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(57) ABSTRACT

The dynamic gain equalizer for flattening a gain profile of an
optical amplifier includes: an optical waveguide circuit
having multistage optical couplers, demultiplexing and mul-
tiplexing, each formed by connecting optical couplers
arranged at a plurality of stages; and optical connecting
circuits including optical phase shifters each capable of
changing a phase of propagating light and optical delay lines
each for adding a predetermined delay time to the propa-
gating light, said dynamic gain equalizer in which at least
one of the optical couplers in the two multistage optical
couplers are provided with variable optical amplitude
means, respectively, and each of the multistage optical
couplers are formed asymmetrically with respect to an
extension of a line which connects a center arranged position
of optical outputting ends of the demultiplexing multistage
optical coupler with a center arranged position of optical
inputting ends of the multiplexing multistage optical cou-
pler.

18 Claims, 11 Drawing Sheets
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Fig. 9C
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Fig. 10
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1
DYNAMIC GAIN EQUALIZER

TECHNICAL FIELD

The present invention relates to a dynamic gain equalizer
which is used in the optical communication filed such as
wavelength division multiplexing (WDM) transmission.

BACKGROUND OF THE INVENTION

In a DWDM (Dense Wavelength Division Multiplexing)
system, one of key technologies is an optical amplifier using
an EDFA (Er’* Doped Fiber Amplifier). The EDFA has a
gain profile as shown in FIG. 5, for example. In other words,
the profile of EDFA is not flat since high gain is shown at the
wavelengths ranging from 1530 to 1560 nm.

The profile lines a through e on FIG. 5 are shown in
ascending order of the pump light level input to the EDFA.
In other words, among these profile lines a through e, the
profile line a shows a gain profile obtained when the pump
light level is the smallest while the profile line e shows a gain
profile obtained when the pump light level is the largest.

Then, in order that the EDFA is applied to the DWDM
system, flattening of the EDFA gain profile has been pur-
sued. This gain flattening is carried out by applying an
optical gain flattening filter which has a loss profile reverse
to the EDFA gain profile.

In addition, there has been proposed lattice filter type gain
flattening by the use of a multistage Mach-Zehnder inter-
ferometer (MZI) (see Zinguji et al, “design of lattice type
gain equalizer based on Lawson Rule” (2001 IEICE General
Conference C-3-50).

Further, as another example of gain flattening with use of
PLC, there has been proposed optical transversal filter type
gain flattening (see for example, A. Ranalli and B. Fondeur,
“PLANARTAPPED DELAT LINE BASED, ACTIVELY
CONFIGURABLE GAIN-FLATTENING FILTER” Proc.
ECOC, Paper 7-1-2, 2000)

SUMMARY OF THE INVENTION

A dynamic gain equalizer according to a first aspect of the
present invention is a dynamic gain equalizer comprising an
optical waveguide circuit having a multistage optical cou-
pler which is formed by connecting optical couplers
arranged at a plurality of stages, a multistage optical coupler
formed by connecting optical couplers arranged at a plural-
ity of stages, and optical connecting circuits including
optical phase shifters each capable of changing a phase of
propagating light and optical delay lines each for adding a
predetermined delay time to the propagating light,

wherein each of at least one of the optical couplers in the
multistage optical coupler and at least one of the optical
couplers in the multistage optical coupler is provided with
variable optical amplitude means, and

the multistage optical coupler and the multistage optical
coupler are formed asymmetrically with respect to an exten-
sion of a line which connects a center arranged position of
optical outputting ends of the multistage optical coupler with
a center arranged position of optical inputting ends of the
multistage optical coupler.

BRIEF DESCRIPTION OF THE INVENTION

FIG. 1 is a view illustrating a configuration of substantial
parts of a dynamic gain equalizer according to one embodi-
ment of the present invention;
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2

FIG. 2Ais a view for explaining a configuration of optical
delay lines and their adjacent parts of a dynamic gain
equalizer according to the above-mentioned embodiment;

FIG. 2B is a view for explaining another configuration of
an optical connecting circuit shown on FIG. 2A;

FIG. 3 is a graph for showing loss profiles of the above-
mentioned embodiment and EDFA gain profiles which are to
be subjected to gain flattening based on the above-men-
tioned embodiment;

FIG. 4 is a graph for showing gain profiles which are
subjected to EDFA flattening based on the above-mentioned
embodiment;

FIG. 5 is a graph showing EDFA gain profiles;

FIG. 6 is an explanatory view illustrating a configuration
of an optical transversal filter;

FIG. 7 is a view illustrating a configuration of substantial
parts of a dynamic gain equalizer according to another
embodiment of the present invention;

FIG. 8 is a graph showing gain profiles which are sub-
jected to EDFA gain flattening based on the embodiment on
FIG. 7,

FIG. 9A is a view illustrating a configuration of substan-
tial parts of a dynamic gain equalizer according to yet
another embodiment of the present invention;

FIG. 9B is a view illustrating a configuration of substan-
tial parts of a dynamic gain equalizer according to yet
another embodiment of the present invention;

FIG. 9C is a view illustrating a configuration of substan-
tial parts of a dynamic gain equalizer according to yet
another embodiment of the present invention;

FIG. 10 is a graph showing an example of loss profiles of
the embodiment on FIG. 1 and EDFA gain profiles which are
to be gain flattening based on the embodiment; and

FIG. 11 is a graph showing gain profiles which are
subjected to EDFA gain flattening based on the embodiment
on FIG. 10.

DETAILED DESCRIPTION OF THE
INVENTION

There are various types of gain equalizers, including, for
example, a gain equalizer using an optical gain flattening
filter, a gain equalizer using an acoustooptic filter, a gain
equalizer using a MEMS (Micro Electro Mechanical Sys-
tem) and a gain equalizer using PLC (Planar Lightwave
Circuit). First consideration is made about these dynamic
gain equalizers.

