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Analysis of Repeated Unequally Spaced Channels for
FDM Lightwave Systems
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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
a new frequency allocation. In this paper, frequency distribution
and intensity of generated FWM lights, and a total bandwidth of
signal lights of RUS channels are compared with those of already
known equally spaced (ES) and unequally spaced (US) channels.
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
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
common in both channels. Since RUS simultaneously satisfies a
low FWM light intensity and a narrow signal bandwidth, it is
considered that RUS is suitable for FDM lightwave transmission
systems.

Index Terms—Four-wave mixing (FWM), frequency allocation
of channels, frequency-division multiplexing (FDM).

I. INTRODUCTION

T RANSMISSION characteristics in frequency-division
multiplexing (FDM) lightwave communication systems

with low-dispersion optical fibers such as dispersion-shifted
fibers are limited by four-wave mixing (FWM) [1], [2]. Char-
acteristics of FWM are closely related to frequency allocations
of channels, and up to now equally spaced (ES) and unequally
spaced (US) channels were proposed and examined. ES chan-
nels have a lot of FWM lights whose frequencies are coincident
with those of signal lights. As a result, a signal-to-noise
ratio for ES channels is heavily degraded by FWM. On the
other hand, US channels do not have any FWM lights whose
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 in
US. Especially in lightwave communication systems which
use optical fiber amplifiers, it is important to achieve a total
bandwidth of all the signals as narrow as possible, because
the light frequency range, where light intensity is amplified, is
limited. To overcome the problems described above, repeated
unequally spaced (RUS) channels have been recently proposed
and their effectiveness has been demonstrated [4]–[6].

In this paper, RUS channels are theoretically examined, and
are compared with ES and US channels. It is found that inten-
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Fig. 1. Generation of FWM lights from three signal lights.

sities of generated FWM lights of RUS are less than those of
ES when the number of channels and the total bandwidth are
common in both channels. For example, when the number of
channels is 12 with a total bandwidth of 1500 GHz, an oscilla-
tion wavelength of 1550 nm for a light source, an optical fiber
length km, a decay rate dB/km, and a derivative
dispersion coefficient ps/km/nm, the intensi-
ties of generated FWM lights of RUS are less than half of those
of ES. On the other hand, US channels do not have FWM lights
whose frequencies are coincident with signal lights. However,
RUS has an advantage in that its signal lights occupy a narrower
total bandwidth than US when the number of channels and the
minimum channel spacing are common in both channels. When
the number of channels is 30, the total bandwidth of RUS is only
0.37 times as large as that of US.

This paper is structured as follows. In Section II, we briefly
review FWM, which is followed by explanations of ES, US, and
RUS channels. Section III compares the FWM characteristics
of RUS with those of ES and US from the viewpoint of FWM
light intensity and a total signal bandwidth. Obtained results are
summarized in Section IV.

II. FUNDAMENTALS OF ANALYSIS

A. Four-Wave Mixing

A light frequency of an FWM light, which is generated
by third order nonlinear effect, is related to three signal lights’
frequencies , , and as follows:

(1)

Here, we exclude with or where in-
terruptions from other channels to signals do not happen. As
a result, we will examine FWM lights with the frequency of

, and , which
are shown in Fig. 1. Note that the number of the FWM lights is
enhanced drastically with an increase in the number of channels.
For example, when the number of channels is 12, the number of
FWM lights reaches to as many as 792.

0733–8724/00$10.00 © 2000 IEEE



NUMAI AND KUBOTA: REPEATED UNEQUALLY SPACED CHANNELS FOR FDM LIGHTWAVE SYSTEMS 657

Intensity of an FWM light is given as follows: We assume
that signal lights and FWM lights are monochromatic, while (1)
is satisfied. It is also supposed that transverse modes are funda-
mental, the lights propagate along-axis, and the electric fields
are polarized along-axis. Under these assumptions, nonlinear
polarization is written as

... (2)

where , , and are electric fields of signal lights which
propagate in optical fibers, and is a third-order nonlinear
susceptibility which is a fourth-rank tensor. Nonlinear suscepti-
bility introduced by Maker and Terhune [8] is written as

. Here, is a degenerate coefficient, and the
values are for , for ,
and for . Note that optical fibers have

due to inversion symmetry of SiOwhich constitutes
optical fibers, and brings lowest-order nonlinear optical ef-
fects.

