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Optimizing Amplifier Placements in a
Multiwavelength Optical LAN/MAN:
The Unequally Powered Wavelengths Case

Byrav RamamurthyStudent Member, IEEEJason Iness, and Biswanath Mukherjgember, IEEE

Abstract—Optical networks based on passive-star couplers and pairs! A large-distance version of such a network is depicted
employing WDM have been proposed for deployment in local in Fig. 1, and it consists ofV = 63 stations andM = 4
and metropolitan areas. These networks suffer from Spl'tt'ng’dpassive optical star couplers (“stars”), such that each star is

coupling, and attenuation losses. Since there is an upper boun ted to oth t a/ tati ia t idirecti |
on transmitter power and a lower bound on receiver sensitivity, connected to other stars and/or stalions via two unidirectiona

optical amplifiers are usually required to compensate for the fiber links. The passive-star coupler provides a broadcast
power losses mentioned above. Due to the high cost of am-facility, but it must also be of the “nonreflective” type (to
plifiers, it is desirable to minimize their total number in the pe elaborated below) in order to prevent loops in the network.
network. However, an optical amplifier has constraints on the o, gtydy will consider the case where each station in
maximum gain and the maximum output power it can supply; . . .

thus, optical amplifier placement becomes a challenging problem. the network. has a flxe_d-W&veIength transmitter and is Set.to
In fact, the general problem of minimizing the total amplifier ~OP€rate on its own unique wavelength channel. Each station
count is a mixed-integer nonlinear problem. Previous studies either has a tunable receiver or a receiver array in order to
have attacked the amplifier-placement problem by adding the receive signals from all of the other stations. The objective
‘artificial” constraint that all wavelengths, which are present g 1 ensyre that a station’s transmission can be received by
at a particular point in a fiber, be at the same power level. . . . .

This constraint simplifies the problem into a solvable mixed- every- other station after being _S'UbJeCt to losses and gains as
integer linear program. Unfortunately, this artificial constraint ~ the signal traverses through different parts of the network.
can miss feasible solutions that have a lower amplifier count The network consists of optical stars that are nonreflective. A
but do not have the equally powered wavelengths constraint. nonreflective star consists of pairs of inputs and outputs, and
In this paper, we present a method to solve the minimum- gq0h output carries all of the wavelengths that were incident on

amplifier-placement problem, while avoiding the equally powered . .
wavelength constraint. We demonstrate that, by allowing signals all of the inputs except for the wavelengths that were carried

to operate at different power levels, our method can reduce the ON its own paired input (see Fig. 2 for an example). Such
number of amplifiers required. stars have been employed in the Level-0 All-Optical Network
Index Terms— Amplifier placement, local area network/ _(AON) [2]. Nonreflective stars are n_eeded in order to avoid
metropolitan area network, linear/nonlinear programming, interference due to loops (“echoes”) in the network. A star in
optical network, optimization, passive star, WDM. the network with% input fibers andt output fibers operates
such that the power on each wavelength on an input fiber is
divided evenly among the othér — 1 output fibers. This is
referred to as theplitting lossat a star. Note that the splitting
loss can be different for different-sized stars in the network.
As the sample network in Fig. 1 shows, these networks can
T HE focus of this paper is on a class of the nexbe deployed as part of a MAN. We require that each signal
generation optical local area networks or metropolitafivavelength) be received at all of the other receivers at a power
area networks (LANs/MANSs) which span distances from fewdgvel greater than a station’s receiver sensitivity level, denoted
than a kilometer to a few tens of kilometers and which providsy p..,,. However, apart from the splitting loss due to the
loop-free communication paths between all source—destinatistars mentioned above, there is signal attenuation on the fibers
Manuscript received January 7, 1997; revised January 11, 1998; approgéﬁen by the parameter dB/km. Even though attenuation
by IEEE/ACM TransACTIONS oNNETWORKING Editor T. D. Todd. This work losses for fiber are relatively low (approximately 0.2 dB/km
was supported in part by the National Science Foundation under Grant Nq8352) compared to other transmission media, larger networks
92-05755, Grant NCR-95-08239, and Grant ECS-95-21249 and in part by ANs) and networks with numerous splitting/coupling losses
Advanced Research Projects Agency under Contract DABT63-92-C-0031.
earlier version of this paper was presented at INFOCOM '97, Kobe, Japaiill require amplification to allow a transmitted signal to reach

April 7-11,1997. _ the receivers at a detectable level. The constraints on the
B. Ramamurthy is with the Department of Computer Science and En-
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byrav@cse.unl.edu). Such networks have been referred to in the literature as access networks,
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I. INTRODUCTION

A. Network Environment
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Group 1: 20km
20 stations . W/

Group 3:
28 stations
Links 77- 132

Group 2:
15 stations

S
Links 47 - 76 . 20km

Fig. 1. Example of a passive-star-based optical metropolitan area network (slightly modified version of the one used in [14]).

