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Development of 12.5/25 GHz Optical Interleaving
Filter Module with Isolator Function*

　

Hiroshi MATSUURA∗

Abstract: Recently, wavelength-division multiplexing (WDM) technology has been adopted

for configuring large-capacity metro/core fiber-optic communications networks. Accordingly,

bandwidths are becoming narrower to obtain higher densities on communication wavelengths.

Consequently, optical interleaving filters are necessary to demultiplex a single input to separate

alternate wavelengths into individual outputs. By developing a proprietary configuration, the

authors have succeeded in developing an optical interleaving filter that does not require temper-

ature control.

Keywords: Interleaving filter, Optical isolator, Wavelength-division multiplexing, Polariza-

tion

1 Introduction

Since the mid 90s, the global demand for the

construction of an information and telecommuni-

cation infrastructure increased. Since then opti-

cal telecommunication technology has progressed

drastically [1]-[17]. Optical fiber networks with-

out optical dispersion were constructed over 35

years ago, and they remain available and are suf-

ficient for transmitting signals at speeds of up

to 2.5 Gbps. Many carriers are installing addi-

tional 10 Gbps optical transmission devices into

unused dark fiber and dark channels to raise the

transmission capacity. If the wavelength inter-

val of the signal light can be divided more finely,

a practical system, such as the 256 ch×5 Gbps

system depicted in Fig. 1 , is equivalent to an

ultrahigh-speed communication system, such as

a 32 ch×40 Gbps.

The proposed system is expected to reduce

the initial cost, because the chromatic disper-

sion (CD) and the polarization mode dispersion

(PMD) is less subjected for low communication
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Fig. 1: The system chart for ultra DWDM.

speed, and existing optic-fiber cables and cheap

transmission devices can be used. Various stud-

ies have examined this problem [18]-[22]. There-

fore, we developed an integral component, called

the interleaver, for the ultra dense wavelength-

division multiplexing (DWDM) system, which

divides the multiplex signal into groups of even

and odd numbers of wavelengths at 25 GHz in-

tervals. Moreover, two groups of even and odd

numbers of wavelengths can be combined to mul-

tiplex signals at 12.5 GHz intervals. The present

study describes the configuration of the compo-

nent and reports the properties of fabricated pro-

totypes.
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Fig. 2: Sutructure of new interleaver.

2 System Principle

The developed interleaver (Fig. 2) comprises

input/output fibers, a hermetic package, a newly

fabricated non-reciprocal function, a flat top

transmission band, and a filter function using

several optical crystals and an etalon to achieve

miniaturization [23]. Moreover, the interleaver

offsets the PMD using a PMD compensator be-

cause the developed interleaver has PMD caused

by the optical path difference between rays A and

B in BC1 (birefringence crystal).

2.1 Non-reciprocal Circuit

The non-reciprocal device has several abili-

ties and processes, which are discussed below.

First, the non-reciprocal device converts two mu-

tually perpendicular polarizations into two mu-

tually parallel polarizations. Secondly, two par-

allel polarization lights enter the Gires-Tournois

interferometer (GTI) function without changing

the deviation angle of the progress direction and

returns to the non-reciprocal function precisely

after having repeated the internal filter function.

Thirdly, the non-reciprocal device can easily per-

form multiplexing and de-multiplexing by revers-

ing the optical axial angle of the λ/2 wavelength

plate. Additionally, the behavior of the non-

reciprocal device is unchanged, even if the order

of the λ/2 wavelength plate adjacent to the gar-

net crystal is exchanged. The conversion process

of polarized light for the demultiplexer is in Fig.

3.

The light that entering Port 2 is converted into

two polarized lights that are made parallel to the

Fig. 3: Statements of polarization and optical

propagations of non-reciprocal function of the in-

terleaver (De-multiplexer type).

y-axis after passing through the non-reciprocal

device. Subsequently, the lights enter the GTI

function. The refracted lights from the GTI func-

tion are divided into polarized lights having an

odd number of wavelengths that are parallel to

the y-axis. Meanwhile, the polarized lights hav-

ing an even number of wavelengths are parallel to

the x-axis. Two polarized lights for each group

of odd numbered wavelengths pass a BC3 (Bi-

refrengence Crystal) as an ordinary ray and ro-

tate 90◦ by a WP2 (wavelength plate) and a G2

(garnet). These lights pass a BC2 as an extraor-

dinary ray, and the optical propagation is shifted

to the side of Port 1.