When an electric field of a signal light at a position
is given by

(3)

where is a power decay coefficient and is a wave number
of a signal light, an electric field of an FWM light is
written as

(4)

Here, is an angular frequency of an FWM light,
is an effective refractive index of an optical fiber, andis a

speed of light in a vacuum. Also, a fiber end is placed at ,
and a difference in wave numbers is

(5)

where is a wave number of an FWM light.
According to Boyd and Kleinman [9], time-averaged FWM

light intensity is given by

Im

(6)

where integration is performed all over an optical fiber. Using
signal light intensities , , and , (6) is rewritten as

(7)

Here, is an effective core area which is defined as

(8)

where is a normalized mode profile.
Introducing an efficiency defined as

(9)

the time-averaged intensity of an FWM lightis given by

(10)

Finally, from (5), a difference in wave numbers is ex-
pressed as

(11)

by using a wave number at an FWM light frequency
. Here, , , and are light frequencies of signals. When
is small enough, is expanded around a zero-dispersion

frequency , and is given by [7]

(12)

where is a wavelength of an FWM light and is a
derivative dispersion coefficient of an optical fiber. In this paper,
(9), (10), and (12) are used for analysis.

In the following, it is assumed that and
is constant. As a result, time-averaged intensityis given by a
product of an efficiency and a degenerate coefficient. For
simplicity, time-averaged FWM light intensity in (10)
is normalized as follows:

(13)

B. Frequency Allocation of Channels and FWM

Frequency allocations of ES and US channels are briefly re-
viewed, which is followed by an explanation of a frequency al-
location of RUS channels.

1) Frequency Allocation of ES Channels:A frequency allo-
cation of ES channels has signal lights with equal frequency sep-
arations between adjacent signals as shown in Fig. 2(a). Using
a channel separation and the number of channels , a
total bandwidth is written as

(14)

Since is constant for each channel, a lot of FWM lights,
whose frequency are coincident with those of signal lights,
are generated. From (1), frequencies of FWM lights generated
within a signal bandwidth always agree with those of signals.

2) Frequency Allocation of US Channels:A frequency allo-
cation of US channels has signal lights whose frequency sepa-
rations are different in every two signals as shown in Fig. 2(b),
and does not have FWM signals whose frequencies are coinci-
dent with those of signal lights. This reason is as follows: From
(1), a frequency of an FWM light is related to frequencies

, , and as

(15)

In US frequency allocation, we have for every signal.
As a result, we always obtain for all signals.

When we consider US channels, it is convenient to introduce a
slot spacing which is defined as a minimum frequency unit.
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Fig. 2. Frequency allocations of: (a) equally spaced (ES) channels and (b)
unequally spaced (US) channels. Here,B andB are total bandwidths of
signal lights for ES and US channels, respectively, and�f is a channel spacing
of ES. A frequency of a channeli is indicated asf .

Fig. 3. Definition of a slot. A slot spacing�f is defined as a minimum
frequency unit. A frequency position of channeli is indicated by a slot
n (i = 1; 2; . . . ; N ), and a spacing between the adjacent channels is
written asd = n � n (i = 1; 2; . . . ; N � 1).

As shown in Fig. 3, a frequency position of channelis indicated
by a slot . Similarly, a spacing between
the adjacent channels is written as .
They are related as

(16)

An allocation is considered as a vector with the elements of
, and an allocation spacingas a vector

with the elements of , which are
written as

(17)

(18)

Frequency allocations of US channels are constructed as fol-
lows:

Step 1) When the number of channels is and a minimum
slot spacing is as shown in Fig. 3, a test
frequency spacing is taken as

(19)

Step 2) If we put as an origin, a test allocation is ob-
tained as

(20)

(21)

where (16) is used.
Step 3) Slot spacings between any two channels in a test allo-

cation 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-
quency allocation.