B. Problem Definition

In the network setting described above, it is important
AMA2AS506 A3.14 to quantify the minimum number of amplifiers required to
operate the network and to determine their exact placements
in the network. In such a network, when signals on different
wavelengths originating from different locations in the net-
work arrive at an amplifier, their power levels could be very
different. This phenomenon is known as trear—far effecand
it results in inefficient utilization of the individual amplifier.
The difference in power levels of the input wavelengths can
significantly limit the amount of amplification available, since
the higher powered wavelengths could saturate the amplifier
and limit the gain seen by the lower powered wavelengths.
Fig. 3 shows, at some location on a fiber link, a case where
Fig. 2. Example of a nonreflective star. three wavelengths have different power levels and a case
where the three wavelengths have the same power level. In
system are shown in Table I, along with typical values fdfig. 3(a), the total power is 4.6W, and in Fig. 3(b), it is 3
each parametetPnoniin,max defines the power level, in apW. Since the per-wavelength amplifier sensitivity ig:W
fiber, above which a signal encounters significant nonlinegr30 dBm), in both cases an amplifier will be required before
effects. However, the total power at any point in the netwottke signals suffer any more attenuation. However, since an
is usually bounded by a lower valuf,,., which is the amplifier has a limited total output power, the amount of
maximum output power of an amplifier and a transmitfér, achievable gain is greater when the total input power is less.
is the internal saturation power of the optical amplifi@t,.,. This would allow the signals in Fig. 3(b) to receive a higher
is the maximum small-signal gain of the optical amplifiergain than the signals in Fig. 3(a). Also, allowing signals in
These parameter valiie@ast column of Table |) will be used the same fiber to be at different power levels changes the
in our illustrative numerical examples in Section IIl. minimal-amplifier-placement problem from a mixed-integer
We remark here that the value of the parametgr can be linear program (MILP) [20] into a mixed-integer nonlinear
chosen (by the user) such that it remains much higher than firegram, as we shall show later in this paper.
noise levels at the intermediate amplifiers and at the receiverPrevious optical amplifier-placement schemes [14], [20]
The value ofp,., can also be changed iteratively, after thbypassed these problems by restricting all of the wavelengths
placement of the amplifiers, in order to obtain the desiret any given point in a fiber to be at the same power level.
signal-to-noise ratio (SNR) [3] or the bit-error rate (BER) at/nfortunately, requiring wavelengths to be at the same power
each of the receivers, following the approach in [14] and [19kvel often forces the designer to add more amplifiers than the
Thus, in this study, we do not consider system factors sunfinimum necessary in order for the receivers to receive signals
as amplifier's amplified stimulated emission (ASE) noise arat or above the receiver sensitivity level. Since each optical
crosstalk at the receivers, explicitly; these factors are assunagdplifier costs around $25 000, every attempt should be made
to be implicitly incorporated in the parametgy.... to minimize their number in the network. It is also desirable
3The insertion loss at an amplifier can be included indirectly by requirinB) reduce the number of amplifiers used in the network based
a higher small-signal gain and hence is omitted. on noise, maintenance, and fault-tolerance considerations.

Non-Retlective

Passive Optical

A3,04,05,,6
ALA2 A3 A4

ALA2
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TABLE |
IMPORTANT PARAMETERS AND THEIR VALUES USED IN THE AMPLIFIER-PLACEMENT ALGORITHMS
Paramecter Description Range Value used
Dsen Minimum signal power at recciver —30 dBm at 1 Gbps —30 dBm
and the amplifier sensitivity level
Ginan Maximum small-signal gain <25 dB - Multi-Quantum 20 dB

Well (MQW) Amplificr [18]
<30 dB Erbium-Doped
Fiber Amplifier (EDFA) [1]

PNONLINmaz | Maximum total power in fiber 10-50mW 10 mW
Pras Maximum total output power of amp 1 mW
and transmitter
Pt Internal saturation power of the amp 1.298 mW
« Fiber attenuation 0.2 dB/km
uw uw

1 1
0.5 I 0.5
Al A2 A3

(a) (b)

Fig. 3. Two examples of powers on three wavelengths passing through a fiber.

Al A2 A3

— network. As we shall soon observe, allowing wavelengths to
1 2 unidirectional be at unequal powers eliminates the need for any amplifiers

% fiber links in this network.
N\ \ In this paper, we propose a scheme that minimizes the
N number of amplifiers for the network setting described in [14]
Skm U B without the restriction that wavelengths in the same fiber be
at the same power level. The method works as follows.
N 5K 1) Determine whether or not it is possible to design the
Passive Star Station network taking into consideration the limitations of the
2 4 devices (e.g., the power budget of the amplifiers).
— 2) Generate a set of constraints to accurately describe
Fig. 4. Simple two-star network that needs no amplifiers to operate. the problem setting, which turns out to be a nonlinear
program.
3) Pass the set of constraints to a nonlinear solver, such as
C code for Feasible Sequential Quadratic Programming

Our study was motivated by the network in Fig. 4. For rea-
sonable network parameters, this network can operate without (CFSQB [19], in order to solve for the minimum

using any amplifiers. However, if the power levels for all number of amplifiers needed for the entire network

wavelengths must be equal on any given link, as required bysy petermine the exact placements of the optical amplifiers.
the MILP approach in [20], then an amplifier (on one of thﬁlumerical

Iml:s b(;t\/_\ll_i_en_stsrﬁ and Bf) W”If_h?r\]/e totbet added t(f) ;he optimization method without the equal-power constraint often
network. This IS because, 1t we i the outpul power of #ar o115 in solutions that require fewer amplifiers than the

to be some vqlue, then the signals from stations 3 and 4 musto|utions in [14], [20].

reach staB with an output power higher than. Without an

amplifier, signals from stations 1 and 2 reach &at a power

less thanz, which means that wavelengths on the link fron¢: Amplifier Gain Model

star B to station 3 (and similarly on the link from st& to Currently, we employ a simplified model for the gain of
station 4) will have unequal powers. Therefore, requiring equalgeneric optical amplifier. The simplifying assumptions are
power on all wavelengths adds an unnecessary amplifier to ttiiat the amplifier has a flat gain over the wavelengths being

examples will show that this network-wide
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Fig. 5. Original amplifier gain model approximations used in previouBig. 6. More accurate amplifier gain model used in this study.
studies [14].