Mutually parallel polarized lights are changed

to perpendicular polarization using a WP1 and

a G1. The perpendicular polarized lights are

mixed by a BC1 and passed to Port 1. A group of

lights with an even-numbered wavelength passes

a BC3 as an extraordinary ray. Accordingly,

propagation of light shifts to the Port 3 side.

Following the conversion into perpendicular po-

larized light by a WP1 and a G1, two beams

are combined into a single beam by a BC1 and

passed to Port 3 [24].

2 東北学院大学工学部研究報告　第56巻第１号　2022
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offsets the PMD using a PMD compensator be-

cause the developed interleaver has PMD caused
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First, the non-reciprocal device converts two mu-

tually perpendicular polarizations into two mu-

tually parallel polarizations. Secondly, two par-

allel polarization lights enter the Gires-Tournois

interferometer (GTI) function without changing

the deviation angle of the progress direction and
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after having repeated the internal filter function.
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form multiplexing and de-multiplexing by revers-
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plate. Additionally, the behavior of the non-

reciprocal device is unchanged, even if the order
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y-axis after passing through the non-reciprocal

device. Subsequently, the lights enter the GTI

function. The refracted lights from the GTI func-

tion are divided into polarized lights having an

odd number of wavelengths that are parallel to

the y-axis. Meanwhile, the polarized lights hav-

ing an even number of wavelengths are parallel to

the x-axis. Two polarized lights for each group

of odd numbered wavelengths pass a BC3 (Bi-

refrengence Crystal) as an ordinary ray and ro-

tate 90◦ by a WP2 (wavelength plate) and a G2

(garnet). These lights pass a BC2 as an extraor-

dinary ray, and the optical propagation is shifted

to the side of Port 1.

Mutually parallel polarized lights are changed

to perpendicular polarization using a WP1 and

a G1. The perpendicular polarized lights are

mixed by a BC1 and passed to Port 1. A group of

lights with an even-numbered wavelength passes

a BC3 as an extraordinary ray. Accordingly,

propagation of light shifts to the Port 3 side.

Following the conversion into perpendicular po-

larized light by a WP1 and a G1, two beams

are combined into a single beam by a BC1 and

passed to Port 3 [24].

2.2 GTI with retardation film

It is impossible to achieve the characteristics

of the flat top transmission band using the solid

etalon for the interleaving device and increasing

the finesse to reduce the cross talk of the adjacent

wavelength. Therefore, we have realized the flat

top using a non-reciprocal function and a GTI

filter function. The transmission spectrum can

be obtained from the electric field intensity Ein

to be incident on the GTI using the Jones matrix

shown below:

Eout = Mwp ·MGTI ·Mwp · Ein =(
cosα − sinα
sinα cosα

)(
A 0
0 B

)(
cosα − sinα
sinα cosα

)

(
cosβ − sinβ
sinβ cosβ

)(
r1+r2C
1+r1r2C

0

0
r1+r2D
1+r1r2D

)

(
cosβ − sinβ
sinβ cosβ

)

(
cosα − sinα
sinα cosα

)(
A 0
0 B

)(
cosα − sinα
sinα cosα

)

(
Ex

Eye
jϕ

)
. (1)

A = e−j 2π
λ
(twpno),

B = e−j 2π
λ
(twpne),

C = e−j 4π
λ
(tairnair+twpno),

D = e−j 4π
λ
(tairnair+twpne).

(nair − 1)× 108 =
{
2371.34 +

683939.7

130− ν2
+

4574.3

38.9− ν2

}
Ds + (6487.31 + 58.058)ν2

−0.7115ν4 + 0.08851ν6)Dw, (2)

Ds =
Ps

Ttemp

{
1 + Ps

(
57.9× 10−8

−9.325× 10−4

Ttemp
+

0.25844

T 2
temp

)}
,

Dw =
Pw

Ttemp

{
1 + Pw

[
1 + 3.7× 10−4Pw

]
×

[
−2.37321× 10−3 +

2.23366

Ttemp
+

710.792

T 2
temp

+
7.75141× 104

T 3
temp

]
,

ν = 1/λ.

where electric fields in the x-axis and y-axis

directions are denoted as Ex and Eye
jϕ denote

the electric fields in the x-axis and y-axis, re-

spectively, respectively, ϕ denote the retardation

between Ex and Ey, α represents the angle be-

tween the optical axis of WP3 and the x-axis,

β denotes the angle between the optical axis of

WP4 and the x-axis.

