Athermalized low-loss echelle-grating-based
multimode dense wavelength division demultiplexer

Jie Qiao, Feng Zhao, Ray T. Chen, James W. Horwitz, and William W. Morey

A high-density wavelength division demultiplexer (DEMUX) capable of demultiplexing eight-channel
200-GHz optically spaced signals into a 62.5-pm multimode-fiber array is reported. The wavelength
range of operation is from 1549.32 to 1560.61 nm within the International Telecommunication Union
grid. The measured wavelength accuracy is within 0.04 nm. The mean insertion loss of this DEMUX
is 1.95 dB. Thermal analysis and temperature testing results are reported. The temperature test
cycling from 20 °C to 60 °C indicates that the wavelength thermal drift is less than 0.8 pm/°C. Adjacent
cross talk is measured to be better than —45 dB. The measured data transmission bit rate of this device
is higher than 3.5 Gb/s. © 2002 Optical Society of America
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1. Introduction

Owing to the explosive demand for high-bandwidth
applications and the accompanying short distance,
multimode dense wavelength division multiplexing
(DWDM) has become an essential, robust, and high-
performance data- and air-link technology in metro-
politan area networks (MANs) and local area
networks (LANs).1-7 Multimode fiber represents
the sizable portion of the fibers used in LANs, owing
to its low-cost installation and maintenance. It was
installed in LANs as early as the 1980’s.2 Wave-
length division multiplexing (WDM) has been a
cost-effective method of increasing the capacity of
long-haul fiber links. But the WDM for data com-
munications has to be quite low cost, compact, and
compatible with multimode fiber. The potential
for a large number of closely spaced channels and
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the inherent advantage of compactness make bulk
diffraction grating-based demultiplexers (DEMUXSs)
quite attractive for multimode DWDM applica-
tions.%10 Meanwhile, there is also an urgent need to
find solutions to overcome the temperature depen-
dence in multimode DEMUXSs, to broaden the optical
passband, and to decrease the cost and the device
size. In this paper we present an athermalized
passband-broadened DEMUX with low insertion loss
and low cross talk for MANs and LANs.

2. High-Order Echelle Grating’s Design Principle and
Parameters

A high-order echelle grating has several special prop-
erties that make it an excellent diffraction component
for WDM diffraction. Most apparent is its high dis-
persion, which permits compact optical systems with
a high throughput and high resolution. In addition,
because it is never used far from the blaze direction,
the grating efficiency remains relatively high over a
large spectral range. Furthermore, when the grat-
ing is operated at higher orders, it is nearly free of the
polarization effect. Under the Littrow mount condi-
tion, when the incident angle is the same as the dif-
fraction angle, another useful property comes into
play: One lens can collimate and focus simulta-
neously, resulting in lower cost and decreased pack-
aging size for the WDM system.

A. Calculation of the Desired Diffraction Order

Usually, the higher the grating order, the smaller the
polarization effect of the grating. But any given
grating order is also limited by certain factors. One

1 November 2002 / Vol. 41, No. 31 / APPLIED OPTICS 6567



P Plane

-

-~
Dfﬁj S Plan

Efficiency

© o o o
N > [e)] o) -
1

0 T r T T T
1.495 1.515 1.535 1.555 1.575 1.595

Wavelength (um)

Fig. 1. Diffraction efficiency of the 22nd echelle grating.

of them is the working spectral range. We calcu-
lated the corresponding grating working order to
cover the C band’s spectral range (from 1528 to 1560
nm). When the extremes of the C band are repre-
sented by A\; = 1528 nm and A\, = 1560 nm, the
formula for calculating the grating order for a certain
spectrum range can be expressed as!!:

Ao — Ny

(D

m

So that the spectrum of the C band signal \,, oper-
ating at m order, does not overlap the spectrum of
signal \;, when operating at m + 1 order, m must be
less than 47. However, we must leave room to fully
reduce the noise caused by the scattering of adjacent
orders.