full small-signal gain ofGG,,.x = 20 dB. The more-accurate

amplified and that the amplifier gain is homogeneously broaghgdel (1), which is used in this paper (and also in [20]), is
ened’ A flat gain can be achieved through various techniqu@fotted in Fig. 6 and shows how saturation does not happen
such as: 1) notch filters [23]; 2) different pump laser powek a specific point, but is really a continuous effect. In fact,
[7]; 3) Mach—Zehnder filters [12]; and 4) demultiplexers ange note that, even for small input powers, the amplifier is not
attenuators [5]. However, assuming that optical amplifiers aggje to supply the full small-signal gain @#,,.. = 20 dB.
homogeneous is an approximation. For each specific amplifigfe numerical differences between the models are not huge,
(Erbium-doped fiber amplifier (EDFA), semiconductor opticat are significant enough so that a network designer may have
amplifier (SOA), etc.), we need to develop a gain mod@hought a design was feasible (based on the model in Fig. 5),
depending on its degree of homogeneity in order to accurat@ien. in fact, it may not satisfy the design specifications

solve the amplifier-placement problem. (based on the more-accurate model in Fig. 6). Notice, also,
Based on the above assumptions, the gain model for QHgt there is a limit on the total available output POWEY,.x)
amplifiers is given by (from [21]) from the amplifier. This limit is shown as the dashed line in
P 1 Go Fig. 6. Hence, the gain curve used in this paper follows the
P, “a_1 In <6> (1) curved line for low input powers and the straight dashed line

in Fig. 6 for higher powers.
where P,, is the total input power (across all wavelengths) to

the amplifier in milliwatts,P.,; is the internal saturation power
in milliwatts, G is the actual gain achieved (in absolute scale,
notdecibels), and, is the small-signal gain (which is the gain Given a network as in Fig. 1, we would like to minimize
achievable for small values of input power when the amplifi¢ghe number of amplifiers used in the network without violating
does not saturate, again in absolute scale). Since the formihia device capabilities and constraints. Throughout this paper,
for GG is not an explicit formulation, we use an iterative methodie assume that the stars are connected together in the form
to solve for the value of7. Our amplifier model has beenof a tree and that all neighbors have two unidirectional
designed into our solution as a generic gain module that clamks connecting each other. A mathematical formulation of
be easily replaced when a more-accurate model for a specifie problem is provided in Section II-A. Unfortunately, the
amplifier is used. resulting mixed-integer nonlinear optimization problem is ex-
Previous studies [14] used the gain model in Fig. 5. In thtsemely difficult to solve. Hence, we carefully avoid the
model, it is assumed that the full small-signal gain of thimtegral constraints by modifying the formulation, specifically
amplifier is realizable until the point at which the amplifiethe objective function, and solve the resulting nonlinear opti-
output becomes power limited. At this point, the amplifier imization problem. The description of the solution strategy is
assumed to enter saturation and the gain starts to drop. Twievided in Section II-B. The output from the solver is fed
“point” of saturatio® occurs in the example of Fig. 5 at ato an Amplifier-Placement Module which outputs the exact
total input power of—20 dBm (0.01 mW). At lower input positions and gains of the amplifiers. The functionality of the
powers, the amplifier is assumed to be able to supply tAenplifier-Placement Module is described in Section II-C.

Il. SOLUTION APPROACH

4By homogeneous broadening, we mean that a single high-powered wave-
length, which saturates the amplifier, can bring down the gain available 8. Formulation
all of the wavelengths uniformly. . . " .
5The “true” point of saturation occurs when the amplifier gain is reduced In this section, the amphfler—placement prOblem is formu-

by 3 dB from its maximum [1]. lated as a mixed-integer nonlinear (constrained) optimization
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problem. First, the notation used in the formulation is intro- p,; power of wavelength: at the output of stat, in
duced, and then the constraints and objective functions are decibels referred to 1 mW.
described. Consider the station, (M +1) < ¢ < (M + N).
1) Device Parameters: « pit s the transmitted power of wavelengtfat station
* psen = Minimum power required on a wavelength for i, in decibels referred to 1 mW.
detection in decibels referred to 1 mW, i.e., in dBm. 3y yseful Functions:The following functions allow con-

This represents both the receiver sensitivity level and thgrsjon between the milliwatt (regular) and decibels referred
amplifier sensitivity level, which have been assumed §g 1 mw (log) scales:

be equal.

¢ P..x = Maximum power available from an amplifier ToDB(£) =10 -log;(¢)
in milliwatts = Maximum power of a transmitter in ToMW (£) — 108710
milliwatts.

. . o 'Ia“ley are used to express the constraints conveniently in the
It is not necessary that the maximum amplifier output an .
transmitter powers be identical. For simplicity, we have ag_pproprlate scale.
' ’ 4) Basic and Nonbasic VariablesGiven a network, the
sumed them to be equal. o .
) ] » o . values of the topology-specific variablesV, M, L, s;,
* Gumax = Maximum (small-signal) amplifier gain in deci-; A, 1, and D; are fixed, irrespective of the amplifier-
bels. placement algorithm chosen. The only basic variables used

« « = Signal attenuation in decibels per kilometer. in the formulation arep®™it, SG;, and n;. Note that the

2) Problem Variables:This section introduces the variables,ariamesplbeg? p;nin:be{ Prin p. 5, and gmaz; are nonbasic

used in the problem formulation. Note that, among the vagmariables and can be expressed in terms of the basic variables
ables representing the power levels, those beginning WHB follows.

lowercase(p}" ™%, p,. ;, py™it) are measured in decibels re- For link /, the source of which is a star, i.6.,< s; < M,
ferred to 1 mW and those with upperca@BIbeg,PImi“) in  we have

milliwatts. Also, the variables in lowercase represent the min,beg )

per-wavelength power levels, whereas the ones in uppercase ¢ = Iin pa, (2)

