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ABSTRACT

We investigate new connection-provisioning algorithms to efficiently provide signa-quality-guaranteed
connectionsin an al-optical WDM mesh network. In the al-optical network, signal degradations incurred by non-
ideal transmission medium accumulate along a lightpath. When the signal degradation reaches a certain level, the
connection is not usable and is blocked due to transmission impairments in the physical layer. To ensure high
service quality of provisioned connections, it is essential to develop intelligent routing and wavelength assignment
(RWA) agorithms which can combat the effects of impairments when setting up a connection. For this purpose, we
propose two impairment-aware RWA algorithms, namely impairment-aware best-path (IABP) agorithm and
impairment-aware first-fit (IAFF) algorithm. The optical signal-to-noise ratio (OSNR) requirement and polarization
mode disperson (PMD) effect are used as signal-qudity constraints to avoid setting up a connection with
unacceptable quality due to the effects of transmission impairments. With the signal-quality consideration, as
compared to algorithms that are not impairment aware in arealistic optical network, our proposed impairment-aware
algorithms efficiently provide signal-quality-guaranteed connection while sgnificantly reducing connection-
blocking probability, better utilizing network resources, and having a reasonable computational requirement. Also,
the effect of channd bit rateis studied in this paper.

KEYWORD: All-optical WDM network, impairment-aware RWA, routing and wavelength assignment, signal
quality, transmission impairment.

1. INTRODUCTION

The al-opticd trangparent network is a promising candidate for the next-generation backbone network to provide
large bandwidth at low cost. In such networks, a connection is set up via an all-opticdl WDM channel called a
lightpath. Data signal of a lightpath is transmitted totaly in the optical domain without any need for optical-to-
electrical conversion/regeneration from source to destination, and this is called the transparency property of optical
networks. Setting up a lightpath for a connection request by using a routing and wavelength assignment (RWA)
technique [1] is known as connection provisioning. Intelligent connection provisioning is an important issue for
minimizing cost and better utilizing network resources.

A large amount of connection-provisioning problems have been investigated under the assumption that the optical
medium is an ided one to transmit data signal without any hit error. Under this circumstance, the effects of
transmission impairments on the signal quality of a connection do not need to be considered. However, transmission
impairments, present in fibers and optical components, may significantly affect the quality of a lightpath [3, 4], and,
hence, they must be taken into consideration during connection provisioning.

In particular, because of transparency of an optical network, noise and signa distortions due to linear and
nonlinear effects accumulate along the lightpath and may cause significant signal degradation [2, 3]. At the
destination node, the received signal quality may be so poor that the bit-error rate (BER) can reach an unacceptably
high value, and thus the lightpath is not usable; we call this phenomenon physical-layer blocking. When
provisioning connections based on impairment-unaware RWA algorithms, transmission impairments are not
considered during lightpath assignment. As a result, a lightpath, which cannot meet the requirement of signal
quality, might be set up. Therefore, the control plane of an al-optical network must incorporate characteristics of the
physical layer in setting up alightpath for a new connection.

! Dept. of Electrical and Computer Engineering, University of California, Davis. (e-mail: { yrhuang,
heritage} @ece.ucdavis.edu )

2 CIENA Corporation, Cupertino.(e-mail: wwen@ciena.com )

3 Dept. of Computer Science, University of California, Davis. (e-mail: mukherje@cs.ucdavis.edu )




The transmission impairments induced by non-ideal transmission components can be classified into categories:
linear and nonlinear. Some important linear impairments are amplifier noise, fiber polarization mode dispersion
(PMD), group velocity dispersion (GVD), component crosstalk etc.; and some important nonlinear impairments are
four-wave mixing (FWM), self-phase modulation (SPM), cross-phase modulation (XPM), scattering, etc. The linear
effects are independent of signal power and might be handled as a constraint on routing [11]. The nonlinear effects
are significantly more complex. Moreover, an analytical model for some nonlinear effectsis not readily available at
the moment [10, 18].