We chose 22 as the grating working order, and the
grating groove spacing (19 pm) is large compared
with the wavelength (1.5 pm). This in turn implies
that the scalar theory of diffraction may be used.
Each groove facet is a small mirror or a small prism
that behaves in the same way as a large one. How-
ever, when the widths of the grooves are comparable
with the wavelength of light, this assumption is no
longer valid because the oscillations of the electrons
are impeded or curtailed by the boundary of the facet.
In practice, when the groove spacing is less than
approximately three times the wavelength, the effi-
ciency curves for the two polarizations differ dramat-
ically, and the blaze wavelengths differ.1? Figure 1
shows our measurements of the grating efficiency
across all working wavelengths. The grating effi-
ciency varies from 61%—75% within the whole work-
ing wavelength range (1549.32-1560.61 nm). By
use of a 22nd-order grating, the diffraction efficiency
is almost independent of the polarization of incident
light.

B. Diffraction Angle and Angular Dispersion Calculation
The reflection grating’s diffraction equation is!2

nA(sin 0; + sin 0,) = m\, (2)

where 6, is the incident angle, 6, is the diffraction
angle, and 0, and 6, are measured from the grating
normal; m is the order of diffraction; \ is the wave-
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Fig. 2. Blazed grating used in the Littrow mounting.

length; A is the groove spacing; and n is the refraction
index of the medium containing the incident and dif-
fracted rays. Here n = 1. We found the angular
dispersion by taking the first-order derivative of 0,;:

df,; sin 6, + sin 0,

o 3)

A\ cos 0,

For the Littrow condition 6; = 6, and the angular
dispersion is

ded 2 tan 04 4)

dx A '
The larger the diffraction angle, the greater the an-
gular dispersion. In our design of the eight-channel
DEMUX the angular dispersion of the grating at the
central wavelength (\ = 1555.32 nm) was 2.62 mrad/
nm.

A blazed grating redirects the incident light in the
direction of a chosen diffracted order if each groove is
formed appropriately. Thus in a reflection grating
each groove consists of a small mirror inclined at an
appropriate angle. The blaze condition is satisfied
when the angle of incidence with respect to the facet
normal is equal to the angle of reflection from the
facet; if the facet angle is ¢, then

b, —d =0, b; (5)

0, — 0
o =" or 6,= 0~ 2. ()
Considering the Littrow mount, 6, = —6,4, so & = 6,

which is the situation depicted in Fig. 2. The grat-
ing blaze angle was 64°.

3. Device Configuration and Optical Design Details

The device was designed to have eight channel out-
puts and to be operated in the frequency region from
192.1 to 193.5 THz (wavelength from 1548.90—
1560.19 nm) within the International Telecommuni-
cation Union grid. The channel spacing is 200 GHz.
Figure 3 shows a schematic diagram of this device.
The input optical signals coming from a tunable
external-cavity semiconductor laser passed through
1-km of coiled multimode fiber, which was used as a
mode scrambler. The source was then introduced
into the DEMUX through the input channel of a sil-
icon V-grooved multimode-fiber array. This 62.5—
125-pm multimode-fiber array has one input fiber
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Fig. 3. Geometrical layout of the eight-channel multimode
DEMUX.

and eight output fibers placed in a single-layer silicon
V-groove chip, which was designed to have variable
fiber spacing because of the nonlinear effect of the
angular dispersion. An optimized diffraction-
limited triplet lens was used to collimate the incident
light from the inputs and to focus the diffracted lights
from the grating into the corresponding fiber array
channels.

The grating was operated in a high diffraction or-
der to minimize the polarization-dependent loss.
The grating operates at large angles of incidence and
diffraction so as to provide large angular dispersion.
The large dispersion reduces the focal length of the
lens and hence the size of the instrument.

The 62.5-pm multimode fiber has a numerical ap-
erture of 0.275, requiring the use of a lens large
enough to accept and collect light with this numerical
aperture across the entire fiber array. Figure 4
shows a cross section of the optics of the eight-
channel DEMUX. The vertical line at the left of this
figure is the focal plane, and the front end of the fiber
array (not shown) is in this plane. Light leaves the
input fiber and is collimated by the lens. The grat-
ing gives an angular dispersion of the light into its
constituent frequencies, the rays of one of which are
shown in the diagram. The light for this frequency,
192.1 THz, is focused by the lens onto an output fiber.
For simplicity, rays for the other seven channels are
not shown.

The lens is telecentric. That is, the input beam
and all output beams are parallel to the optical axis.
This fact has important consequences. First, inser-
tion loss is minimized because all the output beams
are perpendicular to their respective fibers. Second,
the frequency of a channel is invariant with respect to

Fiber array Diffraction

grating

Three element lenses

Fig. 4. Cross section of the optics of the eight-channel DEMUX.

changes in focus. Because there are small changes
in focus with changes in temperature, the frequency
will not be a function of temperature. The experi-
mental data below confirmed this fact.