TENA;
represent the aggregate power over all the wavelengths on the
respective link. and we also have
« N = number of access stations in the netwerltnumber PP = Z ToMW (pg.s,).- (3)
of wavelengths in the network. LYY
* M = number of stars in the network. . L L
« L — number of links in the network 2 x (N + M — 1) For link I, the source of which is a station, i.é} + 1) <
. . . ) < (M + N), we have
Note that stars are identified by the indice®,---,M and st s (M4 N),
stations by the indice8/ +1, M +2,---, M +N. As we shall pyibes = prmit (4)
soon observe, this provides notational convenience when we
refer to the source/destination of a link, irrespective of whethapd we also have
it is a station or a star. Also, the wavelengths in the network beg xmit
. i . ' P =ToMW . 5
are identified by the indiced/ +1, M 42, ---, M + N of the ! (™) ®)
source stations. We associate the following parameters withFor any link!, the total power drops to its minimum level

each linkl, 1 <1 < L: when at least one of the wavelengths is equal to the sensitivity
Sy source of linkl,1 < s; < (M + N); level (psen). Hence, on linkl, starting with an aggregate
d; destination of linkl,1 < d; < (M + N); power IeveIPIbeg, when the weakest signal is at a power level
Ay set of powered wavelengths carried by lihk p}“i“’beg, after appropriate scale changes, we have
n number of amplifiers on link; ) e i be
L length of link in kilometers; P =ToMW(ToDB(F™®) — (p,"™"® — peen)).  (6)
ngl,beg actual totalsupplied Gain on linkl in decibels; The equation above is best explained with an example. Con-

power Ieve.I of '_[he Iegst-powered Waveleng_t@ider a link containing three wavelengthis, A, and As.
beg arriving at link?, in dec_|be_ls refer_red _to 1 _'T_‘W' Suppose the power levels on these wavelengths at the begin-
P, total power at the beginning of link in milli- ning of the link were 2,W (—26.99 dBm), 3uW (—25.23

min watts, , : dBm), and 5uW (—23.01 dBm), respectively. Now, the
P total power on linkl when all S|_gnals aree Psen weakest signal is on wavelength. and from (2), we have
z\qr;ﬁivs;tltigst one wavelength is equalptg,, in p;nm,beg = —26.99 dBm. Also, from (3), we havaleeg _

2 W +3 W +5 W = 10 xW. Now, with a link attenuation

gmazx; r_naxim_um ga_in available from an amplifier on(a) of 0.2 dB/km, and a sensitivity leveél,..) of —30 dB
- link 7, n deC|'bels. ( 1 mW), this group of wavelengths can travgh" ™" —
Consider the stai,1 < ¢ < M. Psen)/ @ = (—26.994-30)/0.2 = 15.05 km before the power of

D; in-degree of stai = out-degree of stai. wavelength\; drops belowp,.,,. At this point, the powers on
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the three wavelengths arg. WV, (—30 dBm), 1.5uW, (—28.24 Integrality Constraints: Consider the link,1 <! < L. The
dBm), and 2.5:W, (-26.02 dBm), respectively. Hence, thenumber of amplifiersp;, on any link/, is an integral value.
aggregate “minimum” powefF™") is 1 + 1.5 + 2.5uW Hence, we require that

;niléw. This value can be derived from the above equation, n; s an integer (16)

6) Objective function: Minimize
ToMW (ToDB(10 uW) — (—26.99 + 30))

L
=ToMW (=20 — 3.01) = 5 uW. Zm. (17)
=1

For links from stations to stars, i.e(M + 1) < s <

(M +N)andl < d; < M, we have 7) Complexity: The only basic variables used in the for-

mulation arep3™*, SG;, andn;. The others can be computed
D1y :pgnit +SG—a-Li—ToDB(Dy, —1). (7) either beforehand from the topology or at run time as a
function of the basic variables. Hence, we have the following:

e number of variables= 2- L + N;
« number of integer constraints L;
e number of nonlinear inequalities 6 - L.

8) Reasons for NonlinearitiesThe approach presented in

For links between stars, i.el,< s;,d; < M, we have

VwEAz Dx,d; = Dz,s + SGI — Q- Ll
_ToDB(Dg, —1). (8)

For any link this paper differs from the one in [20] in that it allows
_ the different wavelengths on a link to be at different power
gmaz; = G(P™, Gax, Peat)- (9) levels. Whereas the method in [20] needed to place amplifiers

. i . whenever all the wavelengths on the link were at their lowest
We note that various amplifier gain models can be used (8, er jevel, now the placement of the amplifier is constrained
obtain this functionG. by the weakestsignal on the link. Hence, on each link, we

5) Constrg'ints: , ) need to identify the wavelength coming in with the lowest
Inequalities: Consider the link,1 <[ < L. The powers nin,beg

= ! power level(p; ). This introduces a nonlinear term in
on each of the Wavel_e_ngths at the beginning of thelisikould the formulation [(2)]. Moreover, the maximum gaipmaz;)
be at least the sensitivity leveb,.y,.

o that thaveakeSSianal - This can lbe elns%ureclj bY available at an amplifier on a link is dependent on the

requiring that t .eNea essignal has a power level of at easrprecise mix of the power levels on its incoming wavelengths.

Psen @S follows: This computation cannot be performed off-line and results in
p;nin,beg > Decn- (10) nonlinear constraints [see (14) and (15)].

The powers on each of the wavelengths at the end of edghSolver Strategies

link 7 should be at leagtse,- This is to enable the receivers The mixed-integer nonlinear optimization problem resulting
to detect the signals correctly. Thus, from Section II-A is an extremely difficult one to solve and is
min,beg highly computation intensive. Surveys on techniques employed
P T5G —a- Lo 2 puen: (11) in solving such problems can be found in [9] and [10]. For
The above inequalities [(10) and (11)] ensure that the sigrfach highly nonlinear, general, integer programming problems,
powers remain at or abo\@en everywhere a|0ng the fiber branch-and-bound-based methods which are employed in in-
links and throughout the network. teger linear programming problems do not work well [16].

There are upper limits on the maximum power carried P order to reduce the computation complexity, we choose to
all the signals in a link. This valueé’,.. is the same for €liminate the integral constraints altogether. In our case, this

transmitters and amplifiers and, hence, at the beginning @ be done by removing the variabtesfrom the formulation

link [, we have and, hence, the constraints in (14) and (15) disappear. A similar
L approach is described in [16], where the integrality of variables
PP < Pax. (12) is expressed as an additional constraint to the original problem.
. ) So, we define aew objective functian
Similarly, at the end of the link, we have Minimize
ToDB(PP*®) + SG; — o~ L < ToDB(Ppay). (13 =
S ! L= ( ) (13) ZSGl/gmaxl (18)
Since we need to divide the total supplied gai¥; among =1
the n, amplifiers on linkl, we have which is close to the original one, sineg = [SG;/gmazx;].