First, an optical gain flattening filter realizes a loss profile
reverse to the EDFA gain profile by the following manner.
That is, one proposed way of realizing by the optical gain
flattening filter is such that a plurality of etalon filters of
different refractive indexes and periods (FSR) are combined
to realize a desired spectrum.

Further, as other proposed examples of the optical gain
flattening filter, there are a way of realizing a desired
spectrum by a dielectric multilayer filter and a way of
utilizing a long-period fiber grating (FBG).

Here, such an optical gain flattening filter as mentioned
above is generally customized so as to flatten gain of one
EDFA gain profile.

However, since the EDFA gain profile varies depending
on a pump light level, there is a problem such that a filter
desired to flatten gain of one gain profile as mentioned above
dynamically reacts to change of a pump light level.

Then, in the future, it is essential to realize a dynamic gain
equalizer which is capable of changing a loss profile corre-
sponding to change in the EDFA gain profile.
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It is considered that among the above-described gain
equalizers, a gain equalizer which utilizes a PLC will
become a promising device as compared with the other
devices due to its high controllability and stability. For this
reason, the inventors have decided to consider a PLC type
dynamic gain equalizer. Then, the inventors have studied as
the PLS type dynamic gain equalizer a lattice filter type gain
equalizer by the use of a multistage Mach-Zehnder interfer-
ometer (MZI).

Further, as another example of a dynamic gain equalizer
by the use of PL.C the inventors have considered an optical
transversal filter type dynamic gain equalizer using a vari-
able optical coupler, an optical delay line and a phase shifter.

Dynamic gain equalizers using these PL.Cs have a prob-
lem of relatively large insertion loss. When a dynamic gain
equalizer is used as a gain flattening filter of an optical
amplifier, small insertion loss is desired due to a problem of
S/N ratio and therefore, it is important to reduce the insertion
loss.

FIG. 1 shows a dynamic gain equalizer according to an
embodiment of the present invention which is capable of
reducing insertion loss and flattening gain of an optical
amplifier irrespective of pump light level. Hereinafter, the
embodiments of the present invention will be described with
reference to the drawings.

A dynamic gain equalizer according to an embodiment of
the present invention is illustrated in FIG. 1. As shown in
FIG. 1, the dynamic gain equalizer according to this embodi-
ment includes a planar lightwave circuit which is an optical
waveguide circuit 2 with circuitry configuration shown in
FIG. 1 formed on a substrate 15. The optical waveguide
circuit 2 includes a multistage optical coupler 7 and a
multistage optical coupler 11.

The multistage optical coupler 7 is formed by connecting
optical couplers 1 at plural stages and has a plurality of
optical outputting ends 17. The multistage optical coupler 11
is formed by connecting optical couplers 3 at plural stages
and has a plurality of optical inputting ends 18.

Also in the present embodiment, at least one of the plural
optical couplers 1 and the plural optical couplers 3 has a
Y-shaped demultiplexing circuit and at least one of the plural
optical couplers 1 and the plural optical couplers 3 has a
Mach-Zehnder interferometer.

For example, the first stage optical coupler 1(1a), the third
and fourth stage optical couplers 1(1¢, 1d) have Mach-
Zehnder interferometers and the second optical coupler
1(15) has a Y-shaped demultiplexing circuit. In addition, the
final stage optical coupler 3(3a), the third and fourth optical
couplers 3 (3¢, 3d) from the final stage have Mach-Zehnder
interferometers and the optical coupler ¢ immediately in
front of the final stage optical coupler has a Y-shaped
demultiplexing circuit.

Provided between each of the optical outputting ends 17
of the multistage optical coupler 7 and a corresponding one
of the optical inputting ends 18 of the multistage optical
coupler 11 is a optical connecting circuit 12. The optical
connecting circuit 12 is configured by an optical phase
shifter 9 capable of changing a phase of propagating light
and an optical delay line 10 for adding a predetermined
delay time to the propagating light. Each optical phase
shifter 9 has one light waveguide and is configured by
forming a TiNi heater phase regulating means 6 on the
optical waveguide.

In this embodiment, the optical connecting circuit 12 is
formed as shown in FIGS. 1 and 2A, by connecting in series
an optical phase shifters 9 and an optical delay lines 10.
However, as shown in FIG. 2B, the optical connecting
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4

circuit 12 can be formed by providing an optical delay line
10 with phase shifting means 6 to have a function of an
optical phase shifter 9.

Further, at least one optical coupler 1 of the multistage
optical coupler 7 is provided with variable optical amplitude
means 21 while at least one optical coupler 3 of the
multistage optical coupler 11 is provided with variable
optical amplitude means 22.

In this embodiment, the optical couplers 1 (1a, 1¢, 1d) and
the optical couplers 3 (3a, 3¢, 3d) formed by Mach-Zehnder
interferometers are provided with variable optical amplitude
means 21 and 22. The variable optical amplitude means 21
and 22 are formed by TiNi heaters.

The multistage optical coupler 7 and the multistage opti-
cal coupler 11 are configured asymmetrically with respect to
an extension of a line which connects the center arranged
position of the optical outputting ends 17 of the multistage
optical coupler 7 ad the center arranged position of the
optical inputting ends 18 of the multistage optical coupler
11.

Further, the number of the optical outputting ends 17 of
the multistage optical coupler 7 and the number of the
optical inputting ends 18 of the multistage optical coupler 11
are the same odd number, and optical delay lines 10 pro-
vided between the optical outputting ends 17 and the cor-
responding optical inputting ends 18 are different in length
from each other.

