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Analysis of Repeated Unequally Spaced Channels for
FDM Lightwave Systems

Takahiro NumaiMember, IEEE, Member, OSAnd Ouichi Kubota

Abstract—in long-haul optical frequency-division-multiplexing
(FDM) systems, transmission characteristics are degraded by
four-wave mixing (FWM). To overcome this problem, repeated
unequally spaced (RUS) channels have been recently proposed as [ f1s ez fozs tooifand  faor |
a new frequency allocation. In this paper, frequency distribution 3 [ ’ 1 .
and intensity of generated FWM lights, and a total bandwidth of s T ) T . T . T T . T .
signal lights of RUS channels are compared with those of already fi f2 fa
known equally spaced (ES) and unequally spaced (US) channels. Frequency of Light, f (arb. units)

It is found that intensities of generated FWM lights of RUS are

less than those of ES when the number of channels and a total rig 1. Generation of FWM lights from three signal lights.

bandwidth of signals are common in both channels. It is also

revealed that RUS has a narrower total bandwidth than US when .

the number of channels and the minimum channel spacing are Sities of generated FWM lights of RUS are less than those of
common in both channels. Since RUS simultaneously satisfies aES when the number of channels and the total bandwidth are
low FWM light intensity and a narrow signal bandwidth, it is  common in both channels. For example, when the number of
considered that RUS is suitable for FDM lightwave transmission ~phannels is 12 with a total bandwidth of 1500 GHz, an oscilla-

systems. tion wavelength of 1550 nm for a light source, an optical fiber

Index Terms—Four-wave mixing (FWM), frequency allocation  |engthZ = 80 km, a decay rate = 0.2 dB/km, and a derivative

f213 fat2 faz1

Intensity (arb. units)

of channels, frequency-division multiplexing (FDM). dispersion coefficientD../d\ = 0.07 ps/km/nnd, the intensi-
ties of generated FWM lights of RUS are less than half of those
I. INTRODUCTION of ES. On the other hand, US channels do not have FWM lights

L . .. . whose frequencies are coincident with signal lights. However,
T RANSMISSION characteristics in frequency-divisiorg g has an advantage in that its signal lights occupy a narrower
1 multiplexing (FDM) lightwave communication System§,| pandwidth than US when the number of channels and the
with low-dispersion optical fibers such as dispersion-shiftegnim m channel spacing are common in both channels. When

fiber; are limited by four-wave mixing (FWM) [1], [2]. Cha.r- the number of channels is 30, the total bandwidth of RUS is only
acteristics of FWM are closely related to frequency aIIocatlora)s_37 times as large as that of US.

of channels, and up to now equally spaced (ES) and unequallyris naper is structured as follows. In Section II, we briefly

spaced (US) channels were proposed and examined. ES chaf, Fywm, which is followed by explanations of ES, US, and
nels have a ot of FWM lights whose frequencies are coinCidegl;s channels. Section |1l compares the FWM characteristics
with those of signal lights. As a result, a S|gnal-to—n0|38f RUS with those of ES and US from the viewpoint of FWM

ratio for ES channels is heavily degraded by FWM. On thghtintensity and a total signal bandwidth. Obtained results are
other hand, US channels do not have any FWM lights Whoéﬁmmarized in Section IV.

frequencies agree with those of the signal lights [3]. In US
channels, however, a total bandwidth, which is occupied by all
the signals, expands drastically with an increase in the number
of channels. Thus, it is difficult to have a lot of channels if\- Four-Wave Mixing

US. Especially in lightwave communication systems which A light frequencyfrwi of an FWM light, which is generated
use optical fiber amplifiers, it is important to achieve a totaly third order nonlinear effect, is related to three signal lights’
bandwidth of all the signals as narrow as possible, becayggguenciesf;, f2, and f5 as follows:

the light frequency range, where light intensity is amplified, is

limited. To overcome the problems described above, repeatedfrwy = fije = fi+ fi — fr (6,5, k=1,2,3). (1)
unequally spaced (RUS) channels have been recently propos

and their effectiveness has been demonstrated [4]-[6]. i .
aﬁgrupnons from other channels to signals do not happen. As

In this paper, RUS channels are theoretically examined, it il ine EWM liahts with the f f
are compared with ES and US channels. It is found that intep/esUlt, we will examine Ights wi € Irequency o

J321, f312, fo13, f332, f331, f223, f221, fi13, @nd fi12, which
are shown in Fig. 1. Note that the number of the FWM lights is