Step 4) Shuffle each element of and make a new test
allocation spacing , then go to Step 3).

Note that if we have where is a prime number,
the channel spacings are all distinct and the channel bandwidth
is guaranteed to be optimal [10]. As a result, Step 4), which is
basically a computer exhaustive search, can be eliminated by
using an algorithm in [10].

Here, we consider an example with and .
If a test allocation spacing

(22)

is taken, we have a US allocation

(23)

from (20) and (21).
A total signal bandwidth of US channels is given by

(24)

where we put .
Note that has a minimum value , and

from a definition of US channels, and
must be simultaneously satisfied. As a

result, is written as

(25)

from (24).
When the number of channels increases, it becomes hard

to find a US frequency allocation. It is also difficult to achieve
a narrow total bandwidth , because is approxi-
mately proportional to for a large as shown in (25).

3) Frequency Allocation of RUS Channels:As described
above, ES channels have a lot of FWM lights with the fre-
quencies coincident with those of signals, and US channels
have a wide signal bandwidth for a large number of channels.
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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 allocation with the number of channels .
When an allocation is formed by repeating this US frequency
allocation, every constituent allocation, which has consecutive

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
with the number of channels and an adjacent

channel spacing .
Step 2) A spacing between base units has elements,

and is obtained from as

(26)

Step 3) Construct a new allocation spacing by extracting con-
secutive elements from . Among them, the
number of spacings, which are independent each other,
is , and its spacings are

(27)

... (28)

(29)

Following this step, an allocation
is obtained from

where we used (20) and (21).
Step 4) If all allocations in Step

3) are US, in Step 1) is used as a base unit, and the
allocation becomes an RUS frequency allocation.

Step 5) If is not US, form an-
other US allocation which is different from , and re-
peat Steps 2)–4).

If we use the algorithm in [10], Step 5) is not needed, because
the unequal-spaced condition is automatically satisfied.

Here, we will form an RUS frequency allocation with the
number of channels . As a test base unit with ,
we take

(30)

If we put a spacing between the base units as

(31)

(a)

(b)

Fig. 4. Frequency allocation of RUS channels. (a) A US allocation which is
used as a base unit with a bandwidth ofB and the number of channelsN
and (b) RUS channels consisting ofn base units shown in (a) and additionalm
channels. A total bandwidth of signal lights is given byB = nB +B

whereB is a bandwidth of additionalm channels.

new unit spacings and allocations are as follows:

...

(32)

Since they are all US frequency allocations, is used as a
base unit. From , an RUS frequency allocation

(33)

was obtained.
Next, we consider an RUS frequency allocation which is

formed by repeating base units by times and adding
channels. The number of channels is given by

(34)

where is the number of channels for the base unit, andand
are written as

(35)

mod (36)

A total bandwidth of signal lights is given by

(37)
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as shown in Fig. 4. Here, is a signal bandwidth of a base unit,
and is a bandwidth of additional channels.

A total bandwidth approximately increases linearly
with the number of channels , because RUS is formed
by repeating base units periodically. The first term of (37) is
in proportion to , and the second term never exceeds a
bandwidth of a base unit. If , the first term is
dominant in (37), and we have .

III. CALCULATED RESULTS AND DISCUSSIONS

Frequency allocation, intensity of FWM lights, and a signal
bandwidth of ES and US are compared with those of RUS quan-
titatively.

A. Comparison with ES

1) Frequency Allocation:ES channels have the simplest fre-
quency allocation. The parameters of the frequency allocation
are only the number of channels and a channel spacing

. When the number of channel is increased by one, we have
only to add another channel at a frequency separated by
from the previous allocation.