In FIG. 1, the optical delay line 10a provided at the
bottom is used as a basis, the second optical delay line 105
from the bottom is longer by dL than the optical delay line
104, the third optical delay line 10¢ from the bottom is
longer by 2 dL than the optical delay line 10a, and the fourth
optical delay line 10d from the bottom is longer by 3 dL. than
the optical delay line 10aq.

Among the optical delay lines 10 which are provided
different in length, the substantially center optical delay line
10e of middle length is provided at the top and longer by 4
dL than the above-mentioned optical delay line 10a, and the
fifth optical delay lines 10f'through 10i are formed longer by
dL than the respective immediately beneath optical delay
lines, and the optical delay line 10/ is formed longer by 8 dL.
than the optical delay line 10a. Here, d[.=39.9 pm.

In addition, connected to the inputting side of the above-
mentioned substantially center optical delay line 10e is one
optical outputting portion (that is, optical outputting end
17¢) of the first stage optical coupler 1 (1a) of the afore-
mentioned multistage optical coupler 7. The other optical
outputting portion of the first stage optical coupler 1a is
connected to an optical inputting portion of the second stage
optical coupler 1 (15), and the second stage optical coupler
1 and optical couplers 1 following the second stage optical
coupler 1 consist in an optical demultiplexing portion 13.

As shown in FIG. 2A, optical outputting ends of the
optical demultiplexing portion 13 forms optical outputting
ends 17 (17a to 17d, 17f to 17i) of the multistage optical
coupler 7 which are connected to corresponding optical
delay lines 10 (10a to 10d, 10f to 10i) other than the
above-mentioned substantially center optical delay line 10e.

As shown in FIG. 1, connected to the outputting side of
the above-mentioned substantially center optical delay line
10e is one optical inputting portion (that is, optical inputting
end 18¢) of the final stage optical coupler 3 (3a) of the
aforementioned multistage optical coupler 11. The other
optical inputting portion of the final stage optical coupler 3a
is connected to the optical coupler 3 (35) immediately in
front of the final stage optical coupler 3 (3a), and optical
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couplers 3 in front of the final stage optical coupler 3a
consist in an optical multiplexing portion 14.

As shown in FIG. 2A, optical inputting ends of the optical
multiplexing portion 13 forms optical inputting end 18s (18a
to 184, 18f'to 18i) of the multistage optical coupler 7 which
are connected to optical outputting side of the corresponding
optical delay lines 10 (10a to 104, 10f'to 10¢) other than the
above-mentioned substantially center optical delay line 10e.

The above-mentioned optical demultiplexing portion 13
and optical multiplexing portion 14 are formed symmetric
with respect to an extension of a line which connects the
center arranged position of the optical outputting ends of the
optical demultiplexing portion 13 and the center arranged
position of the optical inputting ends of the optical multi-
plexing portion 14.

The present embodiment is configured as described
above. When determining the configuration of the present
embodiment, the inventors have studied to formulate any
waveform filter combining based on the conventional optical
transversal filter configuration. Here, in FIG. 6, like com-
ponents of same name in the optical waveguide circuit 2
which forms a dynamic gain equalizer according to the
present embodiment are indicated by the same symbols.

As shown in FIG. 6, the conventional transversal filter has
a multistage optical coupler (splitter) 7 with a plurality of
optical outputting ends 17 and a multistage optical coupler
(combiner) 11 with a plurality of optical inputting ends 18.

Further, between the optical outputting ends 17 of the
aforementioned optical coupler 7 and the corresponding
optical inputting ends 18 of the aforementioned optical
coupler 11, optical connecting circuits 12 including variable
optical attenuators (VOA) 8, optical phase shifters 9 and
optical delay lines 9 are provided. This optical transversal
filter is allowed to change an optical frequency characteristic
of the optical digital filter 1 arbitrarily by setting to be able
to change optical amplitudes of the aforementioned variable
optical attenuators 8 and phase regulated amounts of the
optical phase shifters 9.

Each of the aforementioned variable optical attenuators 8
has a Mach-Zehnder interferometer formed by arranging
two optical waveguides (cores) and is configured by forming
a heater 5 on the waveguides sandwiched by two directional
couplers 4. Each of the aforementioned optical phase shifters
9 is formed in the same way as the present embodiment and
the optical delay lines 10 are formed to have optical
waveguides of different length.

Then, in the optical transversal filter shown in FIG. 6,
assuming that the number of taps (the number of blanches of
the multistage optical coupler 7) is N, the transfer function
from the multistage optical coupler 7 to the phase shifters 9
is expressed by Equation 1, in which n denotes tap number.

=

= Equation 1

VN

e’

I
=3

n

Here, g,=a,.¢%". a, is an optical amplitude of a variable
optical attenuator 8 and 6n is a phase regulated amount
(phase shift amount) of a phase shifter. These are tap
coeflicients of the optical transversal filter. j is /(-1).

6

When the transfer function from the optical delay lines 10
to the multistage optical coupler 11 is adjusted to the transfer
function of Equation 1, the transfer function G of the

transversal filter can be give by Equation 2.
5

N-Loy 1 Equation 2
G=) ——g,xePily
=0 VN VN
10 R L
=—> g,
N
N-1
_1 A o g imAL
N n
n=0
15

in which P is a propagation constant, AL is a difference of
length between optical delay lines, n,is an equal refractive
20 index of a waveguide, c is a light velocity, f is an optical
frequency, and 1 is an integer.
Here, when Equations 3 to 4 are given as follows (in
which m is an integer), Equation 6 can be derived.

25
FSR Equation 3
fEf,:fC+lAf:fC+lT
FSR = ¢ Equation 4
R AL
30
f. =mFSR Equation 5
= 2 Equation 6
— _ —iarnt
Gilfi) = GUIAf) = ZO gue /K
35

Then, when the sampling coefficient from a desired optical
frequency characteristic G1 is N', g, can be obtained based
on discrete Fourier transform of Equation 7 from Equation
6.