Il. FUNDAMENTALS OF ANALYSIS

e . .
Iqere, we excludef;; with ¢ = k or j = &k where in-
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Intensity of an FWM light is given as follows: We assuméhe time-averaged intensity of an FWM lighis given by

that signal lights and FWM lights are monochromatic, while (1) 256702 LI,
K2} v

is satisfied. It is also supposed that transverse modes are funda= oAz (DX1111)? A exp(—az)

mental, the lights propagate aloagaxis, and the electric fields r efl )

are polarized along-axis. Under these assumptions, nonlinear [~ exp(—az)]” . (10)
) . 3 . 2 N = 1ijk.

polarizationP y 1, is written as «

) Finally, from (5), a difference in wave numbesss is ex-

Pyp = X E;E;Ey = (DX1un)Ei(2)Ej()Ei(2)  (2) pressed as
whereFE;, E;, andE), are electric fields of signal lights which
propagate in optical fibers, and® is a third-order nonlinear AB=pf) = B = B3 +B) (11)
susceptibility which is a fourth-rank tensor. Nonlinear susceptiy using a wave numbei( /) at an FWM light frequency’ =
bility X1, introduced by Maker and Terhune [8] is written ag/; .. Here, f;, f,, andf;, are light frequencies of signals. When
DXy11; = 1/4x®. Here,D is a degenerate coefficient, and the\ 3 is small enoughg( f) is expanded around a zero-dispersion
values areD = 1for f; = f; = fu, D =3 for f; = f; # fi, frequencyfy, andAg is given by [7]

andD = 6for f; # f; # f». Note that optical fibers have Nx dD

x@ = 0 due to inversion symmetry of SiQhich constitutes A3 = -— d)\c [(fi — fo)+(f; — fo)l

?epctigal fibers, ang (® brings lowest-order nonlinear optical ef- ¢ i 15— fo) (12)
When an electric fieldZ; () of a signal light at a position where A is a wavelength of an FWM light andD../dX is a

is given by derivative dispersion coefficient of an optical fiber. In this paper,

Ep(2) = Ep, exp (_%az _ ikmz) (m=1i, 14, k), (3) (9), (10), and (_12) are used for analysis.

In the following, itis assumed thdf = I; = I;, anddD,/dA
is constant. As a result, time-averaged intensity given by a
product of an efficiency; and a degenerate coefficiePx For

wherec is a power decay coefficient arigl, is a wave number
of a signal light, an electric fieldZ(z) of an FWM light is

written agmd . . simplicity, time-averaged FWM light intensityy = 1, in (10)
E(z) =1 _ (DX1111)Ei B Ej; exp (—302) is normalized as follows:
' <exp(—qz +iAfBz) — 1) @ L =n/4 (i #k)
IAS -« Ljw=n (@#j#k). (13)

Here,w = 2 f;;; is an angular frequency of an FWM light,
n. is an effective refractive index of an optical fiber, anis a

speed of light in a vacuum. Also, a fiber end is placed &t 0,
and a difference in wave numbets3 is Frequency allocations of ES and US channels are briefly re-

AB=k—k —k;+k ) viewed, which is followed by an explanation of a frequency al-
o location of RUS channels.

B. Frequency Allocation of Channels and FWM

wherek = n,w/cis a wave number of an FWM light. : !

o X X 1) Frequency Allocation of ES Channel# frequency allo-
i ﬁc_cordln_g t})_Boyd anbd Kleinman [9], time-averaged FWM, oo of ES channels has signal lights with equal frequency sep-
ight intensity [ is given by arations between adjacent signals as shown in Fig. 2(a). Using

7= —Im [ﬂ /// E*(w, z, y, 2) a channel separatiofA f. and the number of channelégs, a
2 total bandwidthBps is written as

Prad 2,y 2 dedyds] ) Bps = (Ngs — DA, (14)
where integration is performed all over an optical fiber. Using SinceA f. is constant for each channel, a lot of FWM lights,
signal light intensitied;, I;, andiy, (6) is rewritten as whose frequency are coincident with those of signal lights,

256402 o LI, exp(—az) are generated. From (1), frequencies of FWM lights generated
I'=—715— (DXuu) within a signal bandwidth alw: ree with those of signals.
nic2 Aq o+ A2 thin a signal ba th always agree with those of signals