Additionally, the rotation matrix is used to

match the coordinate of an electric field with the

axis direction of a quarter-wavelength plate. Af-

ter calculating the retardation in the GTI, the

coordinate is returned to the original coordinate

using an inverse rotation matrix. Here, r1 and

r2 denote the reflection ratios of the etalons, tair

denotes the thickness of air, nair corresponds to

the index of air, twp represents thickness of the

wavelength plate, and no and ne denote the in-

dices of the ordinary and extraordinary wave-

length plates [25],[26].

Using Eq. 1 and Owens’s Eq. 2, the trans-

mission spectrum and the temperature charac-

teristic are illustrated in Fig. 4 [27]. Here,

Ps(hPa) denotes the pressure of standard air and

Pw(hPa) indicates the pressure of vapor. The

transmission spectrum of an odd number wave-

length expressed by a solid line and two dotted

lines at an operating temperature range of 0 -

70◦C. For reference, the transmission spectrum

of an even number wavelength is indicated by a

chain line. We have stabilized the fluctuation of

the wavelength of a distributed feedback (DFB)

laser source to be less than 10 pm, which is indi-

cated by the bold frame line, using an external

wavelength locker. Besides, the cross-talk of an

adjacent wavelength should exceed 20 dB to per-

form high-quality communications.

Even if glass-ceramic with an extremely low

thermal expansion coefficient, such as ZERO-

DUR (by Schott Glass), is used for the GTI,

a transmission spectrum shift by temperature

exists from its thermal expansion coefficient.

Hence, it is necessary to control the tempera-

ture of the GTI by the Peltier effect or adopt a

structure to cancel out the temperature shift.

3Development of 12.5/25 GHz Optical Interleaving Filter Module with Isolator Function東北学院大学工学部研究報告　第56巻第１号　2022
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Fig. 4: Calculated characteristics of temperature

changing of the interlever at 25◦C and 1013 hPa.

2.2.1 Transmission spectrum change by

the condition of the λ/8 wavelength

plate

Lights pass through a zeroth-order λ/8 wave-

length plate made of the synthetic quartz before

entering the GTI. The thickness error and the

angle of the wavelength plate occur during pro-

duction: For example, during the dicing of the

wavelength plate or assembly. The accuracy of

the mounting angle and thickness are less than

2.5 degrees and approximately 0.5 microns. The

calculated results for the error in the angle and

the thickness are presented in Figs. 5 and 6, re-

spectively. The influence of an optical axis error

was calculated by changing the optical axis an-

gle of the wavelength plate from 42 degrees to 45

degrees.

It is possible to process and assemble to an

accuracy of 2.5 degrees. Thus, the transmission

spectrum is unaffected by the angle error of the

λ/8 wavelength plate provided by the conven-

tional method. A difference in thickness may be

assumed to affect retardation and disturb trans-

mission spectrum.

2.2.2 Transmission spectrum change by

the condition of the λ/4 wavelength

plate

Similarly, the change in the transmission spec-

trum by the error of the optical axis in the λ/4

wavelength plate is shown in Fig. 7.

The optical axis is varied from 43 - 45 de-

Fig. 5: Calculated transmission spectrum change

by erorr of an optical axis of the λ/8 wavelength

plate at 25◦C and 1013 hPa.

Fig. 6: Calculated transmission spectrum change

by the errorr of a thickness of the λ/8 wavelength

plate at 25◦C and 1013 hPa.

grees corresponding to the error provided by the

conventional processing method. Fig. 8 shows

the change in the transmission spectrum by the

thickness error of the λ/4 wavelength plate. The

calculation result indicated that the transmission

spectrum shift is caused by the thickness error

of the λ/4 wavelength plate throughout the C-

Band. Therefore, this device must compensate

for temperature.