Equation 7

N1
20
& = Z Ge?N'™
45 =

In which the tap number n is -(N-1)/2=n=(N-1)/2 (N is an
odd number), -N/2=n=N/2-1 (N is an even number),
Accordingly, the tap coefficients (optical amplitude a,, of a
variable optical attenuator 8 and a phase regulated amount
On of an optical phase shifter 9) are give by the Equations
8 and 9.

50

55
. > o~ > Equation 8
a, = \/{Ijz;j G, cos(%nl)} + {,\::Zol G, Sin(%”l)}
60 _ E ion 9
NZI Gy sin(%nl) e
R P
" Nl 2r
G —nl
) 2. ,cos(N, 2 )
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For example, when a dynamic gain equalizer for flatten-
ing EDFA gain wavelength-dependence as shown in FIG. 5§
is formed with an optical transversal filter as shown in FIG.
6 with N =8, the tap coefficients are given as shown in Table
1.

8

necting circuits is input to the optical connecting circuit 12
having the above-mentioned substantially center optical
delay line 10 (here, 10d) 6 the inventors have proposed a
dynamic gain equalizer according to the present embodi-
ment of the present invention.

TABLE 1
Equalizerl' Equalizer?' Equalizer3' Equalizer4' Equalizers'
Tap Num an 0 n(rad) an 0 n(rad) an 0 n(rad) an 0 n(rad) an 0 n(rad)
0 0.01761 133215 0.01129  1.05839 0.00705 0.27236 0.01037 -0.68849 0.01803 -1.03396
1 0.03551  0.67094 0.03661  0.36660 0.03985 0.09787 0.04473 -0.12463 0.05078 -0.30389
2 0.03773 -0.10743 0.05220 -0.53276 -0.07055 -0.74238 0.08945 -0.85638 0.10789 -0.92549
3 0.01420  0.43360 0.03285 -1.38257 0.06915 -1.54114 0.10436 -1.56536 0.13786 -1.55901
4 1.00000  0.00000 1.00000  0.00000 1.00000 0.00000 1.00000  0.00000 1.00000  0.00000
5 0.01420 -0.43360 0.03285  1.38257 0.06915 1.54114 0.10436  1.56536 0.13786  1.55901
6 0.03773  0.10743 0.05220  0.53276 0.07055 0.74238 0.08945  0.85638 0.10789  0.92549
7 0.03551 -0.67094 0.03661 -0.36660 0.03985 -0.09787 0.04473  0.12463 0.05078  0.30389
20

of EDFA pump light level. In addition, the optical amplitude
is normalized at the maximum.

As is clear from Table 1, for the conventional optical
transversal filter, ratios of optical amplitudes an to respective
taps are not uniform. In the conventional optical transversal
filter, since this nonuniformity in the optical amplitudes
affects insertion loss directly, there occurs large loss.

Then, in the configuration on FIG. 6, the insertion loss is
a value calculated from the following Equation 10 based on
Equation 2.

= 2 Equation 10

Sa

n=

N

For this reason, in the optical transversal filter shown in
FIG. 6, approximately 94% of optical power is input to the
optical connecting circuit having the substantially center
optical delay line 10 (optical delay line 104 of tap number
4 in FIG. 6) and the remaining about 6% of optical power is
input to the optical connecting circuits having the other
optical delay lines 10.

Here, as each of the delay lines 10 is connected to a
variable optical attenuator 8, optical amplitude is changed
by the variable optical attenuator 8 to make the optical
power reduced, which then brings about insertion loss in
light propagating through the corresponding connecting
circuit 12.

Then, insertion losses of the above-mentioned Equalizer
1" through 5' are obtained as shown in Table 2, and the
insertion loss of Equalizer 5' is 13.9 dB.

TABLE 2
Equal- Equal-
izerl’ izer2'  Equalizer3'  Equalizer4' Equalizery'
Insertion 16.5 16.1 15.4 14.6 139
loss
(dB)

After examining the above, the inventors have noted that
the tap coefficient a, of the optical transversal filter is
determined in line symmetry with respect to the substantial
center of the optical delay line 10. Then, in consideration of
the fact that much light to be input to plural optical con-
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In other words, the inventors prepared an odd number of
optical outputting ends 17 of the multistage optical coupler
7 and an odd number of optical inputting ends 18 of the
multistage optical coupler 11 and arranged the multistage
optical coupler 7 and the multistage optical coupler 11 in
such a manner that they are asymmetric with respect to an
extension of a line connecting the center arranged position
of the optical outputting ends 17 of the multistage optical
coupler 7 and the center arranged position of the optical
inputting ends 18 of the multistage optical coupler 11,

Then, one optical outputting portion of the first stage
optical coupler 1 (1a) of the aforementioned multistage
optical coupler 7 is connected to an inputting side of the
substantially center optical delay line 10e, and the outputting
side of the substantially center optical delay line 10e is
connected to one optical inputting portion (that is, optical
inputting end lee) of the final stage optical coupler 3 of the
aforementioned multistage optical coupler 11.

By this connection, as light passing through the substan-
tially center optical delay line 10e only passes through the
substantially center optical delay line 10e, the first stage
optical coupler 1a, the optical phase shifter 9, and the final
stage optical coupler 3a, the insertion loss becomes substan-
tially zero.

In the present embodiment, approximately 94% of optical
power is input to an optical connecting circuit 12 having the
substantially center optical delay line 10e and the remaining
6% optical power is input to the optical connecting circuits
12 having the other optical delay lines, and the insertion loss
of the 6% optical power is substantially zero, thereby
achieving insertion loss of zero over the whole optical
waveguide circuit 2. Even when approximately 50%, 60%,
70% and 80% of optical power is input to an optical
connecting circuit 12 having the substantially center optical
delay line 10 and the remaining 50%, 40%, 30% and 20%
optical power is input to the optical connecting circuits 12
having the other optical delay lines, the same result as
described in the above-mentioned embodiment can be
obtained.

