high bit-rates, the efficient usage of capacity will be 
important in rings of several tens of giga bit/so We assume a bi-directional ring network with 
the logical mesh topology (see Figure 2) with the goal of maximizing the efficiency of the 
working line. In Figure 2, the number of nodes (ADMs) is 5 for simplicity. Figure 2 (a) 
shows the logical connection of paths. The internal paths (paths numbered 6 to lOin the 
figure) are replaced with double length paths that follow the periphery of the ring as depicted 
in Figure 2 (b), where the filled circles represent adding or dropping points. When the mini
mum capacity is satisfied, each line has the same number of paths, in this case 3. Each path 
takes the shortest route independent of direction. For an arbitrary number of nodes, the 
minimum line capacity of a bi-directional ring is represented as (Elrefaie, 1993): 

N: even number of paths per link= [~2] , (1) 

N: odd number of paths per link= N~-I, (2) 
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Table 1 Switch Scale Comparison 

Equipment 

XC in hub(star) network 

ADM in ring network 

Part One MAN 

Switch scale O(x) 
matrix switch 

{N(N-1)}2 
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Figure 3 Swich Scale Comparison 

where N is the number of nodes, and [ ] means a Gauss symbol that rounds off non-integer 
values. 

If the minimum capacity is realized, the ADM in the efficient ring requires only small 
scale switching equipment, and so is superior to the XC in hub or star network topologies 
which is an extension of point-to-point transmission systems. Only the central node executes 
the switching function in hub (star) topology, while in ring, control is distributed among all 
nodes which obviates the risk of complete system down after a control node failure. To 
calculate switch size, some assumptions must be made. Each mesh connected path occupies 
the same capacity. The switch is assumed to be a matrix type or Benes type. The ADM 
switch is able to add/drop arbitrary paths from/to the multiplexed signal stream. Link capac
ity required in the full mesh connection is N-1 for hub (star) (Hill, 1988), and (N2-1)/8 for 
this bi-directional ring. The number of input or output ports connected to the switch is N(N-
1) for the hub, (N2-1)/ 4 for the ring. For an arbitrary number of ports K, switch scale is 0(K2) 
for the matrix switch and 0(Klog2K) for the Benes switch as shown in Table 1. Figure 3 
compares the switch size of the ADM in the ring and the XC in a hub. As in the figure, 
ADM switch size for the matrix type is one or two orders smaller than that of the XC. Fig
ure 3 also shows the difference in switch size for the Benes type switch, in which ADM 
achieves a size reduction of one order. 
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Here we propose a novel bandwidth arrangement applicable to both SDH and WDM that 
realizes the maximum line usage. Figure 4 shows, for the case of 5 nodes, details of the 
reuse of bandwidths in SDH and WDM, where each node is an ADM. Each byte is repre
sented as a box in which the originating node number and destination node number are given 
by the upper and lower figures, respectively. Considering the byte-interleaving nature of 
SDH (Yamabayashi, 1993), each box has a time length of 8 bits. For the bit-interleaving 
TOM scheme, each box will be a timeslot, though this paper restricts itself to SDH. Three 
bytes are required for one cycle on the multiplexed signal stream for mesh connectivity, 
while lower connectivity demand patterns require fewer bytes. Since the network should 
support either type of demand pattern, the bandwidth grooming scheme is optimized for 
mesh connections. In Figure 4, we focus on node #1, and only counterclockwise signals are 
shown. It should be noted that the remaining paths mapped to node #1 run clockwise. The 
first byte is used for the path from the nearest neighbor (node #5) to node #1 (which is 
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2. Transfer the last to the second 

~ 

1. Drop from the first 2 bytes '--....---.---' 3. Add to the first and the last 

Figure 5 Universal processing for each ADM 

expressed by 5"-71 hereafter), and the second is for the path from the second nearest neigh
bor node #4 to #1(4"-71), the last one is for 5"-72. Node #1 processes signals as follows: 
node #1 drops signals indicated by the first two bytes, and then adds signals for paths 1"-72 
and 1"-73 to the first and last bytes, respectively. Therefore, the output signal from node #1 
consists of 1"-72, 5"-72, and 1"-73. At node #1, the byte of the pass-through signal is moved 
from the last byte to the second. The proposed procedure makes it possible for every node to 
handle their signals in exactly the same manner as depicted in Figure 5. That is, 1. drop the 
first two bytes, 2. transfer the last to the second, and 3. add to the first and the last positions. 