The focal length f of the lens can be calculated by
Eq. (7) once the fiber spacing Ay and wavelength
increment AN between adjacent channels is known:

Ay N
 AN2tan 6,

The above formula shows that the focal length of the
lens is directly proportional to the fiber spacing and to
the tangent of the angle of diffraction. Thus, to
make the lens small, one can use closely spaced fibers
and a large diffraction angle.

f (7)

4. Thermal Stability Analysis and Compensation

The most challenging part in optical multiplexer
(MUX)-DEMUZX design is to meet the reliability and
performance criteria over a wide operating tempera-
ture. Power consumption to operate the optical net-
works increases with the growing complexities of
networks, so passive athermalized optical MUXs—
DEMUXs that do not use any external temperature
controllers are highly desirable.

When temperature changes, the insertion loss and
the center wavelength may change accordingly. The
center wavelength shift is caused mainly by the
change of groove spacing of the grating. The change
of insertion loss is due to the thermal variation in lens
focal length, and the image shift in the vertical direc-
tion is caused by the difference of the thermal coeffi-
cient of expansion (TCE) of the lens and its
supporting material. We will show in this section
that it is possible to eliminate or reduce the thermal
effect by careful optical design, which includes choos-
ing the correct materials for making the grating, lens,
and housing.

A. Central Wavelength Shift of Individual Channels

The thermal expansion of the grating can be calcu-
lated by Eq. (8):

A = Ay(1 + BAT), (8)

where B is the TCE of the grating and AT is the
change of temperature. Assuming that the incident
and diffraction angles keep constant with tempera-
ture and combining the temperature derivatives of
Egs. (2) and (8), we can easily find the wavelength
shift caused by temperature:

AN = BAAT. 9)

When temperature changes within a certain range,
the larger the TCE of the grating, the greater the
shift of the center wavelength. The grating we em-
ployed has ultralow TCE. The TCE is zero from 0 °C
to 35°C and less than 0.06 X 10 ¢/°C when the
temperature is higher than 35 °C (which is 1180
times less than the TCE of BK-7, which is 7.1 X
107%/K).13 When N = 1550 nm, the temperature
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Fig. 5. Simplified cross-sectional view of the section of a DEMUX
that includes the lens and the fiber holder.

changes from 20 °C to 60 °C (AT = 40 °C), and A\ =
0.037 nm. The experiment results in Section 6 also
proved that deploying an ultralow expansion grating
suppressed the wavelength shift successfully.

B. Insertion Loss Shift

The shift of insertion loss with temperature variation
is mainly due to the change of lens focal length and
vertical and lateral image shift.

1. Changes in Lens Focus

We analyzed the thermal performance of the lens
shown in Fig. 4 and found that its focus relative to the
end of the fiber mount varied with temperature.
With reference to Fig. 5, the change in back focal
length Af;, that is due to a change in temperature AT
must be equal and opposite to the change in length
Az, of the portion of the baseplate that lies between
the lens and the fiber mount. That is,

Afy = —Az,,. (10)

To correctly calculate thermal changes in the
DWDM, one must consider thermal changes in the
refractive index of each lens element, the thermal
expansion of the lens elements, the thermal expan-
sion of the spacers between the optical parts, and the
thermal expansion of the grating period. All these
parameters were handled by the optical design soft-
ware (ZEMAX) that we used, so that we were able to
accurately simulate thermal changes of back focal
length and overall optical performance.

Because available optical glasses have wide varia-
tions in the first derivative of the refractive index
with respect to temperature, one is able to select a
glass or glasses for the lens elements that not only
will satisfy Eq. (10) for a chosen baseplate material
but will also provide an opportunity for the lens to be
aberration corrected over the entire temperature
range. That is, we have been able to fully optimize
our lenses to have athermal performance, with con-
sideration of the effect of expansion in the lens spac-
ers and the mount. This is a considerable
improvement, compared with the conventional ap-
proach of merely keeping the effective focal length or
the back focal length constant.
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2. Image Shift in the Vertical Direction