2.2.3 Influence of atmospheric pressure

Quartz and air are the only materials in the

optical path of the GTI. As described above, the

transmission spectrum is shifted by the difference

in the optical path in the GTI. It is because of

the temperature dependence of quartz and the

4 東北学院大学工学部研究報告　第56巻第１号　2022
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changing of the interlever at 25◦C and 1013 hPa.
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spectrum is unaffected by the angle error of the
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tional method. A difference in thickness may be

assumed to affect retardation and disturb trans-

mission spectrum.
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the condition of the λ/4 wavelength
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Similarly, the change in the transmission spec-
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wavelength plate is shown in Fig. 7.
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by the errorr of a thickness of the λ/8 wavelength

plate at 25◦C and 1013 hPa.

grees corresponding to the error provided by the

conventional processing method. Fig. 8 shows

the change in the transmission spectrum by the

thickness error of the λ/4 wavelength plate. The

calculation result indicated that the transmission

spectrum shift is caused by the thickness error

of the λ/4 wavelength plate throughout the C-

Band. Therefore, this device must compensate

for temperature.

2.2.3 Influence of atmospheric pressure

Quartz and air are the only materials in the

optical path of the GTI. As described above, the

transmission spectrum is shifted by the difference

in the optical path in the GTI. It is because of

the temperature dependence of quartz and the

Fig. 7: Calculated transmission spectrum change

caused by the error of an optical axis of the λ/4

wavelength plate at 25◦C and 1013 hPa.

Fig. 8: Calculated transmission spectrum change

caused by the erorr of a thickness of the λ/4

wavelength plate at 25◦C and 1013 hpa.

change of the refraction index of air caused by

the atmospheric pressure change, as in Fig. 9

[25, 26]. The transmission spectrum is shifted by

the change in atmospheric pressure owing to dif-

ferences in weather and/or altitude. Therefore,

the GTI part of all interleavers must be hermet-

ically sealed.

2.2.4 Transmission spectrum change by

mirror reflectance

Mirrors M1 and M2 have a reflectance of R1

and R2 respectively, and the GTI is made of a

dielectric thin film form composed of SiO2 and

Ta2O5. Since both mirrors are designed to have

an incidence angle of 0 degrees, there is no po-

larization dependence. Therefore, it is easy to

design arbitrary reflectance and generate a flat

Fig. 9: Calculated transmission spectrum change

due to atmospheric pressure (1013.25 hPa) at

25◦C.

Fig. 10: Transmission spectrum change by a dif-

ference of reflectance of R1 mirror.

reflectance in the operating wavelength range.

The reflectance of R1 is a critical parameter that

determines the transmission spectrum and sup-

pression ratio. Figure 10 illustrates that, a re-

flectance of 17 % to 19 % is sufficient. How-

ever, the film composition becomes complicated,

and control of the film thickness becomes diffi-

cult resulting in an error of approximately 2 %.

If the reflectance of R2 falls, the transmittance

will drop remarkably. If the reflectance of R1 be-

comes smaller than 18 % then the transmission

spectrum of the flat top will collapse.

2.2.5 Airtight structure of the inter-

leaver

As mentioned before, the GTI must be hermet-

ically sealed since changes in atmospheric pres-

sure shifts the transmission spectrum. However,

5Development of 12.5/25 GHz Optical Interleaving Filter Module with Isolator Function東北学院大学工学部研究報告　第56巻第１号　2022



Fig. 11: Internal structure of Interleaver (Dimen-

sion is 20(W)×58(L)×9(T) mm).

the proposed interleaver has three collimators as

input/output ports obtained by unification of the

aspheric lens and the optical fiber. Since colli-

mators have narrow intervals, stripping off the

clothing material of the optical fiber of the colli-

mator and applying the metal coating for solder-

ing is difficult and is not cost effective. There-

fore, only the non-reciprocal and GTI sections

were hermetically sealed. An external view is

presented in Fig. 11.

The case comprises two materials made by the

simultaneous lost-wax process method. SUS304,

which has good laser weld-ability, was used for

the portion of the fiber input/output to per-

form laser welding between the collimator and

the case. Fe-Ni-Co alloy, which has good seam

weld-ability, was used for the area protecting the

GTI section, which is seam welded between the

lid and the case. Once the gilding processes were

performed on the case manufactured via the lost-

wax process, three sapphire windows were used

to seal the hole of the input/output part of the

light inside the case. This package has a struc-

ture in which a Peltier device is attachable to

the bottom for temperature control of the GTI

and the pins of the thermistor for measuring the

temperature of the GTI can be inserted in the

base of the package.