In the proposed method, the generality of add/drop processing is valid for any arbitrary 
number of nodes. A detailed description for arbitrary node number will be reported else
where (Tomizawa, to be submitted). Figure 6 shows input and output bytes at node #1 for 
the case of 9 nodes. In this figure, every node drops four bytes from the top and adds signals 
to the first, fifth, eighth and tenth bytes. Signal 9"-74 is transferred from byte 10 to byte 9, 
8"-73 moves from 9 to 7, and so on. 
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Figure 7 Bandwidth occupancy ratio 
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In a bi-directional ring network using conventional TDMA, the absolute position of 
timeslots from one node to another is fixed. Hence, whether a path takes a shorter route or 
longer route, its timeslot must be retained in every link. TDMA requires the capacity of all 
paths in each link to be N(N-I)/2. Here, we define the bandwidth occupancy ratio as the 
ratio of occupied capacity over required capacity. Bandwidth occupancy ratio is depicted in 
Figure 7 as a function of the number of nodes. With the proposed method, the bandwidth 
occupancy ratio is independent of the number of nodes and is always I, the maximum value. 
On the other hand, the TDMA method has a maximum bandwidth occupancy ratio of 112 at 
N=2, and the ratio decreases as the number of nodes increases to the asymptotic value of 114. 
Thus, the proposed method yields obviously superior bandwidth efficiency. Furthermore, 
TDMA and some SONET rings require the center control node to deliver a large path
timeslot table to each ADM, and an amount of memory is required in each node. The pro
posed scheme is hardware oriented, in this sense. 

WDM networks basically follow the byte exchange method described above: wave
lengths replace time-positions in each byte. Figure 4 also depicts the methodology of reus
ing wavelengths. Wavelengths are sketched in spectral form. Paths mapped to node #1 are: 
path 5~1 to wavelength AI, path 4~1 to A2, and path 5~2 to A3. Node #1 drops Al and A2 
and adds path 1~2 on Al and path 1~3 on A3. Concurrently, the wavelength of path 5~2 
is converted from A3 to A2. With 28 nodes, the number of wavelengths required in this 
method is 98 which is possible given today's technology (Nosu, 1993). If a network has 
more than 28 nodes, adding multiple fibers will be a cost effective solution although it 
depends upon the maturity of optical technologies. 

The uniformity of add/drop processing remains valid for WDM without change. In 
Elrefaie's wavelength assignment method (Elrefaie, 1993), the wavelength treatment of one 
node differs from that of the others. Since wavelengths dropped, added or passed-through in 
each node are not the same, hardware (for example, optical filters) must be customized. 
Otherwise, the hardware should be tunable or programmed from the central node as are 
existing XCs. In the proposed method, which realizes uniform processing, each ADM does 
not require tunable or programmable functions. This simplicity is suitable for implementing 
large capacity networks using either optical WDM or digital SDH whose hardware con
straints are severe. The method has the potential of significant cost reductions because the 
nodes can be mass-produced as replicas. In addition, the maturation of optical technologies 
will realize low cost wavelength converters. Along with these points, our network with 
wavelength conversions has two more advantages as mentioned by Sato et a!. (Sato, 1994). 
First, path-wavelength administration can be controlled in a distributed manner. This is 
more suitable for the distributed control environment of the mesh-connected ring as de
scribed in section 3 than the centralized management required in Elrefaie's method. Second, 
wavelength preciseness is required only between the link terminating nodes, which results in 
relaxed requirements for optical devices. 