As described above, since the insertion loss in the present
embodiment is small and any waveform filter is composed
in the same way of the conventional optical transversal filter,
even if pump light level of light to be input to EDFA varies,
it is possible to flatten a EDFA gain profile depending on the
variation, thereby realizing a dynamic gain equalizer with
small insertion loss.
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In addition, a dynamic gain equalizer according to the
present embodiment is manufactured in the following way.
First, a under clad film of'silica glass and a core film of'silica
glass are formed on a silicon substrate by the flame hydro-

10

As is clear from these figures, the dynamic gain equalizer
according to the present embodiment can be used to flatten
a gain at the wavelength of approximately 1.55 um (wave-
lengths ranging from 1530 na through 1560 nm). Here, the

Iytic deposition method. ) ) 5 flattening level (value obtained by subtracting the minimal
Then, an optical transversal filter pattern is transcribed on gain from the maximal gain) is 0.8 dB for the profile e of the
the core film by photo lithography and reactive ion etching ¢ severe condition for gain flattening and 1 dB o less for
method via a phoFomgsk on which a circuit on FIG. 1 is all the profiles a, b, ¢, d and e.
drawn, and the circuit of a core (optical waveguide) is Further in th bodi he i ion 1 .
formed. After that, an over clad film of silica glass is formed 10 urt.er n the present ebodiment, the 1nsert10n. 08s .1s
by using the flame hydrolytic deposition method again, appro?(lmately 3.dB for the manufac.tured dynamic gain
thereby to form the dynamic gain equalizer 2. equalizers (equalizer 1 through 5) of different pump levels.
Further, among the optical couplers 1 which fonts the Here, the insertion loss includes actual propagation loss of
multistage optical couplers 7 and the optical couplers 3 of the. circuit, circuit excess loss, and connection loss with
the multistage optical coupler 11, variable optical amplitude 15 optical fibers.
means 21 and 22 are formed in optical waveguides inter- As described up to this point, according to the present
posed between directional couplers 4 of Mach-Zehnder embodiment, even if the EDFA pump light level varies, gain
interferometers. These variable opti.cal amplitude means 21 flattening is allowed to be performed corresponding to
and 22 are each formed by .fo.rmmg a Ta heater by the variation of the pump light level, thereby realizing a
sputtering method and providing a TiNi heater by the 20 gynamic gain equalizer having small insertion loss.
sputtering method on the over clad layer. . .
- . - . . . As an example of the above-described embodiment, the
Furthermore, likewise, the phase shifter 9 is provided with lenath of optical delay i a0 i 411 d
phase regulating means 6 formed by a TiNi heater. Further, engt © optical delay me (dL) is set at. -~ pm an
in order to supply power to these heaters, TiNi/Au electrodes flattening of an EDFA gain profile sh.own. n FIG.' 10 is
are formed. 55 performed. Designed values of a dynamic gain equalizer are
Then, power is supplied from the TiNi/Au electrodes to as shown in Table 4 b?IOW Eque.llizers 1 through 3 ShOWP in
the heaters for energization to generate heat at the heaters, Table 4 are arrang.ed m asc.endln.g order Of the pump llgl}t
and the heat is used to generate a thermooptic effect in the ~ level. Besides, optical amplitude is normalized at the maxi-
optica] coup]ers 1, the optica] coup]ers 3 and phase shifters mum. Insertion losses of manufactured Equalizers 1 through
9 formed in the silica optical waveguides. This thermooptic 30 3 of different pump light levels (see Table 4) are all approxi-
effect makes it possible to change optical amplitude of the mately 3 dB. This insertion loss includes actual propagation
optical couplers 1 and the optical couplers 3 and phase loss of the circuit, circuit excess loss, and connection loss
regulated amounts of the optical phase shifters 9. with optical fibers. Filter profiles of the Equalizers 1 through
In addition, a dynamic gain equalizer to which the present 3 and their results of gain flattening are shown in FIG. 11.
invention is applied is formed with the tap number being 9 35 The gain deviation of each of the Equalizers 1 through 3 can
and the tap coeflicients given in Table 3. be fall within plus or minus 0.3 dB in.
TABLE 3
Equalizerl' Equalizer2' Equalizer3' Equalizer4' Equalizer5s'
Tap Num an 0 n(rad) an 0 n(rad) an 0 n(rad) an 0 n(rad) an 0 n(rad)
0 001421 127863 0.00743 091088 0.00531 -0.43191 0.00389 -0.36954 0.01037 -1.08972
1 002793 047623 0.02989 007686 0.03499 -0.23040 0.03240 075126 0.02922  0.53820
2 002851 -0.42597 0.04629 -0.86236 0.06651 -1.02859 0.07920 -043555 0.09247  -0.55948
3 000413 156384 0.03415 -1.85125 0.07034 -1.80025 0.10600 -148674 0.14070  -1.50737
4 1.00000  0.00000 1.00000 000000 1.00000  0.00000  1.00000  0.00000 1.00000  0.00000
5 000413 -1.56384 0.03415 1.85125 0.07034  1.80025 0.10600 148674 0.14070 1.50737
6 002851 042697 0.04629  0.86236 0.06651  1.02859 0.07920 043555 0.09247  0.65948
7 002793 -0.47623 0.02989  -0.07686 0.03499 023040 0.03240 -0.75126 0.02922  -0.53820
8 001421 -1.27863 0.007428 -0.91088 0.005306 0.431906 0.003886 0.369543 0.010372  1.08972
Here, Equalizers 1 though 5 are arranged in ascending
order of FDFA pump light level. Optical amplitude is TABLE 4
normalized at the maximum. 55
. . Equalizerl’ Equalizer2' Equalizer3'
The profile lines a through e on FIG. 3 present EDFA gain
profiles aligned in ascending order of EDFA pump light TapNum ~ an  On(rad) an  On(rad)  an 6 n(rad)
level, and proﬁle.hnes a',b',c',d"and ¢' present 1pse1‘tlon lose 0 00328 —02151 00309 -02777 00342  -01370
profiles of experimentally manufactured Equalizers 1, 2, 3, 6 1 00578 -0.9165 0.0559 -0.9384 0.0581  -0.8892
4 and 5 based on a dynamic gain equalizer according to this ; 8-??3; —i-;‘gz 8-?3% —i-ggig 8-(1)4212 —}-ggi
embodiment. The expepmentallymaI}ufacturequuahzers1 4 10000 00000 10000 0.0000  1.0000 010000
through 5 have respective tap coefficients shown in Table 3. 5 0.1307 —1.3225 0.1175 -1.3026 0.1447  —1.3434
In addition, FIG. 4 shows results of gain flattening of 6 0.0297 17495 0.0307  1.6916 ~ 0.0273 1.8372
. . . 7 0.0578 09165 0.0559 09384  0.0581 0.8892
EDFAs having gain profiles of profile lines a through e on 65 8 00328 02151 00309 02777 00342 01370