Fig. 5 shows an example of ES frequency allocation with the
number of channels and a channel spacing
GHz. The total bandwidth of signal lights is GHz.
Each channel frequency is summarized in Table I as

.
A frequency allocation of RUS channels is also simply

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
parameters are the number of channels , a total band-
width , and a base unit. When we construct a base unit, a
minimum channel spacing and a slot spacing have to
be considered as well as and . Note that any consecutive

channels must construct US frequency allocations.
In this paper, Allocation 1 in Table IV is used as a base unit,

which has , GHz, GHz, and
GHz. Fig. 6 shows an example of RUS frequency al-

location with the number of channels . Each channel
frequency and a frequency spacing
are summarized in Table II. This allocation consists of two equal
base units and one additional channel, and the total bandwidth

is 1500 GHz.
2) Intensity of FWM Lights:An FWM light with the same

frequency as that of a channelbecomes a noise. In general,
there exist plural FWM lights which have the same frequency as
that of a signal light, and an FWM light frequency is expressed
as

(38)

where is a positive integer.
A total intensity of FWM lights with a light frequency
is given by

(39)

Fig. 5. An example of ES frequency allocations. Each channel frequencyf

is summarized in Table I asF = f � f . The number of channels isN = 12,
and a channel spacing is�f = 140GHz. The total bandwidth of signal lights
B is 1540 GHz.

TABLE I
AN EXAMPLE OF ES FREQUENCY

ALLOCATIONS

Fig. 6. An example of RUS frequency allocations with the number of channels
N = 12. This allocation consists of two equal base units and one additional
channel. Each channel frequencyF = f �f and a frequency spacing�f =

f �f are summarized in Table II. The total bandwidthB is 1500 GHz.

TABLE II
AN EXAMPLE OF RUS FREQUENCYALLOCATIONS

where is an intensity of each FWM
light.

Relations between a total intensity and a light frequency of
FWM lights for RUS and ES frequency allocations are shown
in Figs. 7 and 8, respectively. Here, the numbers of channels are
equal , and the total signal bandwidths
are approximately equal GHz. It is as-
sumed that a wavelength of a channel 1 is nm, an
optical fiber length is km, a decay rate of an optical fiber
is dB/km, and a derivative dispersion coefficient of
an optical fiber is ps/km/nm. The horizontal
line shows a difference in light frequencies
where is a zero-dispersion frequency, which is set at a mid-
point of a total bandwidth, and the vertical line shows a total
FWM light intensity . Closed circles correspond to FWM
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.

Fig. 8. Relation between a total intensity and a light frequency of FWM lights
in an ES frequency allocation.

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.

the light frequencies of open circles do not agree with those of
signals.

It is found that ’s of RUS are less than half of those
of ES from Figs. 7 and 8. This is because the number of FWM
lights which satisfy and each
intensity of RUS are both smaller
than those of ES, which will be explained in the following. The
number of FWM lights generated at signal light frequencies are
shown in Fig. 9. The horizontal line shows a channel number

, and the vertical line shows the number of FWM lights. Gray
bars correspond to ES, and black ones to RUS, respectively. It
is easily found that RUS has a smaller number of FWM lights
at channel positions than ES.

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,
and FWM lights generated at a position of channel 10, which is a midpoint of
frequency allocations, are considered. Gray bars correspond to ES, and the black
ones to RUS in Table II, respectively: (a)�f = 100 GHz, (b)�f = 140

GHz (B ' B ), and (c)�f = 280 GHz in ES frequency allocations.

Fig. 10 shows a relation between a total light intensity and the
number of FWM lights in ES and RUS frequency allocations.
Here, the number of channels is 20, and an FWM light which
has a light frequency of a channel 10 is considered. The
reason why we consider channel 10, which is located at a mid-
point of frequency allocations, is that a midpoint channel has the
largest number of FWM lights among all the constituent chan-
nels. The horizontal line shows a FWM light intensity .
The vertical line shows the number of FWM lights. Gray bars
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Fig. 11. Dependence of total intensity of FWM lights on the number of
channels in ES and RUS frequency allocations. Closed squares, closed
triangles, open squares, and open triangles correspond to�f = 100, 140,
210, and 280 GHz, respectively, in ES frequency allocations. Closed circles
show the calculated results for the RUS frequency allocation in Table II.