2.3 Compensation method of the GTI

function

In the preceding subsection, it was mentioned

that the transmission spectrum can be shifted us-

ing the linear expansion coefficient and refractive

index temperature dependency of a λ/4 wave-

length plate. For temperature compensation,

fixed temperature control using the Peltier effect

is a simple, straightforward approach. However,

compensation without consuming electric power

is ideal. Accordingly, we designed two methods,

one uses the temperature characteristics of the

crystal and the other uses the difference linear

coefficient expansion and Young’s modulus.

2.3.1 Temperature compensation

method with optical glass

The requirement for the compensation is to

cancel out the optical path length difference of

quartz dn/dT within the GTI and the linear

expansion coefficient of ZERODUR, which fixes

the cavity mirror for the GTI. The optical path

length in the GTI denoted by nd(T ) can be ex-

pressed as follows:

nd(T ) =

(
nair(T0) +

dnair

dT
∆T

)
(tz(1 + az∆T ))

−tq(1 + aq∆T − tg(1 + ag∆T ))

+tq(1 + aq∆T )

(
ne,o +

dne,o

dT
∆T

)

+tg(1 + ag∆T )

(
ng +

dng

dT
∆T

)
.

where dnair
dT denotes the temperature-

dependent coefficient of the air refractive

index, tz denotes the thickness of ZERODUR,

az represents the linear expansion coefficient of

ZERODUR, tq corresponds to the thickness of

the wavelength plate, aq denotes the linear ex-

pansion coefficient of the wavelength plate, ne,o

indicates the refraction index of the wavelength

plate,
dne,o

dT denotes the temperature dependence

coefficient of the wavelength plate, tg corre-

sponds to the thickness of the compensator

plate, ag indicates the linear expansion coeffi-

cient of the compensator plate, ng corresponds

to the refraction index of the compensator plate,
dng

dT symbolizes the temperature dependence

coefficient of the compensator plate.

lim
T→T0

nd(T )− nd(T0)

T − T0
= 0. (3)

If Eq.(3) is solved with respect to tg by omit-

ting the temperature characteristic of air and a

6 東北学院大学工学部研究報告　第56巻第１号　2022
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ne,o +

dne,o

dT
∆T

)

+tg(1 + ag∆T )

(
ng +

dng

dT
∆T

)
.

where dnair
dT denotes the temperature-

dependent coefficient of the air refractive

index, tz denotes the thickness of ZERODUR,

az represents the linear expansion coefficient of

ZERODUR, tq corresponds to the thickness of

the wavelength plate, aq denotes the linear ex-

pansion coefficient of the wavelength plate, ne,o

indicates the refraction index of the wavelength

plate,
dne,o

dT denotes the temperature dependence

coefficient of the wavelength plate, tg corre-

sponds to the thickness of the compensator

plate, ag indicates the linear expansion coeffi-

cient of the compensator plate, ng corresponds

to the refraction index of the compensator plate,
dng

dT symbolizes the temperature dependence

coefficient of the compensator plate.

lim
T→T0

nd(T )− nd(T0)

T − T0
= 0. (3)

If Eq.(3) is solved with respect to tg by omit-

ting the temperature characteristic of air and a

Fig. 12: Structure of temperature compensation

using bi-metal.

high-order term, the following equation is ob-

tained:

tg =
nair(T0) · tz · az + tq · E

nair(T0) · ag − dng

dT − ag · ng

, (4)

E =
dne,o

dT
+ aq(ne,o − nair(T0)).

BK7 is the material for the compensator. This

temperature compensation method has an ad-

vantage in reliability owing to a lack of moving

parts. However, there is also a drawback in that

the precise angle adjustment of BK7 must be per-

formed during the initial stage.

2.3.2 Mechanical compensation method

with the bimetallic method

Fig. 12 shows temperature compensation by a

bimetallic plate comprising materials having dif-

ferent linear expansion coefficients and Young’s

module.