The goal of this paper is to assess the impacts of transmission impairments, and take them into consideration in
the design of connection-provisioning agorithms to guarantee the signal quality of a connection. Hence, instead of
considering all impairments in a transmission system, our study is based on the assumption that (a) the impairments
of a trangmission system are Raman amplifier noise, PMD and crosstalk at OXCs which are significant linear
impairments in high-speed (= 10 Gbps) networks [9, 11]; and (b) GV D can be adequately compensated on a per-link
basis. To take into account the effects of these impairments to ensure the signal quality of a connection, we propose
impairment-aware RWAS, called impairment-aware best-path (IABP) algorithm and impairment-aware first-fit
(IAFF) algorithm, for a bit rate of 10 Gbps or higher in atypical nationwide mesh network shown in Fig. 1(a). With
the signal-quality consideration, as compared to the algorithms that are not impairment aware in a redigtic optical
network, our proposed impairment-aware algorithms efficiently provide signal-quality-guaranteed connections while
significantly reducing connection-blocking probability, better utilizing network resources, and having a reasonable
computational requirement. Also, the effect of channel bit rate is studied in this paper.

Fig. 1(a). A sample mesh network with fiber length (in km) marked on each link.
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Fig. 1(b). Architecture of a wavelength-routing node.
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2. RELATED WORKSAND OUR CONTRIBUTION

The study of the transmission impairments in an al optical-network is now attracting more attention from
researchers for different network-design problems [3-7]. There are two foci in these research works: effects of
impairments on the performance of traditional RWA [3, 4], and network design with impairment considerations [5-
8]. The studies in paper [3, 4] show that the network performance can be significantly affected by transmission
impairments. Among the studies involving low-speed transmission (data rate < 2.5 Ghps) where some linear
impairments (such as amplifier noise, switch crosstalk, etc.) could be dominant effects, reference [8] used a BER-
constrained RWA to optimize the regeneration-resource utilization in a tranducent network where OEO
transformation is employed at some nodes. And in reference [5], we take into account the impairments for lightpath
assignment control. With increase in channd bit rate, in a high-speed transmission system (datarate > 10 Gbps), the
linear (such as PMD, GVD, etc.) and nonlinear impairments become more prominent [9, 11], and thus new
techniques are necessary for impairment compensation [15]. Based on this ground, the effects of impairments have
been considered for traffic grooming in reference [6] and for regenerator savings in reference [7]. However,
incorporating high-speed transmission impairments into signal-quality consideration for connection provisioning has
not been developed in detail, until now.

Therefore, we investigate impairment-aware RWA agorithms which take the impairment effects into account
when provisioning a connection in a transparent high-speed (10 Gbps or higher) network. The signal-to-noise ratio
(OSNR), a major contributor to BER, is a suitable criterion to evaluate the signal qudity of a connection. Thus,
OSNR requirement and PMD effect are used as constraints in our approaches to guarantee the signal quality of a
connection. Such algorithms enable efficient auto-provisioning which compute and evaluate a lightpath for a
connection on demand.

3. IMPAIRMENT-AWARE ROUTING AND WAVELENGTH ASSIGNMENT (IRWA)

In this section, we propose two impairment-aware RWA (IRWA) algorithms called impairment-aware best-path
(IABP) agorithm and impairment-aware first-fit (IAFF) algorithm. A high-level structure of the proposed
impairment-aware RWA algorithms is presented in Fig. 2. Two major function modules, network-layer module and
physical-layer module, are presented in Subsection A and B, respectively.
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Fig. 2. Impairment-aware RWA algorithms.

3.1 Network-L ayer Module

For a given physical network topology PG(N, L), a set of auxiliary wavelength-layered topologies WG((N, L) are
created for each wavdength k, k = 1, 2, ... W, where W is the maximum number of wavelengths supported by a
fiber link, N is the set of nodes, and L is the set of bi-directional links. All wavelength-layered topology graphs
(WGs) areinitialized to be the same as the physical network topology graph (PG) where the link weight corresponds
to the fiber length. Therouting decisions are made based on these auxiliary wave ength-layered graphs.
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3.1.1 Networ k-layer module of impair ment-awar e best-path algorithm (IABP)

Step 1: For the given source and the destination nodes of a call request, find the shortest path P, in WG, using a
shortest-path agorithm, e.g., Dijkstra’ salgorithm, for k=1, 2, ..., W. A vector of path distancesis defined asD =
{Dk| k=1, 2, ..., W}. If no path is available in the kth wavelength-layered topology WGy, Dy is set to .
Otherwise, Dy isthetotd distance of path P,.