5 SELF-HEALING ALGORITHM 

This section proposes a self-healing algorithm applicable to the byte/wavelength convertible 
ring network described in the preceding section. Because the ring network is bi-directional, 
each link requires two more fibers for the protection ring, hence, each link needs 4 fibers. In 
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------- Working traffic 
.................................. Protection traffic 

Normal State 

Figure 8 Self-Healing Algorithm 

Failure State 

our ring network, the time-position or wavelength occupied by one path changes as it 
traverses each working line. Each path is assured of logical connection between nodes, and 
does not participate into the assignment of time-position/wavelength in the physical working 
line. In addition, the distributed network control environment is required as described in 
Section 3. Therefore, it is quite natural to expect each end node to perform restoration 
switching, which leads to a self-healing algorithm on path switching, where path restoration 
is triggered by a path alarm after line failure. The proposed algorithm employs dual-ended 
shared path switching for the efficient usage of protection line capacity. By using this algo
rithm, protection line capacity is utilized only by the failed link, because only "failure paths" 
are switched to the protection line, while in the no-failure state, the protection ring has no 
traffic or only extra traffic (Bellcore Technical Reference, 1991). Therefore, the capacity of 
the protection line equals that of the working line. Figure 8 shows a normal state and a 
failure state, where black line represents working path while gray one protection path. ADM 

SW 

end 

(a) In case of a fiber (from A to B) cut 

SW 
end 

SW 
end 

(b) In case of a cable cut 

Figure 9 Switching Control Scheme of the Proposed algorithm 
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of receiver side detects the alarms issued for the path. The path is restored by establishing 
counter rotating routes in the protection ring by dual-ended path switching. Switchings are 
executed not only at the receiver side but also at the transmisster side. It should be noted that 
the assignment of failed paths. in terms of bytes/wavelengths. is determined only by the 
location of the failure. 

Figure 9 depicts the switching control scheme of this algorithm. where only end nodes 
are shown. If a fiber is cut as shown in Figure 9 (a). ADM #B receives the path alarm (P
ALM). and transmits the same signals as the failure path (bridges) through the protection 
ring together with the switch request signal (SR) including the node ID number to #A. 
When #A detects SR from #B. #A switches the path. and bridges the path in the opposite 
direction with the returning signal (R) including ID to #B through the protection ring. after 
switching is complete. Node #B switches the path when it receives R from #A. In the case 
of a cable failure somewhere between ADM #A and #B as shown in Figure 9 (b). either node 
#A or #B detects P-ALM. Each node bridges and sends SR to the opposite node through the 
protection ring. Detection of SR from the opposite node triggers switching of the path 
connected to the originating node. 

In SDR. each control signal will occupy 1 byte somewhere in the Path Overhead (POR). 
while in WDM. controlling protocols remain to be developed. The proposed algorithm is 
easily extended to restoration switching without bit-loss (hitless switching) by implementing 
a phase adjusting circuit in each ADM. During ordered switching. for example adding or 
deleting nodes or construction work. even single bit-loss can be avoided. 

6 ALGORITHM PERFORMANCE 

The algorithm is compared with ordinary solutions such as SONET path switching and 
SONET loopback switching (lTV. 1994) using three parameters: protection line capacity. 
restoration time. and survivability. SONET path switching is applied to uni-directional 
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rings, where each node transmits the same signal through both working and protection rings 
simultaneously, and switches the receiver side when a failure occurs. On the other hand, 
SONET loopback switching is mainly applied to bi-directional rings. Only the nodes adja
cent to the failed fiber section switch. To restoring a failure, it connects the working ring to 
the protection ring at the nodes adjacent to the failure to form a new loop. 

A comparison of the line capacity (number of paths) required by the protection ring is 
depicted in Figure 10. The protection capacity required by the proposed configuration 
equals that of SONET loopback switching, i.e., about 25% of that of SONET path switching. 
Because SONET path switching is applied to uni-directional rings with 1+1 dedicated 
single-ended switching, protection capacity is required for all paths in every link: N(N-I )/2. 