Thestarting pointof the problem space is especially important
for this nonlinear search. We initialize the basic variables of

However, the gainSG; should require no fewer than, the problem, namelySG; andpy™* such that
amplifiers; thus, SG; =0

SG; < gmazy - ny. (14)

SG[ > gmaxy - (7’Ll — 1) (15) p)i(mlt :TODB(PmaX)
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i.e., the network is initialized to a state when all the tranpresented above, we do not haemy nonlinear equality
mitters are operating at their highest powers and all of tlenstraints and there is only one objective function [(18)]. This
links have zero gain. However, we could also use the solutienablesCIF'SQP to employ the objective function directly
from [20] as a feasible starting point. Since the new objectifand not any penalty function) in its search. We require that
function is not identical to the original one for the integral casé&;F'SQF use a nonmonotone line search [8], forcing a de-
the solver might end up minimizing the functisi;/gmaz; crease of the objective function within at most three iterations.
and not the number of amplifiers in the network. To handiEhe gradients of the objective and some constraint functions
this situation, we adopt maonintrusive measuremeapproach, are estimated byCF'SQP using forward finite differences.
where, at every feasible point along the search path to tthen there are no nonlinear equality constraints (as in our
optimum solution taken by the nonlinear program solver, wease), CFSQP terminates when the norm for the Newton
evaluate the original objective function and remember ttsearch direction® falls belowe which is taken to be 10°.
point in the search space which resulted in the minimum valueWhile eliminating integer variables greatly simplifies the
for the original objective function thus far. problem, there are, however, limitations to this approach, and
The ensuing heuristic search has the following interestitigey are discussed below.
properties. 1) Local Minima The nonlinear program solver might ter-
1) It contains significantly fewer variables and constraints.  minate at a point corresponding to a local minimum for
In fact, it has only: the objective function. This happens, for example, when
the starting point corresponds to the Linear Program
solution (see Table Il and the examples in Figs. 1 and
11).
2) Feasible Point GeneratiorMWhen the starting point is
2) All the constraints and the objective function are easily infeasible, Subject to the constraints, the solver may
differentiable. Hence, the gradients can be fed to the not be able to locate a feasible point in the problem
nonlinear program solver to aid it in its search for the space. With? F'SQP, this problem can be fixed by using
optimum solution. a different quadratic programming solver to generate
The nonlinear program solve FSQF [19], which we the feasible point. However, finding a feasible point
have used for this study, consists of a set of C functions for  becomes increasingly difficult as the number of network
the minimization of the maximum of a set of smooth objective elements grows (i.e., more network elements means
functions, subject to general smooth constraints. If the initial  more variables).
guess provided by the user is infeasible for some inequality3) Integer Variables The nonlinear program solver

a) L + N variables;
b) 4L inequalities;
Cc) zerointeger constraints.

constraint or some linear equality constraitf’SQFP first (CFSQP), which we used in this study, is not well
generates a feasible point for these constraints; subsequently, suited to handle integer variables. Hence, its results
the successive iterates generated’hlySQ P all satisfy these for this problem could be improved upon by using

constraints. Nonlinear equality constraints are turned into  specialized mixed-integer nonlinear program solvers.
inequality constraints and the objective function is replaced byThe output of the nonlinear program solver is fed to the
an exact penalty function which penalizes nonlinear equalipmplifier-Placement Module, which is described next.
constraint violations only. Given a feasible iteratethe basic
SQP directiond® is first computed by solving a standar
quadratic program using a positive definite estimAtef the _
Hessian of the Lagrangianl’ is a direction of descent for The module uses the values 6f+ and p¥™* output by
the objective function; it is almost feasible in the sense thattfte nonlinear program solver to determine the exact location
is at worst tangent to the feasible set if there are nonlineditd gain of the amplifiers in the network. It operates on a
constraints and it is feasible otherwise. The user has tek-by-link basis as follows. It computes the maximum value
option of either requiring that the objective function (penalt9f the gain available from each amplifier on a lihkgmaz:)
function if nonlinear equality constraints are present) decred$ging (9) and, hence, the number of amplifiérs) required
at each iteration after feasibility for nonlinear inequality an@n that link® It also computes the power levels of the different
linear constraints has been reached (monotone line searchjvarelengths at the output of the stags ;). Several methods
requiring a decrease within at most a few, say three, iteratigssplitting the gain(SG;) among then, amplifiers on a link
(nonmonotone line search). The user must provide functiohdre possible. We describe two methods below—the As Soon
that define the objective function and constraint functionds Possible (ASAP) method and the As Late As Possible
and may either provide functions to compute the respectit®LAP) method.
gradients or require thaf F'SQP estimate them by forward The ASAP method for amplifier placement operates as
finite differences. Additional details on tr@FSQP solver follows. For all but the last amplifier on a ”nk, this method
can be found in [13]. places an amplifier on a link as soon as the input power is low
CFSQP provides the user with some flexibility in the

choice of algorithms and values for various parameters. Weﬁhg nonlinear program solver could possibly come up with a solution with
describe below some of our choices and characteristics uniga 2i)'e 9ains(G) at certain links. We use; = [5¢1/gmaz ~ o],

rec is a small number to handle this situatian = 0.01 in our numerical
to the amplifier placement problem at hand. In the formulatiamamples).

dC. Amplifier-Placement Module
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TABLE I
RELATIVE PERFORMANCE OF THEV ARIOUS AMPLIFIER-PLACEMENT SCHEMES A “*” IN COLUMN 4 INDICATES THAT THE NONLINEAR-PROGRAM SOLVER (NLP) CouLb
NOT PERFORM BETTER THAN THE LP SoLUTION, EVEN WHEN IT wAS GIVEN MULTIPLE FEASIBLE STARTING POINTS, INCLUDING THE SOLUTIONS FOUND IN [14] AND
[20]. CoLumN 6 SHows THETOTAL CPU TiIME TAKEN BY THE NONLINEAR SOLVER RUNNING ON AN OTHERWISE UNLOADED DEC 5000/240r0 SoLvE EACH PROBLEM