Fig. 12. Relation between a total intensity of FWM lights and a total
bandwidth of signals. Three solid lines correspond toN = 10, 20, and30
in ES frequency allocations. Closed circles, squares, and triangles correspond
toN = 10, 20, and30, respectively, in RUS frequency allocations.

correspond to ES, and the black ones to the RUS in Table II,
respectively. Fig. 10(a) corresponds to GHz, (b)

GHz ( ), and (c) GHz in
ES frequency allocations.

As shown in Fig. 10(a), the number and intensities of FWM
lights of RUS are lower than those of ES. As a result, RUS has a
smaller total FWM light intensity than ES. With an increase in a
channel spacing, both and in
ES frequency allocation decrease as shown in Fig. 10(b). How-
ever, even when , an FWM light intensity of ES
is larger than that of RUS. If a channel spacing is still larger as
shown in Fig. 10(c), ES has a lower FWM light intensity than
RUS. In this case, an ES bandwidth is approximately twice
as large as an RUS bandwidth .

When the number of channels increases, the numberof
generated FWM lights also becomes large. Thus, a total FWM
light intensity is enhanced according to (39), as shown in
Fig. 11. The horizontal line shows the number of channels, and
the vertical line shows a total FWM light intensity at a
mid channel in each frequency allocation. Here, closed squares,
closed triangles, open squares, and open triangles correspond to

GHz, 140 GHz, 210 GHz, and 280 GHz, respec-
tively, in ES frequency allocations. Closed circles show the cal-
culated results for the RUS frequency allocation in Table II.

When a total bandwidth of RUS is equal to or less than that of
ES, a total FWM light intensity of RUS is lower than that
of ES. When equals the minimum channel spacing of RUS
such as GHz, ’s of RUS are less than one-sev-
enth of those of ES. When total bandwidths are approximately
common in ES and RUS, i.e., ( GHz
in ES), ’s of RUS are less than one-fifth of those of ES.

Both in ES and RUS frequency allocations, total FWM in-
tensities saturate with an increase in the number of channels,
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 difference between
a center frequency and a frequency of a newly added
channel is larger than those for old channels.

3) Total Bandwidth of Signal Lights:A total bandwidth of
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 and a total bandwidth of signals.
The horizontal line shows a total bandwidth of signal lights,
and the vertical line shows a total FWM light intensity. Three
solid lines correspond to , 20, and 30 in ES fre-
quency allocations. Here, a total bandwidth is changed by al-
tering a channel spacing. Closed circles, squares, and triangles
correspond to , 20, and 30, respectively, in RUS fre-
quency allocations.

When the number of channels is common in ES and RUS fre-
quency allocations, both FWM light intensity and total
bandwidth of ES are larger than those of RUS. When the total
bandwidths of signal lights are common in ES and RUS fre-
quency allocations, ES has more than 7 times as large a total
FWM light intensity as RUS. Thus, it is concluded that RUS is
superior to ES both in a total bandwidth of signal lights and a
total intensity of FWM lights.

B. Comparison with US

1) Frequency Allocation:For a frequency allocation of US
channels, it is important to design the number of channels,
a minimum channel spacing , a total bandwidth of signal
lights , and a slot spacing . A total bandwidth has
a minimum value , which is a guideline for a most suitable
US frequency allocation.

Fig. 13 shows an example of US frequency allocations with
, GHz, and GHz. The total

bandwidth of signal lights is 2200 GHz which equals .
Each channel frequency and a frequency spacing

are summarized in Table III.
Since RUS is formed by repeating a US base unit with a rela-

tively narrow , a total bandwidth can be less than that of US.
2) Intensity of FWM Lights:US does not have FWM lights

whose frequencies are coincident with those of signal lights. On
the contrary, RUS has FWM lights with the frequencies of signal
lights. However, with an increase in a base unit bandwidth,
intensity of FWM lights is reduced.

3) Total Bandwidth of Signal Lights:As shown in (25), a
minimum total bandwidth has a term proportional to

. Thus, a total bandwidth of US drastically increases with
an increase in the number of channels in contrast to ES and
RUS frequency allocations.
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Fig. 13. An example of US frequency allocation. Here,N = 12, �f =

100GHz, and�f = 20GHz. The total bandwidth of signal lights is 2200 GHz
which equalsB . Each channel frequencyF = f � f and a frequency
spacing�f = f � f are summarized in Table III.