FIG. 3 by using a dynamic gain equalizer according to the
present embodiment.
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Here, the present invention is not limited to the afore-
mentioned embodiment and various modified embodiments
are possible. For example, the number of taps in a dynamic
gain equalizer is not limited to the above and can be set
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length. In the optical delay lines 10 delay differences are
given based on the respective straight line portions. Here,
phase regulating means 6 is mounted on each of the straight
lines 52. FIG. 9 shows a modification of FIG. 9A, in which

appropriately. For example, the number of taps in the S the straight line portions 52 (see FIG. 8) are not provided and
example of a dynamic gain equalizer on FIG. 7 is five. only the R portions 50 are configured. The radii of the
The dynamic gain equalizer shown in FIG. 7is configured  ,tica] delay lines 10 from the center portion 54 are differ-
to 111an les; Laps thanl that in FIlGﬁl 1 Wlth,om lredufcmg ent, the optical delay lines 10 are different by the different
resolution of the optical transversal filter. As is © ear from radii, and these differences in length cause delay differences.
FIG. 1 and Table 1, in consideration of the point that 10 FIG. 9C s .
. . . b . shows a combination of the configuration on FIG.
coeflicients of the optical transversal filter are in line sym- .
. . . 9A and the configuration on FIG. 9B. In other words, an
metry with respect to the substantial center of the delay line, . . .
. : - e optical delay line 10 can be configured of an R portion 50
if tap coeflicient of one side are used to indicate tap q ioht line 52 fon R ion 50 onlv. This i
coeflicients of the other side, the number of taps can be and a st.ralg t lme 52 or of an R portion 50 only. This 1s
reduced. This way is described below. In Table 1, a tap 15 appropriately selected based on a delay a mount to be ad(.ied.
coeflicient a[n] of the Tap Num=1 through 3 is the same as Altl}ough FIGS. 9A{ 9B and QC show the configurations
that of Tap Num 5 through 7. Then, if two times of the tap ~ having 5 taps, the optical delay lines 10 on FIGS. 9A, 9B and
coeflicient a[n] of the Tap Num=0 through 3 is used, it is 9C.can be applied to the hght guide circuit 2 on FIG. 1 of
possible to do away with taps of Tap Num 5 through 7 ~ Which the number of taps is 9. By applying the configura-
without reducing resolution of the optical transversal filter. 20 10ns on F.IGS; 9A, 9B apd QC, 1t1s pqsmble to reduce the
The tap coeflicients of this case are shown in Table 5 below. circuitry size in the longitudinal direction.
Use of such a configuration reduces the number of taps used, Furthermore, in the present invention, the order of con-
thereby making it possible to further reduce insertion loss nection of an optical phase shifter 9 and an optical delay line
and downsizing the circuit. 10 is not confined within any specific limits however can be
TABLE 5
Equalizerl Equalizer2 Equalizer3 Equalizer4 Equalizers
Tap Num a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)
0 1.00000  0.00000 1.00000  0.00000 1.00000  0.00000 1.00000  0.00000 1.00000  0.00000
1 002841  0.86720 0.06570 -2.76514 0.13829 -3.08228 0.20872 -3.13071 0.27571 -3.11803
2 007546 -0.21485 0.10440 -1.06551 0.14109 -1.48476 0.17890 -1.71276 0.21578 -1.85098
3 007102 134188 0.07321 0.73319 0.07969  0.19573 0.08945 -0.24926 0.10157 -0.60779
4 003522 133215 0.02257 1.05839 0.01411 027236 0.02073 -0.68849 0.03607 -1.03396
Next description is made with reference to FIG. 8 about set appropriately. It is possible to provide another circuit
an example of an EDFA gain profile flattened by dynamic between the optical phase shifter 9 and the optical delay line
gain equalizer of FIG. 7. 40 10.

FIG. 8 shows results of flattening an EBFS profile by a
dynamic gain equalizer which has a configuration of FIG. 7
and characteristics shown in the following Table 6. The
flattening level (a value obtained by subtracting the minimal
gain from the maximal gain) is 1.3 dB for the profile e of the 45
most severe condition for gain flattening and 1.5 dB or less
for all the profiles a, b, ¢, d and e.