ABz 2) Frequency Allocation of US Channelg frequency allo-
. {[1 — exp(—az)]? + 4 exp(—az) sin® T} . (7) cation of US channels has signal lights whose frequency sepa-

. . C ! rations are different in every two signals as shown in Fig. 2(b),
Here, A.g is an effective core area which is defined as . . T
-1 and does not have FWM signals whose frequencies are coinci-

2
Aug = U N%(z, y)dx dy} U Nz, y) dx dy} (8) dentwiththose of signal lights. This reason is as follows: From
(1), a frequencyf;;. of an FWM light is related to frequencies

whereN (z, ) is a normalized mode profile. fis f5, and f, as
Introducing an efficiency) (0 < 7 < 1) defined as
I(z,A8) a? Jiie = fi = Ji = J: (15)
= I{(z,Ap =0) T2t A? In US frequency allocation, we haye # f for every signal.
ABz As a result, we always obtaif);. # f; for all signals.

2 2
[1 — exp(—az)]” + 4 exp(—az) sin When we consider US channels, itis convenientto introduce a

’ [1— exp(—az)]? ©) slot spacingA f which is defined as a minimum frequency unit.
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: Bes : Step 1) When the number of channeldigs and a minimum
; slot spacing isAn = ny — n; as shown in Fig. 3, a test
Afe frequency spacing is taken as
} “_> ......... } d=[An, An+1, ..., An+ Nys — 2. (19)
% Step 2) If we pute; as an origin, a test allocation is ob-
fi fofo fo fs fo fr oo o, s o ed as
Frequency of Light, f (arb. units) nies = ni + di (20)
(@)
; Bus 3 where (16) is used.
: Step 3) Slot spacings between any two channels in a test allo-
: cationn are examined. If we have an equal slot spacing,
we will go to Step 4). When every slot spacing is dif-
""""" ferent each other, a test allocation itself is a US fre-
% uency allocation.
fifo fafe fs fofr «ooeveees i fus q Y

fus -1 Step 4) Shuffle each elemed} of d and make a new test
; ; allocation spacing, then go to Step 3).
Frequency of Light, f (arb. units) Note that if we havéVys = P+1 whereP is a prime number,
(b) the channel spacings are all distinct and the channel bandwidth
is guaranteed to be optimal [10]. As a result, Step 4), which is

Fig. 2. Frequency allocations of: (a) equally spaced (ES) channels and ligsically a computer exhaustive search, can be eliminated by
unequally spaced (US) channels. HeBBe,s and By are total bandwidths of using an algorithm in [10]_

signal lights for ES and US channels, respectively,Arfd is a channel spacing . . . .
of ES. A frequency of a channéls indicated a¥:; . Here, we consider an example witys = 6 andAn = 5.

If a test allocation spacing
Af 5

e d=15,6,7,8,9| (22)
I 111 I 1 I i 1 | « | 1111 I « I Lt t | l
Ni Nz N3 Ni Mist--Ngs -1 Nings is taken, we have a US allocation
e o G i =10, 5, 11, 18, 26, 35} (23)

Fig. 3. Definition of a slot. A slot spacing\ f is defined as a minimum from (20) a_‘nd (21). . .
frequency unit. A frequency position of channlis indicated by a slot A total signal bandwidtiBys of US channels is given by

n;(1 = 1,2, ..., Nys), and a spacing between the adjacent channels is .
written asd; = n; ., —ni(i=1,2, ..., Nys —1). Nus—1
Bus=ny-Af= ) di-Af (24)
As shown in Fig. 3, a frequency position of chaniislindicated =
by aslotn;(i = 1, 2, ..., Nys). Similarly, a spacing betweenWhere we putr; = 0. o .
the adjacent channels is writtendgi = 1, 2, ..., Nys —1).  Note that Bys has a minimum valuemin(Bys), and
They are related as from a definition of US channelsf; # d;(i # j) and
d; > An = Af./Af must be simultaneously satisfied. As a
di=mn1—mi(i=1,2, ..., Nuys—1). (16) result,min(Byg) is written as

An allocations is considered as a vector with the elements ghin(Bus) =(An + (An + 1) +-- - + (An + Nys = 2))Af
n;(i=1, 2, ..., Nys), and an allocation spacinbas a vector . _ Nus
with the elements of;(i = 1, 2, ..., Nys — 1), which are =(Nus =1 Afet 2 1)Aaf (25)
written as

from (24).
) When the number of channelg;s increases, it becomes hard
to find a US frequency allocation. It is also difficult to achieve
a narrow total bandwidtiBys, becausenin(Buys) is approxi-
mately proportional taVZ< for a largeNys as shown in (25).
d= [di, da, ...\ dygs—1]- (18) 3) Frequency Allocation of RUS Channelés described
above, ES channels have a lot of FWM lights with the fre-
Frequency allocations of US channels are constructed as fpliencies coincident with those of signals, and US channels
lows: have a wide signal bandwidth for a large number of channels.