TABLE III
AN EXAMPLE OF US FREQUENCYALLOCATIONS

Fig. 14 shows dependence of a total bandwidth on the
number of channels in US and RUS. The horizontal line shows
the number of channels. The vertical line shows a bandwidth
expansion factor which is defined as . Here, is a
total bandwidth of US or RUS, and is that of ES. Open
circles corresponds to US frequency allocation. Closed circles,
squares, and triangles correspond to Allocations 1, 2, and 3
whose frequency (GHz) of channel are shown in Table IV
of RUS frequency allocations, respectively. Note that the
channel spacing of ES equals that of the minimum channel
spacing of US and RUS where GHz. When a total
bandwidth of signals is given, the number of channels increases
as approaches 1.

In US frequency allocation, is linearly dependent
on the number of channels, because a term proportional to
is dominant in and is in proportion to .

In RUS frequency allocation, saturates with an
increase in , and the saturated value is given by

(40)

When Allocation 1 is used as a base unit, this saturated value
is only 1.4. When the number of channels increases up to 30,
US has of 3.75. Thus, RUS has only 0.37 times as large
a total signal bandwidth as US for 30 channels. This result indi-
cates that a total bandwidth of RUS is relatively narrow, which
is suitable for lightwave transmission systems even for a large
number of channels, when compared with that of US.

Finally, a relation between a total bandwidth and a base unit is
explained by using Allocations 1–3 as examples. When the base
units have a common slot spacing , a bandwidth expansion
factor is in proportion to , which is the number
of channels of a base unit. This reason is thatand are
proportional to and , respectively for a large . As a
result, Allocation 1 with the minimum among these three
base units has the lowest .

It is concluded that RUS is superior to US in a total bandwidth
of signal lights for a large 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 IV, as a base unit, respectively.

TABLE IV
EXAMPLE OF BASE FREQUENCYALLOCATIONS

TABLE V
COMPARISON OFES, US,AND RUS FREQUENCYALLOCATIONS

IV. SUMMARY

RUS frequency allocation was theoretically examined, and
compared with ES and US.

By comparing the characteristics of RUS with those of ES, it
is found that RUS is superior to ES both in a total bandwidth of
signal lights and a total intensity of FWM lights. For example, in
a lightwave transmission system with the number of channels of
12, a total bandwidth of 1500 GHz, an oscillation wavelength of
1550 nm, an optical fiber length km, a decay rate of

dB/km, and a derivative dispersion coefficient
ps/km/nm, RUS has total FWM light intensity less than

half of that of ES. When the total bandwidths of signal lights
are common in ES and RUS frequency allocations, RUS has a
small total FWM light intensity, which is less than one-seventh
of that of ES.

By comparing the characteristics of RUS with those of US, it
is revealed that RUS is superior to US in a total bandwidth of
signal lights for a large number of channels. When the number
of channels increases up to 30, there exist RUS which has only
0.37 times as large a total signal bandwidth as US.

The results obtained in this paper are qualitatively summa-
rized in Table V. Since FDM lightwave transmission systems
require low FWM light intensity and narrow bandwidth simul-
taneously, RUS frequency allocation is considered to be a good
candidate for FDM channels.



664 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 5, MAY 2000

ACKNOWLEDGMENT

The authors would like to thank Dr. J. Nitta, Dr. Y. Handa,
and T. Komatsu for encouragement.

REFERENCES

[1] K. O. Hill, D. C. Johnson, B. S. Kawasaki, and R. I. MacDonald, “Cw
three-wave mixing in single-mode optical fibers,”J. Appl. Phys., vol. 49,
pp. 5098–5106, 1978.

[2] A. R. Chraplyvy, “Limitations on lightwave communications imposed
by optical-fiber nonlinearities,”J. Lightwave Technol., vol. 8, pp.
1548–1557, 1990.