Figure II shows the restoration ratio as a function of restoration time against a cable cut. 
The restoration ratio is defined as the ratio of the number of restored paths to that of failed 
paths. The calculation uses the following parameters; number of nodes is 16, the delay time 
per passing-through node is 0.010 ms, the delay in each adding/dropping node is 0.005 ms, 
node distance per link is a uniform 25 km, and guard time for detecting the control signal is 
3 frames long for each command. The proposed algorithm offers better performance than 
SONET loopback switching. The reason is that the latter forces the restoration path to pass
through the nodes adjacent to the failure. This often causes loopback which increases resto
ration time. The time difference increases in a larger scale network, since it depends on the 
propagation delay of restored signals in the ring. SONET path switching shows better per
formance than the proposed scheme because switching requests are not required for dedi
cated switching at the expense of increased protection capacity. Detailed calculations of 
these three algorithms are described in the Appendix. 

We estimate the survivability of the proposed algorithm against multiple failures as 
follows. Survivability is defined as the ratio of surviving paths after failure to all paths. In 
the case of a single failure, perfect restoration is assured by all three algorithms. However, 
with multiple failures, survivability depends on the failure positions. Hence, we calculated 
the statistical average of survivability for all possible failure positions for several failure 
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Table 2 Comparison of perfonnances of self-healing algorithms 

Parameters 

Shared/Dedicated 

Switch back function 

Single/Dual ended switch 
Protection capacity 
Propagation delay for restoration 
Survivability against mUltiple failures 
Switching protocol 
Extention to hitless switching 
(buffer size) 

SONET Loopback SONET Path Proposed Path 

Shared Dedicated Shared 

required 

dual 
1 

~ 
medium 
APS 

no required 

single 
.:::j 

short 

~ 
no 

easy 

required 

dual 
1 
middle 
strong 
proposed 

easy 

number. Survivability was detennined by assuming that each failure occurs independently 
(Liew, 1994): the probability function of failure follows a Poisson distribution with the most 
frequent number of failures taken to be 1. The overall survivability values are plotted in 
Figure 12 as a function of the number of nodes. The mathematical model and detail calcula
tions will be reported elsewhere. The proposed switching algorithm offers the best surviv
ability. The proposed switching scheme will protect the paths more than the other schemes. 
This scheme has shorter routes in the working ring than SONET path switching, while it 
generates shorter restoration routes than SONET loopback switching. Because of this, the 
proposed switching scheme provides less chance for the paths to suffer subsequent failure. 
The differences among total expected values seem to be small because of Poisson distribu
tion function for probability of failure happenings. However, once multiple failures occur, 
they cause significant differences of survivability among three algorithms. In the figure, the 
total expected survivability tends to increase with the number of nodes. The reason origi
nates in the definition of survivability: with a large number of nodes, single failure is less 
crucial relatively to that with a small number of nodes. Survivability differs from reliability 
which can be defined as the probability of preventing failure. 
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The self-healing algorithms are compared in Table 2, which shows eight parameters: 
shared/dedicated, requirement of switch-back functions, single/dual-ended, protection capac
ity, restoration time, survivability against multiple failures, necessity of communication 
protocols, and extension to hitless switching. The proposed algorithm shows better perfor
mance attributes than existing self-healing algorithms. 

7 DELAY CONSIDERATION 

If the proposed ring network includes the self-healing function, protection traffic experiences 
longer delay than the working one. The transmission delay in digital networks has been 
fixed by ITU-T (CCITT, 1988). Nonnally, services are provided to users through the work
ing channel which satisfies the specification. Even after a failure, services should be sup
plied in compliance with the specification regardless of whether they are transmitted through 
the protection line. In this section, we estimate the upper limit of the network scale given 
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that the protection delay equals the specification of the working ring. A comparison with 
loopback switching is also shown. Because the uni-directional ring has a different specifica
tion, SONET path switching is omitted from consideration. The condition used in the esti
mation is as follows. 
I) The specified delay between digital exchanges, which is called Maximum Affordable 
Delay (MAD) in this section, is 

MAD=3.0 (ms)+ propagation time. 

Therefore, MAD depends upon the transmission distance. 