The image shift in the vertical direction can be ex-
pressed as

Ax = ;DATBL — Ba), (11)

where D is the diameter of the lens, AT is the change
of temperature, and B; and B,, are the TCEs of the
lens and its supporting parts. Equation (11) indi-
cates that, when the temperature changes within a
certain degree, the better the TCEs of the lens and its
supporting materials are matched, the smaller the
image shift and then the smaller the insertion loss
shift. The differential expansion in the vertical di-
rection is directly proportional to the lens diameter,
so that thermal problems become severe for large
lenses unless the expansion coefficients of the lens
elements are nearly equal to each other and to those
of the support. For the eight-channel multimode
DWDM (D = 39.6 mm), the image shift is 0.16 pum,
which can be ignored in view of the multimode-fiber
core diameter (62.5 wm).

3. Image Shift in the Dispersion Direction

Because the WDM system is symmetric in the lateral
direction, the image shift in the lateral direction is
mainly caused by the change in the central wave-
length. The lateral image shift Ay can be expressed
as

_ 2AN tan 045 f

A )
Y N

(12)

where AN is the shift of the working wavelength
caused by temperature variation. Combining Egs.
(9) and (12), we can easily obtain the relation between
the lateral image shift and the TCE of the grating
material and temperature change:

Ay = 2BATS tan 0. (13)

It is obvious that the larger the diffraction angle or
the larger the TCE of the grating material, the
greater the lateral image shift with temperature. In
our design, the lateral image shift was suppressed to
0.06 pm. It is ignorable, considering the large core
size of the multimode fiber.

The optical performance of the DEMUX reported in
this paper was diffraction limited at all wavelengths
and invariant with temperature. We expect this de-
sign to have no observable changes in insertion loss
with temperature, provided that the alignment is
perfect. The conclusions obtained in this section
were based on the assumption that the alignment is
perfect. A DWDM can give excellent performance at
room temperature but still be misaligned. This mis-
alignment can cause significant changes in signal as
the temperature changes. Thus it may be necessary
to check that, at room temperature, an alignment
parameter is near the center of its range, not merely
within its range.



5. Improvement of the Optical Passband

Broadening and flattening of the passband in WDM
is a key to maximizing spectral efficiency and relax-
ing the tolerance on wavelength control in the net-
works.* Typical grating-based WDMs have
passbands or spectral responses that are generally
highly peaked with a slow roll-off in their wavelength
response. This effect results from the diffraction re-
sponse of the associated grating element that sepa-
rates the wavelengths, from the transmission
response of intervening optical lens elements, and
from the receiving optics. Such responses do not use
the full bandwidth of most MUXs and DEMUXs. As
a result, it is often difficult to specify wavelength
tolerances for associated components such as laser
light sources, amplifiers, and other optical compo-
nents.

The width of the optical passband is mainly deter-
mined by the filling ratio F, i.e., the ratio of the re-
ceiving fiber core diameter to the distance between
the centers of two neighbor fibers. The larger this
ratio, the larger the passband. To increase the pass-
band, one can either increase the core diameter or
decrease the central spacing between adjacent output
fibers. The output image reshaping and broadening
approach®.16 has been used for arrayed-waveguide-
based WDMs. For diffraction-grating-based WDMs,
to increase the core diameter or to increase the mode
field diameter, one can use thermal expanded core
fibers,17.18 use graded-index lensed fibers,19-22 or de-
focus the focused beam spots at the focal plane.23 To
decrease the fiber spacing, one can strip the coating,
etch the cladding to the smallest allowable size, or
use a waveguide-concentrator structure. But one
can neither increase the core diameter nor decrease
the channel spacing without limitation. There is an
intrinsic trade-off between passbands and cross
talks. A lower cross talk implies a wider separation
between the output fibers and, therefore, necessarily
higher linear dispersion, resulting in proportional
bandwidth narrowing.

The Littrow mount geometry of our WDM design
provided aberration-free image systems. The light
spots of diffracted beams are almost identical in size
to the cores of the fibers. In this case, the optimized
value of this ratio is ¥ = 0.667.2¢

To increase the optical passband, we inserted a
specially designed optical element for expanding the
mode field diameter of output light spots into the
optical system showed in Fig. 4. The detailed optical
design will be reported in a future publication. The
typical 3-dB passband was increased from 0.6 to 0.94
nm.? The average 1-dB passband was increased
from 0.3 to 0.58 nm.