[3] F. Forghieri, R. W. Tkach, and A. R. Chraplyvy, “WDM systems with un-
equally spaced channels,”J. Lightwave Technol., vol. 13, pp. 889–897,
1995.

[4] J. S. Lee, D. H. Lee, and C. S. Park, “Periodic allocation of a set of un-
equally spaced channels for WDM systems adopting dispersion-shifted
fibers,” IEEE Photon. Technol. Lett., vol. 10, pp. 825–827, 1998.

[5] S. S. Lee, M. K. Kim, C. S. Park, J. S. Lee, D. H. Lee, and S. G. Lee,
“Enhancement of power margin and scalability in WDM links adopting
dispersion-shifted fibers using periodic-unequally-spaced-channel allo-
cation,”Electron. Lett., vol. 35, pp. 1176–1177, 1999.

[6] H. Suzuki, S. Ohteru, and N. Takachio, “22� 10 Gb/s WDM transmis-
sion based on extended method of unequally spaced channel allocation
around the zero-dispersion wavelength region,”IEEE Photon. Technol.
Lett., vol. 11, pp. 1677–1679, 1999.

[7] K. Inoue, “Four-wave mixing in an optical fiber in the zero-dispersion
wavelength region,”J. Lightwave Technol., vol. 10, pp. 1553–1561,
1992.

[8] P. D. Maker and R. W. Terhune, “Study of optical effects due to an in-
duced polarization third order in the electric field strength,”Phys. Rev.,
vol. 137, pp. A801–818, 1965.

[9] G. D. Boyd and D. A. Kleinman, “Parametric interaction of focused
Gaussian light beams,”J. Appl. Phys., vol. 39, pp. 3597–3639, 1968.

[10] W. C. Kwong and G.-C. Yang, “An algebraic approach to the unequal-
spaced channel-allocation problem in WDM lightwave systems,”IEEE
Trans. Commun., vol. 45, pp. 352–359, 1997.

Takahiro Numai (M’88) was born in Okayama
Prefecture, Japan, on January 1, 1961. He received
the B.S., M.S., and Ph.D. degrees in electrical
engineering from the Keio University, Yokohama,
Japan, in 1983, 1985, and 1992, respectively.

In 1985, he joined the Opto-Electronics Research
Laboratories, NEC Corporation, Kawasaki, Japan,
where he was engaged in research and development
of semiconductor lasers for lightwave transmission
systems and wavelength tunable optical filters
for photonic switching systems. He developed a

grating fabrication technology which was used for the first manufacturing
of phase-shifted distributed feedback laser diodes (DFB-LD’s). They have
been used in trunk-lines of Japan and submarine-lines between Japan and the
USA in lightwave transmission systems. His work on optical filters based on
DFB structures brought him the Ph.D. degree in 1992. In 1990, he joined
the Opto-Electronics Research Laboratories, NEC Corporation, Tsukuba,
Japan, where he studied semiconductor optical functional devices for optical
information processing and vertical cavity surface emitting lasers. In 1991, he
was an Assistant Manager with NEC Opto-Electronics Research Laboratories.
In 1994, he joined the Research Institute for Electronic Science, Hokkaido
University, Sapporo, Japan as Associate Professor. In 1998, he joined the
Canon Research Center, Atsugi, Japan. He holds six U.S. patents, and has
authored and coauthored more than 100 technical papers and international
conference communications on optoelectronics. He has also written a textbook
Fundamentals of Semiconductor Laser Technology(Maruzen, 1996, in
Japanese).

Dr. Numai is a Member of the Institute of Electronics, Information, and Com-
munication Engineers (IEICE) of Japan, the Japan Society of Applied Physics,
the Physical Society of Japan, and the Optical Society of America (OSA).

Ouichi Kubota was born in Tokyo, Japan, on July
11, 1967. He received the B.S. and M.S. degrees in
physics from the Keio University, Yokohama, Japan,
in 1990 and 1992, respectively.

In 1992. he joined the Canon Research Center, At-
sugi, Japan, where he was engaged in research and
development of optoelectronics.