Network Link-by-link LP NLP Absolute CPU time
method method method lower for NLP

[14] [20] (this work) | bound [11] | (this work)
Simple 2 star (Figure 4) 6 1 0 0 2s
Tree (Figure 9) 44 14 0 0 49s
MAN (Figure 10) 38 6 2 2 4h 6m 42s
Scaled-up MAN (Figure 11) 48 16 16* 14 10h 7m 42s
Scaled-down MAN (Figure 12) 38 4 0 0 1m 19s
Previous MAN (Figure 1) 79 7 7T 74 9m 508
Denser MAN (Figure 13) 50 7 4 4 2h 5m 19s

N TABLE 111

5 32.2gkm 8385 km 8380 km > ExACT AMPLIFIER PLACEMENTS FOR THENETWORK DEPICTED IN FiG. 10
Link (Star—Star) LP (gain and distance NLP (gain and distance
7.99 dB 16.78 dB 16.78 dB from start of link) from start of link)
. - . 15 Gain 11.52 dB at 20.00 km | Gain 0.91 dB at 20.00 km
Fig. 7. Amplifier placement using the ASAP method. 551 Gain 10.80 dB at 2000 km | Gain 0.91 dB at 20.00 ki
235 Gain 16.55 dB at 1.00 km
5—2
76.14 km 83.89 km 39.97 km 35 Gain 15.76 dB at 4.96 km
5 } H 53

45 Gain 9.76 dB at 10.00 km
16.78 dB 1678 dB 7.99 dB 5—4 Gain 9.01 dB at 10.00 km

Fig. 8. Amplifier placement using the ALAP method.

shown in [20] and can also be seen in Table Il, this approach

enough to allow thenaximumgain, and for the last amplifier does not minimize the number of amplifiers needed in the
on a link, it places the amplifier as soon as the input power§twork. The transmitter powers can be adjusted to avoid
low enough to allow theemaininggain. The ALAP method placing amplifiers on the links which originate at a station.
operates in a similar fashion, except that it attempts to plat@wever, since signals on all other links start off with the
amplifiers as close as possible to the destination of the lifRiNimum power (p.., on each wavelength), we know that
Both these methods split the total gain on the link among tiae algorithm will place an amplifier on every single link not
amplifiers by operating all but one of them at their maximur@riginating at a station in the network. We note that there are
possible gain. L — N such links in the network which originate at a star
The differences between the ASAP method and the ALAfpecall that, = number of links, N' = number of stations,
method can be seen in Figs. 7 and 8, where the total gain@d M = number of stars); thus, we obtain the lower bound
41.55 dB is divided among three amplifiers. The link showdf L — N =2x (N+M - 1) - N =N +2x (M - 1)
runs from star 5 to star 1 in the scaled-up MAN networR" the number of amplifiers used by the method in [14].
(Fig. 11) and the gains shown are taken from the Lineafhis algorithm performs the poorest, in comparison to other
Program (LP) solution [20] for this network. Several otheplacement schemes, on networks that have short links because
methods of splitting the gain, including equal distributiofhe other algorithms can usually avoid placing an amplifier on
among the amplifiers on a link, are possible. The ALAR shortlink simply by exiting the originating star with enough
method was chosen in our study (see Table Ill). FurthBPWer to traverse the short link. We show the results of this

discussions on various approaches to gain splitting can #gorithm for various networks in column 2 of Table II.
found in [17]. The global method in [20] allowed wavelengths at the

beginning of the links to be above the absolute minimum
allowed, pse,. However, the powers on all of the wave-
lengths at any given point in the network were required to
The link-by-link method in [14] was designed to equalizdée equal; this equally powered wavelengths constraint enabled
the powers of the wavelengths in the network, as opposedth@ computation of the maximum gafgmaz;) available on
trying to minimize the number of amplifiers in the networka link by knowing just the number of wavelengths on the
By forcing the powers of all wavelengths to be equaptg, link. The amplifier-placement problem can be formulated as a
at the beginning of most links (all links except those frormixed-integer linear program and solved exactly. Consider a
stations to stars), the algorithm placed amplifiers simply kpair of adjacent stars in the network. Taking into account the
knowing how many wavelengths were on a link. If the numbettenuation loss along the links connecting the stars and the
of wavelengths on a link is precomputed, this allowed theplitting losses at the stars, we require that there be at least
algorithm to operate on each link individually (locally) withoutbne amplifier on either of these links. The lower bound on the
knowing what was happening on other links. This led to a venumber of amplifiers required using the LP method in [20] is,
simple amplifier-placement algorithm. Unfortunately, as wabus,M — 1, where M is the number of stars in the network.

I1l. NUMERICAL EXAMPLES
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()

All links in the
network are 1 km long

Passive Star __.,

\
2 unidirectional
/ fiber links /

A IR AR A B

Fig. 9. Midsized tree-based network needing no amplifiers to function.

Station

We show the results of this algorithm for various networks in [ ST—
. method amp
column 3 of Table Il (see [20] for details).