When the temperatures of two materials

change identically, one material expands com-

pared with the other materials. Since the move-

ment of the curvature is fixed and is restricted by

the respective materials, the material for which

the side open to the air is concave and has the

smaller coefficient of expansion. There is no force

due to the bimetallic plate, and the internal force

on the bimetallic plate of the two materials is

balanced.

The cross-section shape is independent of tem-

perature changes. If the bimetallic plate is

curved evenly around o′, θ and e are given as

follows:

θ =
(1 + e0)L

r
=

(1 + e)L

r − y
. (5)

The fractional forms of the backward term in

this equation are rearranged, as shown by the fol-

lowing relationship between strain and bending:

e = e0 −
(1 + e)L

r
y. (6)

The equation relating to temperature change is

expressed using the superposition principle, and

αn,∆ T, s and En are given as follows:

e = αn∆T +
s

En
. (7)

Where r denotes the bending radius, e0 de-

notes the strain at an aspect joining two ma-

terials, e represents the strain at this point, L

denotes the length of the material in the y direc-

tion, w corresponds to the length of the material

in the z direction, t corresponds to the thickness

of the material, αn is the coefficient of linear ex-

pansion, ∆T denotes the difference in tempera-

ture, θ is the angle of o-o’-a, s symbolizes the

stress, and En corresponds to Young’s modulus.

The stress should be a function of the position

in the cross section. Therefore, Eq. 7 is solved

for stress and Eq. 6 is substituted for e to obtain

the following equation:

s = En(e0 − αnT )− En

(
1 + e0

r

)
y. (8)

Therefore, there is no composite force acting

perpendicular to the cross-section. It means that

the integral of the stress on the cross section is

zero, as indicated by the following:

∫ t/2

−t/2
sw dy = 0. (9)

Furthermore, there is no external force, and

since there is no moment across the cross-section,

Eqs. 9 and 10 are satisfied.

∫ t/2

−t/2
swy dy = 0. (10)

When Eqs. 5 and 6 are considered as the

fundamental parameters, and integrated and ex-

panded, the following equations are obtained:
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e0 =
α1E1
E2

+ α2E2
E1

+ 7(α1 + α2)
E1
E2

+ E2
E1

+ 14
∆T, (11)

1 + e0
r

=
24(α2 − α1)(

E1
E2

+ E2
E1

+ 14
)
t
∆T. (12)

From the results of these equations, we de-

signed a mechanism to compensate for the vari-

ation in temperature using Cu-Ni-Mn and Ni-

Fe materials having1 mm length and a 0.1 mm

thickness.

2.4 PMD and CD

If the PMD and CD are extensive, then the in-

terleaver degrades the transmission quality. Re-

garding the PMD, the optical path difference of

crystals caused primarily by the rutile (TiO2) or

the YVO4 (Yttrium orthovanadate) in a non-

reciprocal device can be compensated for by a

compensator composed of BK7. Additionally,

the wavelength plate in the GTI also has an

optical path difference; however, the refractive

index difference related to the thickness of the

quartz can be neglected. As for the CD, the

non-reciprocal device does not have retardations.

However, the GTI has some CD. Therefore, the

calculated group delay and dispersion from the

following equations are in Figs. 13 and 14:

ϕ = argE. (13)
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Fig. 13: Calculated group delay of the inter-

leaver.

�������� �������� �������� �������� ��������

�����

�����

����

�

���

����

����

�
�
	
�
�
�
	
�
�
�


�
�
	
�
�
�
�

����
��!�
� ���


����������


��������


���������

Fig. 14: Calculated CD of the interleaver.

τ =
dϕ

dω
=

λ2

2πc

dϕ

dλ
, (14)

Ds =
dτ

dλ
. (15)

where ϕ denotes the phase response, ω corre-

sponds to the frequency, τ denotes the group de-

lay, c corresponds to the speed of light, λ denotes

the wavelength, and Ds denotes the dispersion.

The period of the wavelength has a profound

effect on the dispersion and the group delay.

However, its influence is relatively small, when

the transmission speed is slow.

3 Experimentation and Consid-

erations

In the case of the multiplexer, when a group of

odd-numbered wavelengths and a group of even

number wavelengths are incident in Port 1 and

Port 3, respectively, the combined light emerges

from Port 2. The propagation of the demulti-

plexer is in the opposite direction to the multi-

plexer. The characteristics for each measurement

condition are described in the following sections.