Furthermore, a dynamic gain equalizer according to the
above-described embodiments performs flattening of gain in
the wavelength of approximately 1.55 pm in which the
EDFA gain is relatively large. However, since the dynamic
gain equalizer of the present invention can be configured to
have various loss profiles, it is possible to flatten gain in

TABLE 6
Equalizerl Equalizer2 Equalizer3 Equalizer4 Equalizers
Tap Num a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)  a[n] 0 [n](rad)
0 1.0000 0.0000  1.0000 0.0000  1.0000 0.0000  1.0000 0.0000  1.0000 0.0000
1 0.0083 1.5638  0.0683 -1.8513 0.1407 -1.8002 0.2120 -1.4867 0.2814 -1.5074
2 0.0570 -0.4270  0.0926 -0.8624 0.1330 -1.0286 0.1584 -0.4355 0.1849 -0.5595
3 0.0559 0.4762  0.0598 0.0769  0.0700  -0.2304  0.0648 0.7513  0.0584 0.5382
4 0.0284 1.2786  0.0149 09109 0.0106 -0.4319 0.0078 -0.3695 0.0207 -1.0897

Further, modifications of FIG. 7 are shown in FIGS. 9A, %

9B and 9C. Main configurations different from that on FIG.
7 are that optical couplers 1 and optical couplers 3 are folded
with respect to the optical delay lines 10 as a center. In the
optical transversal filter circuit shown in FIG. 9A, an R
portion 50 of each of the optical delay lines 10 is designed
to be constant and straight line portions 52 are different in

65

wavelengths other than 1.55 um and further to flatten a gain
profile of another optical amplifier other than an EDFA.
Furthermore, in the above-described embodiments, the
optical couplers 1 (1a, 1¢, 1d) and the optical couplers 3 (3a,
3¢, 3d) may be configured to have the same characteristic.
Since each of these optical couplers 1 and optical couplers
3 can be configured to have any demultiplexing and multi-
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plexing characteristics, it is possible to have such an initial
characteristic as to obtain desired tap coefficients (initial
characteristic here means a characteristic when the operation
for variation (operation for adjustment) is not performed),
thereby obtaining desired tap coefficients with small power
consumption only by slightly performing the operation for
variation. However, any process error in flame hydrolytic
deposition method, photo lithography and reactive ion etch-
ing method causes deviations in designed values of initial
characteristics of the optical couplers 1 and the optical
couplers 3. If the optical couplers 1 and the optical couplers
3 are designed to have any demultiplexing and multiplexing
characteristics, as the deviations are different in magnitude
depending on the respective couplers, it is necessary to
measure deviations of all the couplers in order to obtain
desired demultiplexing and multiplexing characteristics in
taps.

Then, if all of the optical couplers 1 and the optical
couplers 3 are configured based on the same designed values
so as to have the same initial characteristics, the same
deviation may occur in all the couplers. Then, if a deviation
of any one of the couplers is measured, the demultiplexing
and multiplexing characteristics of the whole circuit are
allowed to be grasped effectively, thereby facilitating obtain-
ment of desired demultiplexing and multiplexing character-
istics in taps.

According to the above-described embodiments, since the
multistage optical coupler and the multistage optical coupler
are configured to be in asymmetry with respect to an
extension of a line connecting the center arranged position
of optical outputting ends of the multistage optical coupler
and the center arranged position of optical inputting ends of
the multistage optical coupler, it is possible to optimize an
optical power ratio of light propagating through optical
connecting circuits which includes optical phase shifters and
optical delay lines provided between these multistage cou-
plers, thereby realizing a dynamic gain equalizer which has
small insertion loss and is allowed to flatten an EDFA gain
profile in accordance with a pump light level of light to be
input to an EDFA.

Further, according to the present invention, the number of
the optical outputting ends of the multistage optical coupler
and the number of the optical inputting ends of the multi-
stage optical coupler are the same odd number, one optical
outputting portion of the first stage optical coupler of the
multistage optical coupler and one inputting portion of the
final stage optical coupler of the multistage optical coupler
are both connected to the substantially center optical delay
line which has a middle length among the optical delay lines.
The optical delay lines other than the substantially center
optical delay line are provided between an optical demulti-
plexing portions and an optical multiplexing portion. With
this configuration, it is easy to configure a dynamic gain
equalizer which is sure to exert the above-described effect.

Furthermore, according to the present invention, at least
one of the plural optical couplers and the plural optical
couplers has a Y-shaped demultiplexing circuit or at least
one of the plural optical couplers and the plural optical
couplers has a Mach-Zehnder interferometer. In this con-
figuration, provision of these circuits makes it possible to
configure a multistage optical coupler and a multistage
optical coupler readily.

INDUSTRIAL APPLICABILITY

According to the present invention, even if a pump light
level of light to be input to an EDFA is changed, it is possible
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to flatten a gain profile of the EDFA in accordance with the
change and to realize a dynamic gain equalizer with reduced
insertion loss.

The invention claimed is:

1. A dynamic gain equalizer comprising:

an optical waveguide circuit having a multistage optical
demultiplexing coupler which is formed by connecting
optical demultiplexing couplers arranged at a plurality
of stages,

a multistage optical multiplexing coupler formed by con-
necting optical multiplexing couplers arranged at a
plurality of stages, and

optical connecting circuits including optical phase shifters
each capable of changing a phase of propagating light
and optical delay lines each for adding a predetermined
delay time to the propagating light,

wherein each of at least one of the optical demultiplexing
couplers in the multistage optical demultiplexing cou-
pler and at least one of the optical multiplexing cou-
plers in the multistage optical multiplexing coupler is
provided with variable optical amplitude means, and
the multistage optical demultiplexing coupler and the
multistage optical multiplexing coupler are formed
asymmetrically with respect to an extension of a line
which connects a center arranged position of optical
outputting ends of the multistage optical demultiplex-
ing coupler with a center arranged position of optical
inputting ends of the multistage optical multiplexing
coupler.