The method described in this paper (see Section Il) is a > N methodamp Group 3
global one, too; however, unlike the LP method in [20], it G2 @ .$ e 1620
allows the wavelengths at any point in the network to operate 10.15 e thm .
at unequal powers.The solution obtained to the amplifier- .Z -l
placement problem is not guaranteed to be the optimum

because of the presence of local minima. We show the results 2 unidirectional

of this algorithm for various networks in column 4 of Table II. fiber links ™~y

The absolute lower bound was developed in [11] by first o |
utilizing the number of wavelengths on each link and the = 4 ssive § 2km e Group4
physical constraints on the amplifiers to derive the maximum o || o 2130

. . ‘g . . s Stati
gain available from each amplifier on a given link. Theséfr;’“gpl o wor ——. 1l

values were then included in an LP-solvable solution to derive
the lower bound on the number of amplifiers required in tHag. 10. A possible MAN network.
network. We show the results of the lower bound computation
for various networks in column 5 of Table Il (see [11] for
more details). Next, we compare the results of these threlgows that the new method was able to find a solution which
approaches to amplifier placement on certain sample networkguired fewer amplifiers than the methods in [14] and [20].
(see Table II). Fig. 10 also provides an insight into how the actual placements
As mentioned earlier, the network in Fig. 4 motivated thisf amplifiers differ between the LP method and the NLP
study. While both the earlier approaches (the link-by-linknethod. The triangles that are filled black are the locations
method and the LP method) required a few amplifiers & which the equally powered wavelengths method placed the
operate the network, the NLP method described in this papgx amplifiers it deemed necessary to operate the network.
does not require any. The empty, or filled-white, triangles are the locations where
The network in Fig. 9 is the motivating network, describethe unequally powered wavelengths method placed the two
above, taken to the extreme. This network has many stars amdplifiers it deemed necessary. The numerical information
yet it needs no amplifiers to function. Table Il reveals that theh exact gains and exact placements of the amplifiers can
new method was indeed able to come up with the solution B¢ seen in Table Ill. The power levels of the signals at the
not needing any amplifiers. This is the type of network whekgansmitters and receivers can be found in Table IV. Note that
the unequally powered wavelengths solution is clearly superigie equally powered wavelengths constraint results in more
to the previous two amplifier-placement methods. Although &mplifiers and a higher overall gain in the network. Note also
is arguable whether this network is realistic or not, we havRat the transmitters are unable to operate at their maximum
presented it here in order to give the reader some insight atwer for the same reason. However, when wavelengths are
the conditions in which the new method performs best.  allowed to operate at different power levels, we find that the
The network in Fig. 10 is meant to be a realistic desigRLP solution requires just the minimum overall gain to operate
of a MAN. This network was designed in a semirandoifhe network.
fashion with some heuristics to guide the design. Table Il This network serves as the reference point for a study into
the effects of scaling network distances up and scaling network
"Recall that, in these experiments, the NLP solver's starting point is chosdistances down, which will be discussed below.

such that all transmitters are Opel’atlng at the maximum power without anyAS prev|0us|y noted in Sectlon I an ampllfler becomes
amplifiers in the network. From this possibly infeasible starting point, th

solver reaches a feasible point for all the example networks, except for lﬁﬁegs efficient when multiple wavelengths passing through it
previous MAN (Fig. 1). are operated at different power levels. If a link were long
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TABLE IV
TRANSMITTER AND RECEIVER POWERS FOR THENETWORK DEPICTED IN FIG. 10
Stations LP method NLP method
Transmitter power | Receiver power | Transmitter power Receiver power
1-9 (Group 1) —13.02 dBm —22.96 dBm 0.00 dBm From GI1: —9.94 dBm

From G2: -27.58 dBm
From G3: —26.79 dBm
From G4: —30.00 dBm
10-15 (Group 2) —21.82 dBm —30.00 dBm 0.00 dBm From G1: —27.58 dBm
From G2: —8.18 dBm
From G3: —23.94 dBm
From G4: —27.15 dBm
16—20 (Group 3) —21.82 dBm —29.21 dBm 0.00 dBm From GI1: —26.79 dBm
From G2: —23.94 dBm
From G3: —7.39 dBm
From G4: —26.36 dBm
21-30 (Group 4) —12.61 dBm —23.41 dBm 0.00 dBm From G1: —29.80 dBm
From G2: —27.15 dBm
From G3: —26.36 dBm
From G4: —10.80 dBm

2 unidirectional
fiber links

2 unidirectional
fiber links

k—_g: 10 km /://
A y

Fig. 11. A scaled-up version of the MAN network in Fig. 10. Fig. 12. A scaled-down version of the MAN network in Fig. 10.

enough, we would expect that this inefficiency would start tine other hand, the new NLP method is able to come up with
require the addition of more amplifiers. On the other hand, better solution for the smaller network (Fig. 12). In fact,
we would expect that, if links were short, then wavelengths as we predicted, our new method was able to take advantage
different power levels might not require the addition of moref the smaller network environment. The unequally powered
amplifiers and might allow us to potentially save even momgavelengths solution was able to use zero amplifiers compared
amplifiers at critical points in the network. The network irfo four for the equally powered wavelengths solution, which
Fig. 11 is meant to study the effects on the solution whemas a savings of four amplifiers. In the reference network
we have links that span longer distances, and the network(frig. 10), the unequally powered wavelengths solution was
Fig. 12 is meant to study the effects on the solution whetble to use two amplifiers, compared to six for the equally
a network has shorter links. Both of these networks are thewered wavelengths solution, which was also a savings of
same as the network in Fig. 10, except that the distandegr amplifiers.

have been scaled up and down, respectively, by a factor offhe network in Fig. 1 is also examined here because both
ten. As we see in Table II, the results seem to verify o@f the previous studies [14], [20] examined this particular
earlier predictions. The new method is not able to find a bett@@twork® This network has many nodes, and we predicted
solution than the equally powered wavelengths solution for tHgat our new method might not perform better than the equally
larger network in Fig. 11, even when it was given mu|tip|@owered wavelengths solution. We predicted this because the
feasible starting points (including the solutions found in [140re nodes a network has, the more variables the solver is
and [20]). Our method’s solution is not guaranteed to be theanipulating and the more local minima the solver can get
best because it could have become stuck at a local minimuffCk at. As Table Il shows, the solver was unable to come up
If our new method is stuck at a local minimum, we potentialthh a better solution than the LP solution, even when given

can miss the global minimum solution. This differs from the
The number of nodes for group 3 was reduced from 35 to 28 nodes because

LP SIOIUtlon which does find the glObaI minimum Sqluuo'?he original network, as proposed in [14], was infeasible because signals exited
(subject to the equally powered wavelengths constraint). @@ star of degree 35 with power belgw., = —30 dB (1 mW).
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. o Group3 NI
Group 2 N ® 22--29
P= e o Alkm e

21 ® / \
13-21 ¢ lkm_.:[ 7))

PSX = Passive Star Coupler #X

WRX = Wavelength Routing Switch #X
LX =Link #X

NX = Node #X

2 unidirectional
fiber links ~———_

.:_ - - Passive Star _-’.? 2km o Group 4
PR L 3042
ik /7 Station ——_____ N
Group 1 ® .
]7712 e
Fig. 13. A denser version of the MAN network in Fig. 10 with 12 additionaI:/
L10
N7

stations.

multiple feasible starting points including the solutions found
in [14] and [20].