ﬁz{ﬂl,ﬂg, <oy NUNyg (17
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In contrast to these problems, RUS channels analyzed here

can simultaneously achieve a few FWM lights with the signal
frequencies and a narrow signal bandwidth even for a large
number of channels.

A frequency allocation of RUS channels is formed by re-
peating a US frequency allocation which is a base unit, as shown
in Fig. 4. Here, a maximum frequency of a base unit is the same
as a minimum frequency of the following base unit.

Note that a base unit is not only a US frequency allocation,
but also must satisfy the following conditions. Consider a US
frequency allocatiorys with the number of channel®ys.
When an allocatior is formed by repeating this US frequency
allocation, every constituent allocation, which has consecutive
Nys channels, have to become a US frequency allocation, too.

An example of steps to form an RUS frequency allocation is
as follows.

Step 1) As a test base unit, form a US frequency allocation

nus with the number of channel¥y;s and an adjacent
channel spacingus.

659
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Step2) Aspacing between base units he¥ —1) elements, .
and is obtained fromdys as (b)
Fig. 4. Frequency allocation of RUS channels. (a) A US allocation which is
~ used as a base unit with a bandwidth®f and the number of channels,
d=[dy, day ..., dnye—1, d1, day ooy dye—1, d1, --.]. (26)  and (b) RUS channels consisting:obase units shown in (a) and additional

the unequal-spaced condition is automatically satisfied.

channels. A total bandwidth of signal lights is givenByys = nBy + Bcs
whereB..., is a bandwidth of additionak channels.

Step 3) Constructanew allocation spacing by extracting con- )
secutive( Nys — 1) elements fromi. Among them, the new unit spacinggd(® and allocationg.”) are as follows:
number of spacings, which are independent each other,
is (Nys — 1), and its spacings are dY =[5,6,7,8, 9],

d® =16,7,8,9, 5],

2 = {0, 5, 11, 18, 26, 35}
23 = {0, 6, 13, 21, 30, 35}

J(l) = [dla d?a d3a ey dNUS—l] (27) :
i) _ ) 1o 5
d [d27 d37 d47 (RS dl] d(o) — [97 57 67 77 8]7 ﬁ(o) = {O7 97 ]_47 20, 27, 35}
: 28) (32)
d(NUsfl) = [dNUS—17 di, da, ..., dNUS—Q]' (29)

Since they are all US frequency allocationgs is used as a
base unit. Frona/, an RUS frequency allocation

Following this step, an allocationi(¥ (i

1,2, ..., Nys — 1) is obtained fromd®(;

1,2, ..., Nuys — 1) where we used (20) and (21).
Step4) Ifallallocationg” (i = 1, 2, ..., Nys—1)in Step was obtained.

3|)| aretUSmt;)s in Step 1) ';ljjgefd as abase"umtt and the Next, we consider an RUS frequency allocation which is
a’ocationn becomes an requency afocation. e by repeating base units hy times and addingn

Step5) Ifa(i = 1,2, ..., Nys — 1) is not US, form an- L
other US allocation which is different frof;s, and re- channels. The number of channdlss is given by

peat Steps 2)-4).
If we use the algorithm in [10], Step 5) is not needed, because

5,11, 18, 26, 35, 40, 46, 53, 61, 70, 75} (33)

S

=10,

Ngrus ITL(N(,— 1)+1+m (34)