Step 2: If not al dements of D are o, find the minimum distance D, /7D, and mark the candidate wavelength A
= m; otherwise, the cdl isblocked; go to Step 5.

Step 3: Send the lightpath P, to physical-layer module for signal-quality estimation (please see detailsin Section
I11-B), and wait for feedback from physical-layer module.

Step 4: If the feedback of signal quality is“acceptable’, set up the call by using P,; update WG, by specifying the
links used by P, as occupied (can be done by changing the weights of all links along the path P, to «); a the
same time, update the physical-layer information for the current network state. Otherwise, update Dy, to o, and go
to Step 2.

Step 5: Stop the procedure.

3.1.2 Networ k-layer module of impair ment-awar e fir st-fit algorithm (IAFF)

The IAFF algorithm is smilar to IABP agorithm except for the network-layer module. In IAFF, al wavelengths
are numbered and checked in sequence; and the lightpath with first lower-numbered wavelength as well as
acceptable signal quality is chosen for setting up a connection. This contrasts the IABP algorithm which selects
the lightpath with acceptable signal quality as well as the minimum distance among all available paths for all
wavelengths.

3.2 Physical-Layer Module

Bit-error rate (BER), which considers effects of all impairments, isa comprehensive criterion for evaluating signal
quality. Since our focus is on the design of connection provisioning that combats impairments in a high-speed
network, we assume polarization mode dispersion (PMD) and noises (i.e., OXC crosstalk and Raman-amplifier
noise including ASE noise and multipath interference) as factors that affect signa quality. Constraints imposed by
optical signal-to-noise ratio (OSNR) and PMD effect are used in our physical-layer module to evaluate signa
quality of a connection (see Fig. 2). The lightpath computed by taking only the OSNR and PMD into consideration
might not guarantee that the BER requirement would be satisfied because of other types of physical impairments.
However, a lightpath not satisfying OSNR and PMD requirement will not be able to satisfy the BER requirement
and should be blocked. Hence, at the minimum, OSNR and PMD must be taken into account.
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Fig. 3. Simulated lightpath architecture.



3.2.1 Polarization-mode- dispersion (PM D) constraint model
Asthe channd bit rate increases to 10 Gbps and beyond, PMD becomes one of the most critical limiting problems
for data transmission in a high-speed network. PMD strongly affects the transparent transmission length as [11]:

Bx\/ 2o (K)xL(K)<a 1)

where B is the data rate; Dpyp(K) is the fiber PMD parameter in the kth hop of the transparent lightpath (in Fig. 3)
consisting of M hops; and L(K) is the fiber length of the kth hop. The parameter “a”, which represents the fractional
pulse broadening, should typically be less than 10% of a bit's time dot for which the PMD can be tolerated [11].
Thistransmission-length limitation is called the PMD congraint in our work. If a call needs to be routed farther than
this PMD limit of transmission length, it will be reected.

3.2.2 Optical signal-to noiseratio (OSNR) constraint model
A Q factor [15] can be used as a good intermediate parameter for BER and OSNR [12]. A BER of 107
corresponds to a Q factor equal to six with the Gaussian noise approximation while Q factor can be approximated as
[12]: Q- B, 20NR 2
B. v/4AOSNR +1+1
where B, isoptica bandwidth and B, is €l ectrical bandwidth.