2. The dynamic gain equalizer as claimed in claim 1,
wherein the optical delay lines are different in length from
each other, an optical inputting side of a substantially center
optical delay line out of the optical delay lines is directly
connected to one optical outputting portion of a first stage
optical demultiplexing coupler of the multistage optical
demultiplexing coupler, and an outputting side of the sub-
stantially center optical delay line is connected to one optical
inputting portion of a final stage optical multiplexing cou-
pler of the multistage optical multiplexing coupler.

3. The dynamic gain equalizer as claimed in claim 2,
wherein the optical outputting ends of the multistage optical
demultiplexing coupler and the optical inputting ends of the
multistage optical multiplexing coupler comprise an odd
number of optical outputting ends and a same odd number
of optical inputting ends as that of the optical outputting
ends, respectively, and further comprising:

an opposite optical outputting portion of the first stage
optical demultiplexing coupler is connected to an opti-
cal inputting portion of a second stage optical demul-
tiplexing coupler, the second stage optical demultiplex-
ing coupler and optical demultiplexing couplers
following the second stage optical demultiplexing cou-
pler form an optical demultiplexing portion, each of
optical outputting ends of the optical demultiplexing
portion is connected to an optical inputting side of a
corresponding optical delay line other than the substan-
tially center optical delay line,

an opposite optical inputting portion of the final stage
optical demultiplexing coupler is connected to an opti-
cal demultiplexing coupler immediately in front of the
final stage optical coupler, optical multiplexing cou-
plers in front of the final stage optical multiplexing
coupler form an optical multiplexing portion, and each
of optical inputting ends of the optical multiplexing
portion is connected to an optical outputting side of a
corresponding optical delay line other than the substan-
tially center optical delay line.
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4. The dynamic gain equalizer as claimed in claim 3,
wherein the optical demultiplexing portion and the optical
multiplexing portion are formed symmetrically with respect
to an extension of a line which connects a center arranged
position of the optical outputting ends of the optical demul-
tiplexing portion with a center arranged position of the
optical inputting ends of the optical multiplexing portion.

5. The dynamic gain equalizer as claimed in claim 4,
wherein at least approximately 50% of optical power is input
into an optical connecting circuit including the substantially
center optical delay line and remaining optical power is
input to an optical connecting circuit having optical delay
lines other than the substantially center optical delay line.

6. The dynamic gain equalizer as claimed in claim 1 or 2,
wherein at least one of the optical demultiplexing couplers
and the optical multiplexing couplers has a Y-shaped circuit.

7. The dynamic gain equalizer as claimed in claim 1 or 2,
wherein at least one of the optical demultiplexing couplers
and the optical multiplexing couplers has a Mach-Zehnder
interferometer.

8. The dynamic gain equalizer as claimed in claim 1 or 2,
wherein the optical delay lines of the optical waveguide
circuit are set to be sequentially longer by DL, starting from
a reference optical delay line, in such a manner that one
optical delay line of the optical delay lines is longer than the
reference optical delay line by dLL and another optical delay
line of the optical delay lines is longer than the one optical
delay line by dL.

9. The dynamic gain equalizer as claimed in claim 8,
comprising a planar lightwave circuit which is the optical
waveguide circuit formed on a substrate.

10. The dynamic gain equalizer as claimed in claim 1 or
2, wherein a substantially center optical delay line is half as
long as a longest optical delay line with reference to a length
of a reference optical delay line.

11. The dynamic gain equalizer as claimed in claim 10
wherein the optical waveguide circuit includes, between the
reference optical delay line and the substantially center
optical delay line, other optical delay lines.

12. The dynamic gain equalizer as claimed in claim 1 or
2, wherein a substantially center optical delay line is a
longest optical delay line with reference to a length of a
reference optical delay line.
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13. The dynamic gain equalizer as claimed in claim 1,
wherein the variable optical amplitude means comprises a
TiNi heater, makes optical amplitudes of the optical demul-
tiplexing couplers and the optical multiplexing couplers vary
and makes a phase regulated amount of each of the phase
shifters vary.

14. The dynamic gain equalizer as claimed in claim 1 or
2, wherein tap coefficients are in line symmetry with respect
to a substantial center of the optical delay lines and prede-
termined tap coefficients of one side are used to indicate tap
coeflicients of an opposite side so as to reduce branches of
the multistage optical demultiplexing coupler.

15. The dynamic gain equalizer as claimed in claim 1 or
2, wherein the optical multiplexing couplers and the optical
demultiplexing couplers have almost same multiplexing and
demultiplexing characteristics.

16. The dynamic gain equalizer as claimed in claim 1 or
2, wherein the multistage optical multiplexing coupler and
the multistage optical demultiplexing coupler are curved to
be symmetrical with respect to the optical delay lines, each
of curved tops includes an R portion and a straight line
portion, the R portion is fixed in length and the straight line
portion is different in length between the curved tops, and a
delay difference is added by the length of the straight line
portion.

17. The dynamic gain equalizer as claimed in claim 1 or
2, wherein the multistage optical demultiplexing coupler and
the multistage optical multiplexing coupler are curved to be
symmetrical with respect to the optical delay lines, each of
curved tops includes an R portion, and a delay difference is
added by a difference in length between the optical delay
lines based on a radius difference of the R portion.

18. The dynamic gain equalizer as claimed in claim 1 or
2, wherein the multistage optical demultiplexing coupler and
the multistage optical multiplexing coupler are curved to be
symmetrical with respect to the optical delay lines, each of
curved tops includes an R portion or an R portion and a
straight line portion, and a delay difference is added by a
difference in length between the optical delay lines based on
a radius difference of the R portion and a difference in length
of the straight line portion.
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