(3) 

2) MAD in a ring network is assumed to be the delay for the longest path in the working line. 
All node distances are equal L (km) for simplicity. In bi-directional rings, MAD becomes, 
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Figure 13 Protection delay for self-healing switching schemes 

Table 3 Network scale estimation from delay consideration 

Parameters Values 
Maximum Affordable Delay lTV's 
specification 
Maximum Affordable Delay 
for ring networks 
Delay for accessing ring 
Delay limit for echo cancellation 
Node processing time (through) 
Node Processing time (add/drop) 

Longest route for restoration 

Node distance L 
Maximum number of nodes 

3.0 (ms)+propagation time 

3.0(ms)+5(ns/m)x(N-I)12 L(km) 

Path switching 
(N-I) L(km) 

1.4 (ms) 
13.5 (ms) 

0.010 (ms) 
0.005 (ms) 

Loopback switching 

25 (km) 10 (km) 
(3N-5)/2 L (km) 
25 (km) 10 (km) 

23 47 13 26 
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MAD(bi-ring)-3.0 (ms)+5 (ns/m)x(N-l)/2xL (km), (4) 

where the propagation time per unit length in optical fiber is 5 (ns/m). 
3) Delay for network access is estimated by using the worst condition. The ADM may host 
an ATM-XC to support an A TM sub-network. Transmission bit-rate for the ATM sub
network is 156 Mbitls, and the ATM-XC has 256 cell buffer (Aoyama, 1992). Buffer delay 
per cell is 2.7 !JSIcell with the 156 Mbitls line (Vickers, 1994). In the worst case, the buffers 
are full, therefore, 

Access delay-2.7 (J.IS/cell)x256 (cell)x2 =1.4 (ms), (5) 

where, propagation time in the access cable is neglected. These conditions are summarized 
in Table 3, where processing time for passing-through and adding/dropping nodes are 0.010 
ms and 0.005 ms, respectively. Delay limit for implementing echo cancellation is 13.5 ms 
which equals the propagation distance specification 2,700 km. The worst delay for the 
proposed path switching scheme is seen between nearest neighbor nodes i.e. ADM#1 and 
ADM#N. Therefore, in the proposed path switching scheme, 

Protection delay (PS)=1.4 (ms)+O.OI (ms)x(N-l)+5 (ns/m)x(N-l)xL (km). (6) 

The worst case protection delay under loopback switching is seen on the path between nodes 
furthest from each other. The longest protection route is (3N-5)/2xL (kIn), therefore, the 
protection delay for loopback switching becomes, 

Protection delay (LB)=1.4 (ms)+O.OI (ms)x(3N-l)/2+5 (ns/m)x(3N-5)/2xL (km). (7) 

Figurel3 (a), (b) shows the estimation results, where L is 25 km in (a) and 10 km in (b). The 
architecture employing the proposed algorithm almost doubles the network scale than com
pared to loopback switching. Table 3 summarizes the network scale estimation considering 
delay. When the node distance is 25 km, the proposed path switching scheme yields the total 
ring length of 575 km, while loopback switching offers only 325 km. With 10 km node 
distance, the ring lengths are 470 and 260 km for path switching and loopback switching, 
respectively. 

8 CONCLUSION 

This paper has studied a ring network architecture offering several tens of giga-bitls that is 
applicable to future MANs or WANs. Each node connects sub-networks and LANs which 
provide widely differing bit-rates and protocols, and bundles these signals into a ring net
work using mUltiplexing techniques for high speed optical transmission systems such as 
SDH or WDM. Connectivity considerations for future services led us to the mesh connected 
logical topology wherein all ADMs are connected. This paper has proposed a novel band
width arrangement scheme for mesh-connected rings that minimizes the line capacity re
quired. The scheme, which reuses bandwidths by converting byte positions/wavelengths, 
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realizes a unifonn add/drop procedure common to all nodes. The proposed scheme has 
several advantages. The fIrst is that the simple and uniform procedure of each node is suit
able for the hardware processing required in high-speed SDH or WDM networks, because 
tunable or programmable functions are not necessary. Second, this uniformity leads to cost 
reductions in equipment design and manufacture. Third, the proposed method is suitable for 
the distributed path-administration environment expected in future mesh-connected rings. 
Fourth, the scheme eliminates the bandwidth allocation problem. We also proposed a self
healing algorithm suitable for the proposed ring that uses dual-ended shared path protection 
switching. The proposed swiching algorithm was compared with existing algorithms in 
SONET rings. The protection capacity required in the scheme is about 25 % of that of 
SONET path switching. This algorithm results in shorter restoration paths than achieved by 
loopback switching, which yields shorter restoration times. Furthermore, it shows the best 
performance in tenns of survivability under multiple failures. The network scale of the 
proposed ring is insensitive to the limitation caused by delay issues. Further studies are 
needed, for example the issue of network evolution: adding or deleting nodes, or intercon
necting rings. 
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10 APPENDIX 

A detail calculation of the restoration ratio as a function of restoration time is described 
against a cable cut. 