A lightpath's architecture as shown in Fig. 3 is used to evaluate the OSNR of the lightpath. The in-line amplifier
uses the backward-pumped distributed Raman amplifier (DRA) which is a promising technique for long-haul high-
speed (= 10 Gbps) transmission systems [13, 14]. For afiber link between nodes k and k+ 1 on the lightpath, in-line
optical amplification is employed, with an amplifier spacing of 82 km. Each amplification span conssts of 70 km of
standard single-mode fiber (SSMF) whose dispersion and dispersion slope are completely compensated by 12 km of
dispersion-compensation fiber (DCF). The fiber attenuation of SSMF and DCF is 0.2 dB/km and 0.5 dB/km,
respectively. The DRA exactly compensates for the fiber losses in an amplification span. Both the internal losses of
the OXC and the loss of the fiber link between the last DRA and the OXC are compensated by the EDFASs at the
node (see Fig. 1(b)).

Since the OSNR on alightpath varies with changes in network traffic, an iterative method, which is based on the
current network state, is used to calculate the signal and noise power propagating through the lightpath. For a given
lightpath from a source to a destination node shown in Fig. 3, we express the output power of signd (S), DRA's
noise (Npra), and node noise (Nyoge), Which includes crosstalk (Ny) and ASE noise of EDFA (Ngpra), a the (k+L)th
intermediate node as the following recursive equations:

Sk +1)= S(k)ll_l L, ()G, (r. 2) ©)
Now (6 +1) = Now () P2 11 1, (18, (1.4)] @
N ose (K +1) = N (K + 1)+ N g, (k +1) 5)
with: N, (k +1)= N, (K)[] Ly (1)G. (. 4) + X o, P, (k +12)

r=1

N EDFA (k +1) EDFA ( )I_I Llf ( ) (r ’/1 )+ I:>EDFA

where Ly(r) is the total loss of the SSMF and DCF in the rth amplification span of the fiber segment between nodes
k and k+1, which consists of T amplification spans (see Fig. 3); G(r) isthe amplifier gain of the rth span; and P, is
the noise generated by a DRA (Due to space limitation, we will not elaborate the DRA-noise (ASE noise and
multipath interference) models used in this work. The models are based on approximate models investigated in [16,
17] ); Py isthe total power of co-propagating signa shared with the desired sgna on wavelength A in the switch;
and the Xg, is the switch crosstalk ratio. The details of the switch architecture (Fig. 1(b)) and crosstalk generation are
described in [4]. The Pepea is the total ASE noise” generated by EDFAS at the output of the node. At the destination

P —ZnSp(G )hf B,L,Lo LnGou Loy +2N (GOut )hf B, L., wherehis Planck's constant; other

dm —sw —mx —out —tap 0 —tap

parameters are defined in Fig. 1(b) and Table 1.



node, the OSNR is given as:
S(destinatio n
OS\IRdeﬂinalion = - ( ) . . (6)
N, .. (destinatio n)+ N, (destinatio n)

If the accumulated noise degrades OSNR of a lighpath to below a required threshold, the lightpath should not be
used, and is blocked.

To summarize this section, in our impairment-aware RWA algorithms, multiple metrics are used for call-
admission contral, e.g., the criterion of resource acceptability depends not only on free resources but also on the
lightpath’s signal qudity. To set up a sgnd-quality-guaranteed connection, we not only require each cal to be
routed within a certain transmission length for which the effect of PMD can be tolerated, but we also require the pre-
estimated OSNR at the destination node to be higher than a certain requirement. While considering PMD and
OSNR, some new techniques such as dispersion compensation fiber (DCF) and distributed Raman amplifier (DRA)
are employed to mitigate the impact of linear and nonlinear impairments in our work. Other impairments are not
investigated here for the purposes of reducing the computation time and design complexity. However, the proposed
impairment-aware RWA approaches could also be applied when more impairments must be taken into
consideration. The parameters used in our constraint models are listed in Table 1.

4. NUMERICAL EXAMPLESAND DISCUSSIONS

We compare our proposed impairment-aware RWA agorithms (IABP and IAFF) with two impairment-unaware
RWA algorithms, i.e., traditional best-path (TBP) algorithm and traditional firgt-fit (TFF) algorithm. In TBP, (a) find
an available path for every waveength using shortest-path algorithm; (b) if no path is available, block the call and
stop; otherwise, set up the one that has minimum distance among all available lightpaths for a connection. The TFF
algorithm is smilar to the TBP algorithm except for wavelength assignment. In TFF, al wavelengths are numbered
and checked in sequence. An available path found on the first lower-numbered wavelength will be chosen to set up a
connection.