6. Device Performance

The MUX was fabricated as a stand-alone unit. The
entire assembling and packaging process is passive
and epoxy free so that the possible wavelength and
insertion loss shifting caused by the UV curing of
epoxy is avoided. Figure 6 shows the inside of the

Fig. 6. Inside of the fully packaged eight-channel multimode-in,
multimode-out DEMUX.

fully packaged eight-channel multimode DEMUX.
By improving the mechanical design, by careful
choices of optical materials, by employing the epoxy-
free packaging and sealed package housing, we have
obtained excellent thermal behavior for this DEMUX,
from the viewpoint of insertion loss, as well as center
wavelength accuracy.

We measured the transmission spectrum using an
amplified spontaneous emission light source and an
optical spectrum analyzer having a 0.01-nm resolu-
tion. All the measurement results were obtained af-
ter the average of three sets of the input and output
signals were taken. The insertion losses were mea-
sured at the wavelength of minimum loss, which was
always within 0.04 nm of the nominal channel center
wavelength. The lowest insertion loss for any chan-
nel was 1.50 dB; all the channels showed a loss under
2.70 dB with a mean figure of 1.95 dB, which includes
the connector loss. Of the 1.95 dB, 1.55 dB is due to
the grating diffracting 70% of incident power into the
desired diffraction order, 0.1 dB is caused by lens
transmission and reflection loss, and the other 0.3 dB
is caused by fiber array coupling and connection loss.

We also monitored the change in insertion loss and
center wavelength when increasing the operating
temperature from 20 °C to 60 °C. The average in-
sertion loss changed from 1.95 to 2.34 dB, which gave
a 0.00975 dB/°C loss shift. Figure 7 shows the loss
variation against different channels at 20 °C and
60 °C. We could then find that the maximum
change in the eight channels was a loss of 1.1 dB,
which was within the loss deviation range of 1.2 dB for
different channels at room temperature. The average
wavelength shift with temperature is 0.8 pm/°C.

The wavelength temperature dependence was suc-
cessfully suppressed within 0.032 nm in the 20 °C to
60 °C temperature ranges, which is also within the
wavelength accuracy range at room temperature.
The detailed measured device parameters are listed
in Table 1. The wavelength accuracy is within 0.04
nm in the worst case, which was due to the imperfect
positions of fibers in the array and the output power
shifting of the white-band amplified spontaneous
emission light source.
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at 20 °C and 60 °C.

The device has fairly good isolation; the average
adjacent cross talk is 46.5 dB. The typical
polarization-dependence loss was measured to be
0.13 dB. Figure 8 shows the output spectrum of a
200-GHz-spaced passband-broadened DEMUX oper-
ating at a wavelength range from 1541.35 to 1552.52
nm. The typical 1- and 3-dB passbands are 0.58 and
0.94 nm, respectively.

The main advantage of our approach is simple
and cost effective. We achieved an excellent
polarization-dependent loss (0.13 dB) by using a
high-order echelle grating. This eliminates the need
for a polarization splitter and a half-wave plate, as
reported by Chassagne et al.2> The athermalized
bulk grating-based MUX-DEMUX has advantages
over etched grating-based MUXs—-DEMUXs by use of
an active temperature control unit2¢ in that the tem-
perature control unit requires electronic control cir-
cuits and a total power consumption of a few watts.
Our approach reduces optical system complications
and costs and eliminates possible failures caused by
electronics. Compared with the most recently re-
ported athermal arrayed-waveguide-grating-based
MUXs-DEMUXs2728 there were no extra loss and
extra phase errors. We also demonstrated improved
performance in terms of insertion loss and cross talk
compared with results recently reported.25.26,29

7. High Data Transmission Bit Rate
To achieve a high data transmitting bit rate in the

Transmission

spectra (dB) 5

1540

1542

1544 1546 1548 1550 1552 1554

Wavelength (nm).
Fig. 8. Output spectrum of a passband-broadened DEMUX.

ogy. The maximum bit rates are determined by nu-
merous factors, including the signal modulation rate,
the transmission bandwidth through the transmis-
sion media, and the response time of the optoelec-
tronic devices. In a communications network, the
WDM system is simply one part of the transmission
regime. The pulse broadening of grating-based
DWDM imposes inherent limitations on the data
transmission bit rate. We need to optimize the
WDM design to decrease pulse broadening caused by
gratings, which can be calculated by the formula