10.1 Restoration time for the proposed path switching 

With a cut fIber, the number of 'failure paths' is (N2_I)/8. Restoration time for these 
paths consists of two kinds of delay. The fIrst one is the guard time TrJ for detecting P-ALM 
and SR, each of which is as long as 3 frames as in Automatic Protection Switching (APS) 
protocol. Second is the transmission delay for the restoration path TOZ. Hence, restoration 
time Tis 

(a-I) 

where, TrJ is 0.75 (ms). The shortest path connected to the nearest neighbor node in the 
working line should take the longest route in the protection ring. Therefore, all paths are 
restored within the time taken to restore the shortest path. TOZ for the shortest path is 
(N-l )tL+NTth+2Ta where t is the propagation time per unit length fIber, L is the node dis
tance, Tth and Ta are processing times in pass-through node and add/drop node, respectively. 
Similarly, restoration time for the path connected to the second nearest neighbor is 
TrJ +(N-2)tL+(N-l )Tth+2Ta. Therefore, the restoration time for a path of arbitrary length j is 
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T =T6+(N -j)t L +(N -j +1)Tth+2Ta, (a-2) 

at which time longer paths than j are restored, where l5.i~(N-l)/2. It should be noted that the 
path length equals the number of paths included in each link: there are j paths of length j in a 
link. Therefore, the number of restored paths at (a-2) is (N2_l)/8-(j-1)(j-2)/2. Restoration 
ratio becomes, 

R (T) 

10.2 Restoration time for SONET loopback switching 

Restoration time for loopback switching consists of two kinds of delay as (a-I), 

TL=T{;I + T{;2. 

(a-3) 

(a-4) 

Tefl is 0.75 (ms) which is double the 3 frame period (ITU, 1994). The remaining part Tcf2 is 
obtained as follows. Consider a path of arbitrary length j which traverses a failed cable in 
the working line. The failed link position on the path is assumed to be arbitrary k: l~k5.i. 
Restoration path originating from the transmitting node approaches a node adjacent to the 
failure traveling through the working line. This distance is (k-l)L. At the node adjacent to 
the failure, the path is looped back to the protection ring, and then travels to the other node 
adjacent to the failure, so this protection line length is (N-l)L. The path then is loop backed 
to the working ring at the node. It then reaches the destination node having traversed the 
distance of (j-k)L. Therefore, total distance of the restoration path is, 
(k-l )L+(N-l )L+(j-k)L=(N+j-2)L, which is independent of the failure position on path k. 

Restoration time for the path of length j is, 

T =T6+(N +j -2)t L +(N +j +1)Tth+2Ta, 

at which time the shorter paths than j are restored, because shorter paths have a shorter 
restoration time with loop back switching. The restoration ratio is, 

4(N-l T -CT{;I+3Tth +2Ta))(N_2 T -(T{;I+3Tth+2Ta)) 
R(D ________ ~tL=+~Twth ____________ ~t=L~+~T~fflk_ __ _ 

N2-l 

10.3 Restoration time for SONET path switching 

(a-5) 

(a-6) 

The calculation for SONET path switching is almost the same as for the proposed switching 
scheme except the guard time for switching request, and the number of failure paths in a 
cable. As in (a-I) or (a-4), restoration time is, 

T P =Tt l +Tt 2, (a-7) 
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where TrI'2 is the guard time just for failure detection, 0.375 (ms). A uni-directional ring has 
N(N-1)12 paths in a link. Therefore, the restoration ratio is, 

R (T) 
N(N-1) 

(a-8) 
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