A summary of schemes compared in this paper is shown in Fig. 4 for dynamic traffic situation, where connections
arrive, stay for finite holding time, and then depart. An ideal network refers to a network in which transmission is
error-free, i.e, network components are ideal and do not have impairments. However, in a realigic network,
impairments exist due to non-ideal componentsin the physical layer. Traditiona RWA algorithms and our proposed
impairment-aware RWA a gorithms are studied under the two above-mentioned network models.

Ideal network
without i mpairments

Realistic network
with impairments

Traditional RWA Traditional RWA Impairment-aware RWA

(TBPor TFF) (TBP or TFF) (IABP or IAFF)
Scheme A Scheme B Scheme C

Fig. 4. Three schemes for agorithm comparisons.

For illustration purposes, in our simulation, we assume the network topology of Fig. 1(a); each fiber supports 16
wavelengths; connection arrivals are Possion and their holding times are exponential; a connection is set up with
wavelength-continuity constraint; and other simulated parameters are provided in Table 1.



TABLE1
SYSTEM PARAMETERS USED IN THE MODELS

Parameter Vaue
Number of wavelengths 16
Wavelengths (in nm) 1570~1585 with 1nm
wavel ength-spacing
Channd hit rate 10 Gbps
Optical bandwidth (B,) 70 GHz
Signd power per channe 1mw
Switch crosstalk ratio (Xsy) -30 dB
Loss of multiplexer/demultiplexer (Ly/Lam) | -4 dB
Loss of switch (Lg,) (from [4]) -8dB
Loss of tap (Liap) -1dB
Gain of EDFA (G, Gow) 12 dB, 6 dB
ASE factor of EDFA at node (ng,) 1.2
Pulse broadening factor (a) 0.1
Fiber PMD parameter (Dpyip(K)) 0.1 ps/(km)”?
Desre DRA gan 20 dB
Three pump wavel engths (in nm) 1420, 1470 and 1480
Correspondent pump powers (in W) 0.408, 0.01 and 0.209
OSNR threshold 7.4dB (BER=10")
Polarization dependent factor (Ke) 2
fiber effective area (Acr) 50 pm?
Fiber loss at pump wavelengths (ay,) 0.3 dB/km
Backscattering coefficient (S) 0.0022

4.1 Simulation Results— Blocking Probability

Figure 5 shows connection blocking probability vs. network offered load (Erlangs). It takes into account resource
blocking, i.e, no free resource for setting up a connection, and physical-layer blocking, i.e., a connection cannot
satisfy signal-quality requirement. The results show that: (1) impairment-unaware algorithms (TBP and TFF) have
higher blocking probability in a realistic network than in an ideal network due to the effect of transmission
impairments; and (2) significant reduction in blocking can be achieved by our proposed impairment-aware
algorithms (IABP and |AFF), as compared with impairment-unaware algorithms, in arealistic network. As shown in
fig. 5, for example, at the 220 Erlangs network 1oad, 13.3% and 30.4% reduction in blocking are achieved by using
IABP and |AFF, respectively. This is because impairments are taken into consideration in the RWA stage, and only
lightpaths with good signal qudity can be used to set up connections. Hence, some unnecessary physical-layer
blocking situations are avoided. Furthermore, by using impairment-aware RWAS, network resources are under
intelligent control and are used more efficiently. Finaly, also observe that blocking probabilities of our proposed
algorithms are very close to those of traditional RWA in an ideal network.