Here, we will form an RUS frequency allocation with the whereN, is the number of channels for the base unit, ard
m are written as

number of channel®& = 12. As a test base unit with'yg = 6,

we take _
n= {MJ (35)
N . . N,—1
s = {0, 5, 11, 18, 26, 35). (30) m = (Nrus — 1) mod( N, — 1). (36)
If we put a spacing between the base units as A total bandwidth of signal light®&rys is given by
d=1[5,6,7,89>56,7,8,9, 5] (31) Brus = 1By + Bres (37)
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as shown in Fig. 4. Herd3,, is a sighal bandwidth of a base unit, _ Bes

andB,..; is a bandwidth of additionak channels. :' Channel Number :
A total bandwidth Brys approximately increases linearly @@ e © O © a2

with the number of channel®kys, because RUS is formed L Afe :

by repeating base units periodically. The first term of (37) is

in proportion to( N, — 1), and the second term never exceeds a ' }—— ] ' ’

bandwidthB, of a base unit. IftNgrys > N, the first term is TR R

dominant in (37), and we hagrus ~ nB;.
Frequency of Light, f (arb. units)

lll. CALCULATED RESULTS AND DISCUSSIONS Fig. 5. An example of ES frequency allocations. Each channel frequgncy
. . . . . issummarized in Table | &; = f; — fi. The number of channelsi§ = 12,
Frequency allocation, intensity of FWM lights, and a signaind a channel spacing4sf. = 140 GHz. The total bandwidth of signal lights

bandwidth of ES and US are compared with those of RUS quafes is 1540 GHz.

titatively.
TABLE |
AN EXAMPLE OF ES FREQUENCY
A. Comparison with ES ALLOCATIONS

1) Frequency Allocation:ES channels have the simplestfre- cramnet 11 2 3 4 5 6 7 8 8 10 1 12
quency allocation. The parameters of the frequency allocatiC g, Grz) | 0 140 280 420 560 700 840 980 1120 1260 1400 1540
are only the number of channelégs and a channel spacing

Af.. When the number of channel is increased by one, we have Brus
only to add another channel at a frequency separated by § :
from the previous allocation. . Bo _ Bo  Bres
Fig. 5 shows an example of ES frequency allocation with the Channél Number '
number of channeld’ = 12 and a channel spaciny f. = 140 W@ @ @ 6 ©0 ©® © (10 1112
GHz. The total bandwidth of signal light8gs is 1540 GHz. Afc ' P
Each channel frequenc is summarized in Table | aB; = t.
fi— f1.
A frequency allocation of RUS channels is also simply fihofo £ £ fofs fo fo fro Forfo
formed, once a base unit is obtained. When we add a channel,
we only have to follow the allocation of a base unit. The key Frequency of Light, f (arb. units)

parameters are the number of chann®lgys, a total band- _ _
width Brus, and a base unit. When we construct a base unitF,Q' 6. _Ap exa_mple ofRUSfreql_Jency allocations with thg:‘ number ofchaqnels
Nrus = 12. This allocation consists of two equal base units and one additional

minimum channel spacing f. and a slot spacing f have to ;hI;nneI. Each channel frequenty= f; — f, and a frequency spacinyf; =

be considered as well &%, and B;,. Note that any consecutive f:+1 — f; are summarized in Table II. The total bandwidth 5 is 1500 GHz.

N, channels must construct US frequency allocations. TABLE I

Wf::l;hﬁaE?VS,eLAg??}Loll BJ%:I_'GZI’VAI; ujegoaéa?,azﬁdunlt’ AN EXAMPLE OF RUS FREQUENCY ALLOCATIONS

B, = 700 GHz. Fig. 6 shows an example of RUS frequency al cChamnel | 1 2 3 4 5 6 7 &8 9 10 11 12

location with the number of channeldgus = 12. Eachchannel F(GHz) | 0 100 220 360 520 700 800 920 1060 1220 1400 1500

frequencyt; = f;— f1 and afrequency spaciayf; = f;r1—f; Afi(GHz) [ 100 120 140 160 180 100 120 140 160 180 100

are summarized in Table Il. This allocation consists of two equal

base units and one additional channel, and the total bandwid ” L . : .

Brus is 1500 GHz. }/i\;h(?[reIFWl\q(i)(L =1, 2, ..., m)is an intensity of each FWM
2) Intensity of FWM Lights:An FWM light with the same )

; that of a channel b ise. | | Relations between a total intensity and a light frequency of
requencyf, as that of a channel becomes a noise. In genera FWM lights for RUS and ES frequency allocations are shown