3.1 Characteristics of the interleaver

The transmission spectrum, the cross talk, the

isolation, and the temperature dependent loss

(TDL) of the interleaver as a stand-alone were

measured using a tunable light source, an optical

spectrum analyzer, and an optical power meter.

Matching oil is applied to one end of a fiber that

is not use for the measurement to prevent the

influence of returning light.
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τ =
dϕ

dω
=

λ2

2πc

dϕ

dλ
, (14)

Ds =
dτ

dλ
. (15)

where ϕ denotes the phase response, ω corre-

sponds to the frequency, τ denotes the group de-

lay, c corresponds to the speed of light, λ denotes

the wavelength, and Ds denotes the dispersion.

The period of the wavelength has a profound

effect on the dispersion and the group delay.

However, its influence is relatively small, when

the transmission speed is slow.

3 Experimentation and Consid-

erations

In the case of the multiplexer, when a group of

odd-numbered wavelengths and a group of even

number wavelengths are incident in Port 1 and

Port 3, respectively, the combined light emerges

from Port 2. The propagation of the demulti-

plexer is in the opposite direction to the multi-

plexer. The characteristics for each measurement

condition are described in the following sections.

3.1 Characteristics of the interleaver

The transmission spectrum, the cross talk, the

isolation, and the temperature dependent loss

(TDL) of the interleaver as a stand-alone were

measured using a tunable light source, an optical

spectrum analyzer, and an optical power meter.

Matching oil is applied to one end of a fiber that

is not use for the measurement to prevent the

influence of returning light.
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Fig. 15: Transmission spectrum of the de-

multiplexer at shorter wavelength.
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Fig. 16: Transmission spectrum of the de-

multiplexer at middle wavelength.

3.1.1 Transmission spectrum

The transmission spectrums of the shorter

wavelength to the longer wavelength of the de-

multiplexer are in Figs. 15, 16, and 17. In the

wavelength range of 1525 - 1565 nm, the trans-

mission spectra of Port 1 and Port 3 each exhibit

periodic cycles of 12.5 GHz with the character-

istics of a center wavelength. Besides, the char-

acteristics of the insertion loss, which is defined

for the loss between the input and output fibers

of the module, is less than 1.5 dB, as obtained

by both the multiplexer and the demultiplexer.

Besides, the polarization dependent loss (PDL)

within 5 pm of the center wavelength was less

than 0.2 dB. However, the signal-to-noise ratio

was low for the expected performance. It is at-

tributable to a number of accumulations, such as
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Fig. 17: Transmission spectrum of the de-

multiplexer at longger wavelength.

　
Table 1: Difference in compensation of reso-

nance length with and without sealed structure
����������Type

Hermetic 　 Before 　 　After　

BK7 1 0.36

Bi-metal 1.3 0.1

　　　　　　 　　　　　 [Units: pm/◦C]

the scattering at all vacuum-deposited thin film

interfaces and the phase leg of the crystals. To

solve this problem, it is better to connect the in-

terleaver and the comb filter in series, which re-

moves the unwanted ports from the interleaver.

Furthermore, the result of the measured stabil-

ity of the center wavelength by two temperature

compensation methods is listed in Table 1. The

value was obtained by measuring the shifted full

width at half maximum (FWHM) while chang-

ing the temperature of the module. The shift of

the FWHM was measured using the optical spec-

trum analyzer while changing the temperature.

3.1.2 Isolation

The isolation function is a main advantage of

this interleaver, which is unavailable in other

types of interleaver. The characteristics of the

isolation in each port are illustrated in Fig. 18.

High isolation, over 45 dB, was obtained at a

range of operation wavelengths of from 1525 -

1565 nm. The retardation error of the wave-

length plate and the angle error of the optical
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Fig. 18: Characteristic of the isolation.

　
Table 2: Results of Return Loss

Port 1 Port 2 Port 3

Mux-type -54.7 -55.2 -54.2

Demux-type -55.6 -53.5 -56.1

　　　　　　 　　　　　　　　 [Units: dB]

axis of the wavelength plate are the main reasons

for the poor isolation on the longer wavelength

side.

3.1.3 Return Loss

The histogram of the return loss in each port

is presented in Table 2. The characteristics of

the return loss are excellent for all ports.