Note that the impairment-aware first-fit algorithm (IAFF) has lower blocking probability than
the traditional first-fit algorithm (TFF) in an ideal network. This is because, for the traditional
first-fit algorithm in an ideal network, the first lightpath on the available lowest-numbered
wavelength will be chosen to set up the call no matter whether it can meet the signal-quality
requirement or not. However, for impairment-aware first-fit algorithm (IAFF), if the current
first-available lightpath does not satisfy the quality requirement, it will try to find the next
available lightpath which might be shorter, and hence a better aternative for the call.
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4.2 Simulation Results— Computational Cost

In aredlistic network, using impairment-aware RWA for connection provisioning increases the computational
complexity due to signd-quality estimation; however, it provides much better quality of service for call requests
(i.e, lower blocking in Fig. 5). The tradeoffs between optimality of blocking probability and computational cost
need to be considered. Hence, we examine the average number of trials of signal-quality estimation using our
proposed impairment-aware RWAS for each call request. Statistical results for one million calls are presented in Fig.
6.

Figure 6 shows that the average number of trials for processing the signal-quality estimation for each call request
is very close to 1 for both impairment-aware agorithms (IABP and IAFF). This means that the computational cost
of signal-quality estimation is reasonable for performance improvement, i.e., for reducing blocking probability (in
Fig. 5).
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Fig. 6. Average number of trials for signal-quality estimation per call.

For arange of network offered loads, the number of trials for signal-quality estimation in our impairment-aware
algorithms increases when the offered load is low, and decreases when offered load is high. Thisis because, in case
of low traffic load, enough resources are available to ensure low call-blocking probability so that the agorithms can
select alternate resources (route and/or wavel ength) for call requests. However, in case of high traffic load, the call-
blocking probability becomes higher due to lack of resources, which prevent the agorithms from having too many
choices. In Fig. 6, the simulated load range from 210 to 260 Erlangs is a low-load range for the impairment-aware
best-path dgorithm, but it is a high-load range, relatively speaking, for the impairment-aware first-fit algorithm.
Therefore, as observed, the number of trials per cal increases for the impairment-aware best-path agorithm, and
decreases for the impairment-aware first-fit algorithm over thisload range.

4.3 Simulation Results — Effect of Data Rate

The transmission impairments depend on the data rate. As we know, the linear and nonlinear effects become more
prominent in a high-speed transmission system. When data rate increases to 20 Ghps or 40 Gbps, PMD becomes the
dominant factor for physical-layer blocking because the limited transparent-transmission length is significantly
reduced based on Egn. (1). Since the sample network (Fig. 1) used in our study has a large geographical scale, most
of the connections will be limited by PMD effect for bit rate = 20 Gbps. To illustrate the blocking performance of
our proposed impairment-aware RWA algorithms for different channd hit rates, we study our proposed schemes for



different network scales. We use a scalar B (B < 1), with which we multiply the originad length of all fiber links
inside the original network in Fig. 1, to change the span of the network for our study.

In Fig. 7, we show the network scale vs. blocking probability for three different channel datarates, i.e., 10 Ghps,
20 Gbps, and 40 Gbps, using our proposed impairment-aware best-path RWA algorithm (IABP) and traditional best-
path RWA algorithm (TBP). Results show that blocking probability for 40 Gbps data channel increases very fast
when network scale increases, whereas the blocking probability for 10 Gbps increases much slower when network
size increases. Overall, the blocking probabilities for our proposed algorithm (IABP) are smaller than that of the
traditiona RWA agorithm (TBP) in aredistic network for all three different channel datarate.

Network load= 200 Erlangs

—¥— 40G-Impairment-aware best-path
15 —-%¥- 40G-Traditional best-path
H —©— 20G-Impairment-aware best-path
' -©- 20G-Traditional beat-path
'| &— 10G-Impairment-aware best-path
'| —©- 10G-Traditional beat-path

Blocking probability

10

Percentage of sample-network size (B )

Fig. 7. Effect of channel bit rate on algorithmsin aredlistic network.

5. CONCLUSION

This sudy was devoted to the design of dynamic connection provisioning which combats transmission
impairments in an all-optical WDM network. With signal-quality consideration, as compared to algorithms that are
not impairment aware in a realistic optical network, our proposed impairment-aware algorithms efficiently provide
signal-quality-guaranteed connections while significantly reducing connection-blocking probability, better utilizing
network resources, and having areasonable computational requirement. Also, effects of channel bit rate are studied.
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