:Ee:e :“X'St. plurlall_l Fh\{{VM Il?htsl\zlvvr\'/'&hl.hi\:ef the same_frequency ftzFigs. 7 and 8, respectively. Here, the numbers of channels are
atotasighalfight, and an Ight Trequency IS expresse ual(Ngs = Nrus = 12), and the total signal bandwidths

as are approximately equéBgs = Brus = 1500) GHz. It is as-
" ) sumed that a wavelength of a channel Djs= 1550 nm, an
Jr = frwme) (=12 ..., m) (38) optical fiber length i, = 80 km, a decay rate of an optical fiber
) . is @ = 0.2 dB/km, and a derivative dispersion coefficient of
wherem is a positive integer. o an optical fiber isfD, /d\ = 0.07 ps/km/nn?. The horizontal
; Atot_al mtit;znsny_f;iWM of FWM lights with a light frequency line shows a difference in light frequenci®s = frwar — fo
» IS given by

where f, is a zero-dispersion frequency, which is set at a mid-
m point of a total bandwidth, and the vertical line shows a total
- L (39) FWM light intensity Iz, . Closed circles correspond to FWM
FWM ; FWMG@ lights whose frequency are coincident with those of signals, and
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Fig. 7. Relation between a total intensity and a light frequency of FWM lights (@)
in an RUS frequency allocation.
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Fig. 8. Relation between a total intensity and a light frequency of FWM lights
in an ES frequency allocation.
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Fig. 9. The number of FWM lights generated at channel positions in RUS and ©
ES frequency allocations. Gray bars correspond to ES, and black ones to RUS,

respectively.
Fig. 10. Relations between the number and a total light intensity of FWM

lights in ES and RUS frequency allocations. Here, the number of channels is 20,

the Iight frequencies of open circles do not agree with those ¥ FWM lights generated ata position of channel 10, which is a midpoint of
frequency allocations, are considered. Gray bars correspond to ES, and the black

signals. ones to RUS in Table I, respectively: (&f. = 100 GHz, (b)Af. = 140

It is found thatI,,'s of RUS are less than half of thoSeGHz (Bes ~ Bius), and (c)Af. = 280 GHz in ES frequency allocations.
of ES from Figs. 7 and 8. This is because the number of FWM
lights which satisfyf,, = fgWM(i)(i =1,2,...,m)andeach  Fig. 10 shows arelation between a total light intensity and the
intensity I\ (¢ = 1, 2, ..., m) of RUS are both smaller number of FWM lights in ES and RUS frequency allocations.
than those of é% which will be explained in the following. Thélere, the number of channels is 20, and an FWM light which
number of FWM lights generated at signal light frequencies ahas a light frequency, of a channel 10 is considered. The
shown in Fig. 9. The horizontal line shows a channel humberason why we consider channel 10, which is located at a mid-
n, and the vertical line shows the number of FWM lights. Gragoint of frequency allocations, is that a midpoint channel has the
bars correspond to ES, and black ones to RUS, respectiveljalgest number of FWM lights among all the constituent chan-
is easily found that RUS has a smaller number of FWM lightsels. The horizontal line shows a FWM light intensit 7\%\%(1‘)'
at channel positions than ES. The vertical line shows the number of FWM lights. Gray bars
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g 20 When a total bandwidth of RUS is equal to or less than that of
z ES, atotal FWM light intensityy,; of RUS is lower than that

f; 10 of ES. WhenA £, equals the minimum channel spacing of RUS
£ ol- such as\ f. = 100 GHz, I}y,,'S of RUS are less than one-sev-

é ; : : enth of those of ES. When total bandwidths are approximately
[=RR o] PR S B ES: Afo=100 GHz - - common in ES and RUS, i.eBgs = Brys (Af. = 140 GHz

3 ; AESatoaoonz in ES), Ifw's of RUS are less than one-fifth of those of ES.
§-20 ------------ o * ------ A ES: Afo=280 GHz *~~ T Both in ES and RUS frequency allocations, total FWM in-
= o ® RUS tensities saturate with an increase in the number of channels,
e -300 1'0 2'0 3'0 because light intensities of FWM lights, which are generated by

newly added channels, are lower than those of the old channels.
This reason is that a frequency differen¢g.,, — f| between

Fig. 11. Dependence of total intensity of FWM lights on the number ¢ center frequency and a frequency .., of a newly added

channels in ES and RUS frequency allocations. Closed squares, clo :
triangles, open squares, and open triangles correspondfto= 100, 140, E%nnel is larger than those for old channels.

210, and 280 GHz, respectively, in ES frequency allocations. Closed circles3) Total Bandwidth of Signal LightsA total bandwidth of

show the calculated results for the RUS frequency allocationin Table Il.  ES and that of RUS are compared by taking a total FWM light

intensity into account. Fig. 12 shows a relation between a total

: : FWM light intensity I7y,; and a total bandwidth of signals.