3.2 Reliability Test

We performed a series of reliability tests, which

refer to the Telcordia1209, such as the heat cy-

cle test, the vibration test, and the impact test.

Since this interleaver is hermetically sealed to

protect the optical parts and avoid condensation

and exposure to water, we did not perform the

damp heat test. The examination condition and

Table 3: Results of Reliability Test
����������Test

Item
Loss Variation Critetia

Heat Cycle -0.1 < -0.5

Impact -0.12 < -0.5

Vibration -0.05 < -0.5

　　　　　　 　　　　　　　　 [Units: dB]

Fig. 19: Setup for the transmission experiment.

　

Fig. 20: Eye pattern of 5 Gbps transmission.

its results are listed in Table 3. In all the exami-

nations, the characteristics of the interleaver did

not deteriorate, and the interleaver was proved

to have sufficient reliability.

3.3 Transmission test of the 12.5/25

GHz interleaver

We performed a 5 Gbit/s transmission exper-

iment with the interleaver (DUT: Device Under

Test). The experimental system is illustrated in

Fig. 19. The performance of the 25 GHz wave-

length locker module integrated DFB laser devel-

oped herein was upgraded to 12.5 GHz. More-

over, the accuracy of the wavelength locker was

1.5 pm from -5 - 60◦C. The stability of the trans-

mission spectrum of the interleaver, which is a

filter with an extremely narrow band, must be

lower than 5 pm. The lithium niobate modula-

tor was modulated using 5 Gbps and 10 Gbps

digital signals. The eye pattern of 5 Gbps trans-

mission is depicted in Fig. 20. Here, there was no

loss of sharpness in an eye pattern until 5 Gbps,

and transmission was impossible for 10 Gbps.
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Table 2: Results of Return Loss

Port 1 Port 2 Port 3

Mux-type -54.7 -55.2 -54.2

Demux-type -55.6 -53.5 -56.1

　　　　　　 　　　　　　　　 [Units: dB]

axis of the wavelength plate are the main reasons

for the poor isolation on the longer wavelength

side.

3.1.3 Return Loss

The histogram of the return loss in each port

is presented in Table 2. The characteristics of

the return loss are excellent for all ports.

3.2 Reliability Test

We performed a series of reliability tests, which

refer to the Telcordia1209, such as the heat cy-

cle test, the vibration test, and the impact test.

Since this interleaver is hermetically sealed to

protect the optical parts and avoid condensation

and exposure to water, we did not perform the

damp heat test. The examination condition and

Table 3: Results of Reliability Test
����������Test

Item
Loss Variation Critetia

Heat Cycle -0.1 < -0.5

Impact -0.12 < -0.5

Vibration -0.05 < -0.5

　　　　　　 　　　　　　　　 [Units: dB]

Fig. 19: Setup for the transmission experiment.

　

Fig. 20: Eye pattern of 5 Gbps transmission.

its results are listed in Table 3. In all the exami-

nations, the characteristics of the interleaver did

not deteriorate, and the interleaver was proved

to have sufficient reliability.

3.3 Transmission test of the 12.5/25

GHz interleaver

We performed a 5 Gbit/s transmission exper-

iment with the interleaver (DUT: Device Under

Test). The experimental system is illustrated in

Fig. 19. The performance of the 25 GHz wave-

length locker module integrated DFB laser devel-

oped herein was upgraded to 12.5 GHz. More-

over, the accuracy of the wavelength locker was

1.5 pm from -5 - 60◦C. The stability of the trans-

mission spectrum of the interleaver, which is a

filter with an extremely narrow band, must be

lower than 5 pm. The lithium niobate modula-

tor was modulated using 5 Gbps and 10 Gbps

digital signals. The eye pattern of 5 Gbps trans-

mission is depicted in Fig. 20. Here, there was no

loss of sharpness in an eye pattern until 5 Gbps,

and transmission was impossible for 10 Gbps.

4 Conclusion

A practical 12.5/25 GHz interleaver having a

small insertion loss and dimensions with a TDL

of a transmission profile of less than 1 pm/◦C

has been developed. This component was exper-

imentally proven to be capable of transmitting

at speeds of up to 5 Gbps. Based on the results

of the present study, systems may be capable of

operating at 1.28 Tbps or 5 Gbps × 256 channels

using the proposed interleaver.
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