The “denser MAN” network in Fig. 13 differs from the
MAN network in Fig. 10 in that there are 12 additional
stations in it, three in each of the four groups of stations. This
example shows the effect of scaling up the network by adding
more stations on the number of amplifiers needed. All three
amplifier-placement schemes require additional amplifiers to
operate. Note, however, that the NLP method performs bettg§. 14. A sample switched network.
than the other two schemes and remains closest to the absolute
lower bound on the number of amplifiers.

For each of the previous example networks, column 6 {fere is always at least one permutation of connections that
Table 1l shows the total CPU time taken by the nonlineg{ouid cause any of the “halves” of linksl, L2, L3, andL4 to
solver running on an otherwise-unloaded DEC 5000/24Q, 1y eight connections. Now, if amplifiers were placed in this
In general, the running time is found to increase with: Jjetwork to allow any possible configuration of connections,
increasing nu_mber of netyvork components (which _Ieads ¥ “nalves” of links L1-L4 would have to be designed with
more constraints) and 2) increasing link spans (which leagdsoygh amplifiers to carry eight connections in the worst
to a greater choice in feasible solutions). The running timgse Now, it is fairly easy to see that, if the connections
of the solver can be potentially reduced by modifying thgre setup in a “smart” fashion, a link never has to carry eight
stopping criteria (see Section II-B); however, this can alsqnnections. In fact, a link should never have to carry more
affect the quality of the solution. Note that, due to thgyan two connections in this network. Designing links to carry
characteristics of our NLP solution process, no polynomialyo connections instead of eight, since the network will then
form time complexity can be specified. potentially need only one-fourth the power on these links, can
result in a significant savings in the number of amplifiers.
We believe that it will be possible to modify our current
algorithms to allow them to exploit this phenomenon that
occurs in switched networks. This is a topic of our future work.

IV. FUTURE WORK

A. Switched Networks

The algorithms described in this paper were designed to ) ) o
operate on “loopless” networks where there is only one path M0deling Device Characteristics
from a source to a destination. In a switched network, thereln the near future, we plan to try and further improve
can potentially be multiple paths between a source andoa the optical amplifier gain model. We expect to be able
destination. Since the above algorithms operate knowing hoav create a reasonably accurate gain model of the popular
many wavelengths are on a given link, they assume that BIDFA. Analytical methods for modeling the amplifier gain,
wavelengths that can possibly reach a link could all be preseatin saturation, and noise described in [6] will be incorporated
on that link simultaneously. This approach has the potential the model. We also plan to expand our amplifier gain
to place more amplifiers in the network than is absolutelypodel to handle per-wavelength gain. This would allow us
necessary. The example switched network given in Fig. 1d model an amplifier that has a nonflat gain spectrum. It
includes multiple paths between any source—destination pawould also allow us to model the small gain for wavelengths
When examining the permutation of connections that use ttieat are normally considered to lie outside of the “amplifier
WRZ2PS3Ilink, notice that all eight of the stations could eactvandwidth.” The formulation of the problem would have to be
have a connection set up that use this “half” of L1. Actuallyghanged to handle per-wavelength gain, too.
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Further, we plan to consider the effect of crosstalk and thes] C.-S. Li, F. F.-K. Tong, C. J. Georgiou, and M. Chen, “A near-
received BER of the signals on the amplifier macemem in far compensation scheme for all-optical WDMA/WDM networks with

arbitrary topology,” IBM T. J. Watson Res. Center, Yorktown Heights,

such networks. A study describing the computation of BER in v, "tech. Rep., 1994.

the

presence of crosstalk and amplifier-generated ASE noi$él H.-L. Li, “An approximate method for local optima for nonlinear mixed

in switched networks can be found in [4] integer programming problemsComput. Operations Resvol. 19, no.

5, pp. 435-444, July 1992.
[17] H.-D. Lin, “Gain splitting and placement of distributed amplifiers,” IBM
T. J. Watson Res. Center, Yorktown Heights, NY, Tech. Rep. RC 16216
V. CONCLUSION (#72010), Oct. 1990.
K. Magari, M. Okamoto, and Y. Noguchi, “1.5xm polarization

. L [18]
We considered the problem of minimizing the number  insensitive high gain tensile strained barrier MQW optical amplifier,”
of optical amplifiers in an optical LAN/MAN. This study IEEE Photon. Technol. Leftvol. 3, pp. 998-1000, Nov. 1991.

departed from previous studies by allowing the signal powe

9] E. R. Panier and A. L. Tits, “On combining feasibility, descent and
superlinear convergence in inequality constrained optimizatibtath.

of different wavelengths on the same fiber to be at differ-  Programming vol. 59, pp. 261-276, 1993. o 3
ent levels. Although this increases the complexity of th@0l B- Ramamurthy, J. Iness, and B. Mukherjee, “Optimizing amplifier

amplifier-placement algorithm, numerical results show that

placements in a multi-wavelength optical LAN/MAN: The equally
powered-wavelengths caseJ. Lightwave Technal. vol. 16, pp.

certain networks do benefit significantly from this method by ~ 1560-1569, Sept. 1998. _ _
requiring fewer amplifiers. [21] A. E. Siegman,Lasers Mill Valley, CA: Univ. Science, 1986, pp.

298-301.
[22] V. Tandon, M. Wilby, and F. Burton, “A novel upgrade path for
transparent optical networks based on wavelength reus@fac. IEEE
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