' i The horizontal line shows a total bandwidth of signal lights,
. : and the vertical line shows a total FWM light intensity. Three

Number of Channels

N
o

(=)
|
'
'
i
'
J
V

\i___Esmc:h ES 20ch solid lines correspond tévgs = 10, 20, and 30 in ES fre-
| guency allocations. Here, a total bandwidth is changed by al-

Total FWM Light Intensity, I "z (dB)

o A 20 0 306 [ ’ """" tering a channel spacing. Closed circles, squares, and triangles
| | | correspond tdVgirs = 10, 20, and 30, respectively, in RUS fre-
A0 T o N R guency allocations.
RUS 10¢ch i i | When the number of channels is common in ES and RUS fre-
00— ’ : : quency allocations, both FWM light intensif{,, and total
0 2 4 6 8 10 bandwidth of ES are larger than those of RUS. When the total
Total Bandwidth (THz) bandwidths of signal lights are common in ES and RUS fre-

Fig. 12. Relation between a total intensity of FWM lights and a tot uency allocations, ES has more than 7 times as large a total
bandwidth of signals. Three solid lines correspondvig; = 10, 20, and30 WM “ght intensity as RUS. Thus, itis concluded that RUS is

in ES frequency allocations. Closed circles, squares, and triangles correspsugerior to ES both in a total bandwidth of signal lights and a
to Nrus = 10, 20, and30, respectively, in RUS frequency allocations. total intensity of FWM |ight5.

correspond to ES, and the black ones to the RUS in Table B, Comparison with US

respectively. Fig. 10(a) correspondsAy. = 100 GHz, (b) 1) Frequency Allocation:For a frequency allocation of US

Af. = 140 GHz (Bgs ~ Brus), and (C)Af. = 280 GHz in channels, itis important to design the number of chaniels,

ES frequency allocations. a minimum channel spacing f., a total bandwidth of signal
As shown in Fig. 10(a), the number and intensities of FWNights Bys, and a slot spacing. f. A total bandwidthByg has

lights of RUS are lower than those of ES. As a result, RUS hasianinimum valueB#4® , which is a guideline for a most suitable

smaller total FWM light intensity than ES. With an increase in @S frequency allocation.

channel spacing, botq};%\%(i)(i =1,2,...,m)andIzzAg in Fig. 13 shows an example of US frequency allocations with

ES frequency allocation decrease as shown in Fig. 10(b). HoNys = 12, Af. = 100 GHz, andAf = 20 GHz. The total

ever, even wheBgs ~ Bgrus, an FWM light intensity of ES bandwidth of signal lights is 2200 GHz which equd 1§“.

is larger than that of RUS. If a channel spacing is still larger &ach channel frequendy; = f; — f1 and a frequency spacing

shown in Fig. 10(c), ES has a lower FWM light intensity thad\ f; = f;+1 — f; are summarized in Table III.

RUS. In this case, an ES bandwidBag is approximately twice  Since RUS is formed by repeating a US base unit with a rela-
as large as an RUS bandwidBxus. tively narrow By, a total bandwidth can be less than that of US.
When the number of channels increases, the numbef 2) Intensity of FWM Lights:US does not have FWM lights
generated FWM lights also becomes large. Thus, a total F\WMvhose frequencies are coincident with those of signal lights. On
light intensity Ity is @enhanced according to (39), as shown ithe contrary, RUS has FWM lights with the frequencies of signal

Fig. 11. The horizontal line shows the number of channels, alights. However, with an increase in a base unit bandwisith

the vertical line shows a total FWM light intensif{,,, at a intensity of FWM lights is reduced.

mid channel in each frequency allocation. Here, closed squares3) Total Bandwidth of Signal LightsAs shown in (25), a
closed triangles, open squares, and open triangles correspongitimum total bandwidthBZ4" has a term proportional to
Af. = 100 GHz, 140 GHz, 210 GHz, and 280 GHz, respecNZ4. Thus, a total bandwidth of US drastically increases with
tively, in ES frequency allocations. Closed circles show the caln increase in the number of channels in contrast to ES and
culated results for the RUS frequency allocation in Table Il. RUS frequency allocations.
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Fig. 13. An example of US frequency allocation. Hedg;s = 12, Af. = 0 10 20 30
100 GHz, andA f = 20 GHz. The total bandwidth of signal lights is 2200 GHz
which equalsB3i* . Each channel frequendy; = f; — f, and a frequency
spacingA f; = f;11 — f; are summarized in Table IlI.

Number of Channels

Fig. 14. Dependence of a total bandwidth on the number of channels. RUS
1, 2, and 3 use Allocation 1, 2, and 3, whose frequencies are summarized in

TABLE Il Table 1V, as a base unit, respectively.

AN EXAMPLE OF US FREQUENCY ALLOCATIONS

Channel 1 2 3 4 5 6 7 8 9 10 11 12
F, (GHz) 0 100 340 500 800 1020 1160 1440 1640 1760 2020 2200
Af; (GHz) | 100 240 160 300 220 140 280 200 120 260 180

TABLE IV
EXAMPLE OF BASE FREQUENCY ALLOCATIONS

Channel 1 2 3 4 5 6 7 8 9 10 11 12

Fig. 14 shows dependence of a total bandwidth on th Allecation1 0 100 220 360 520 700
number of channels in US and RUS. The horizontal line show Allecation2 0 100 240 420 640 760 920 1120
the number of channels. The vertical line shows a bandwid1_1_\llocation3 0 100 340 500 800 1020 1160 1440 1640 1760 2020 2200
expansion factor which is defined d/Bgs. Here, B is a
total bandwidth of US or RUS, anfgs is that of ES. Open
circles corresponds to US frequency allocation. Closed circles,
squares, and triangles correspond to Allocations 1, 2, and 3

TABLE V
COMPARISON OFES, US,AND RUS FREQUENCY ALLOCATIONS

whose frequency; (GHz) of channek are shown in Table IV Frequency allocation ES US RUS
of RUS frequency allocations, respectively. Note that the Total intensity of FWM lights | high none low
channel spacing of ES equals that of the minimum channel Total bandwidth of signal lights | narrow wide narrow

spacing of US and RUS wheref. = 100 GHz. When a total
bandwidth of signals is given, the number of channels increases
as B/Bggs approaches 1. IV. SUMMARY
In US frequency allocatiom35a™ / Bes is linearly dependent , _ _
on the number of channelé, because a term proportionalAe? RUS frequ_ency allocation was theoretically examined, and
is dominant inBEE" and Bys is in proportion toN. compared with ES and US. _ _
In RUS frequency allocationB%in / Bg saturates with an By comparing the characteristics of RUS with those of ES, it

increase inV, and the saturated value is given by is_ founq that RUS is superior .to ES both i.n a total bandwidth _of
B B signal lights and a total intensity of FWM lights. For example, in

lim RUS _ b . (40) alightwave transmission system with the number of channels of
Nros—oo Brs  (Ny — 1)Af 12, a total bandwidth of 1500 GHz, an oscillation wavelength of

When Allocation 1 is used as a base unit, this saturated vall&50 nm, an optical fiber length = 80 km, a decay rate of =
is only 1.4. When the number of channels increases up to 8® dB/km, and a derivative dispersion coefficietld./d\ =
US hasB/ By of 3.75. Thus, RUS has only 0.37 times as large.07 ps/km/nn?, RUS has total FWM light intensity less than
a total signal bandwidth as US for 30 channels. This result indialf of that of ES. When the total bandwidths of signal lights
cates that a total bandwidth of RUS is relatively narrow, whicere common in ES and RUS frequency allocations, RUS has a
is suitable for lightwave transmission systems even for a largmall total FWM light intensity, which is less than one-seventh
number of channels, when compared with that of US. of that of ES.

Finally, a relation between a total bandwidth and a base unitisBy comparing the characteristics of RUS with those of US, it
explained by using Allocations 1-3 as examples. When the baseevealed that RUS is superior to US in a total bandwidth of
units have a common slot spacidygf.., a bandwidth expansion signal lights for a large number of channels. When the number
factor Brus/Bgs is in proportion toN,, which is the number of channels increases up to 30, there exist RUS which has only
of channels of a base unit. This reason is tBatand Bgs are  0.37 times as large a total signal bandwidth as US.
proportional toN? and N, respectively for a largev,. As a The results obtained in this paper are qualitatively summa-
result, Allocation 1 with the minimunV, among these threerized in Table V. Since FDM lightwave transmission systems
base units has the loweBys/Bgs. require low FWM light intensity and narrow bandwidth simul-

Itis concluded that RUS is superior to US in a total bandwidtianeously, RUS frequency allocation is considered to be a good
of signal lights for a large number of channels. candidate for FDM channels.
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