AT

g

_ o f tan(NA)tan(0,)

9% (14)
where the intensity of input light possesses a Gauss-
ian distribution, n, is the refractive index of the me-
dia in which light is transmitted, ¢ is the speed of
light at vacuum, NA = 0.275 is the numerical aper-
ture of the input fiber, the focal length of the lens is
f = 36.9 mm, and 6, = 63.86 is the diffraction angle
of the grating. So the pulse broadening caused by
the grating is At, = 3.4 X 10~'" s. Equation (14)
clearly shows that, when working at a certain wave-
length, pulse broadening caused by gratings is pro-
portional to the numerical aperture of the input fiber,
to the focal length of the lens, and to the diffraction
angle of the grating.

Mode dispersion is another major factor causing

telecommunications field is the goal of WDM technol-  pulse broadening in multimode DWDM. For
Table 1. Device Parameters of the Multimode Demultiplexer
Channel Number
Parameters Ch #1 Ch #2 Ch #3 Ch #4 Ch #5 Ch #6 Ch #7 Ch #8
Designed center wavelength (nm) 1560.61 1558.98  1557.36 1555.75 1554.13 1552.52 1550.92 1549.32
Wavelength error at 20 °C (nm) 0.02 0.02 0.04 0 0.02 0.01 0 0.02
Wavelength error at 60 °C (nm) 0.02 0.04 0.008 0.008 0.016 0.032 0.032 0.024
Insertion loss (db) 2.7 2.3 1.6 1.7 15 1.6 1.9 2.3
Cross talk (db) 47.8 47.6 48 48 46 45.7 44.6 444
6572 APPLIED OPTICS / Vol. 41, No. 31 / 1 November 2002



Digital communication
anal
Signal generator yRer

Out Intrigue signal Intrigue signal In

1 )

WDM device

Modulator
In

Mode
scrambler

Multimode fiber

Single-mode fiber

Fig. 9. Experimental setup for data transmission bit rate testing.
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graded-index multimode fibers, the pulse broadening
can be calculated by Eq. (15):

8 (15)
where the refractive index of the core is n; = 1.473,
the relative index difference is A = 1.74%, the speed
oflight in the vacuum isc = 3 X 108 m/s, and L = 100
m is the length of the multimode fiber. The calcu-
lated pulse broadening caused by mode dispersion is
At,, =1.9x 107 ''s. The total pulse broadening can
be calculated by Eq. (16):

At = (A1,? + AT, )2 (16)

The maximum data transmission bit rate can be ex-
pressed as Eq. (17) when the initial pulse width is
neglected:

1
C4Ar

Here the total pulse broadening is At = 4.3 x 10~ 1!
s; therefore the theoretical bit rate BR = 5.8 Gb/s.
We measured the data transmission bit rate using
the setup shown in Fig. 9. The maximum signal
speed of the signal generator was 3.5 Gb/s. The
random signal from the signal generator at the speed
of 3.5 Gb/s was sent to a modulator to modulate the
intensity of the optical signal from a tunable laser.
The modulated optical signal passed through a mode
scrambler and then was sent to the input channel of
the WDM device. A digital communication analyzer
was used to measure the eye diagram of the output
channels. Figure 10 shows a clearly open eye dia-
gram when the input optical signal was modulated at
3.5 Gb/s. The applied current is 120 mA; the ratio of
signal to noise is S/N = 8.7.

BR (7)

8. Discussion: Simulation for the Tolerance

of Image Shift

Disturbances caused by laser drifting, temperature
change, and vibration are reflected as a relative
movement of the input light spot at the receiving fiber

Fig. 10. Experiments confirmed a 3.5-Gb/s data transmission bit

rate. The signal-to-noise ratio of the eye diagram was 8.7:1.

or as a shifting of wavelength. A larger 1-dB pass-
band is therefore always preferable. To calculate
the transverse loss of the WDM system, we assume
that the core diameter of the receiving fiberis D = 2R
and the diameter of the input light spot is d = 2r.
We express the ratio of energy in the area of overlap
(input light spot and receiving fiber) to energy in the
entire area of the input light spot as

J. f'(x, y)ds’
Tl = 5,7’
Jf(x, y)ds

S

(18)

where 7 is the ratio of energy, s’ is the overlap area,
and s is the input light spot area. The optical power
distribution function at the overlap area and the
whole area of the input light spot are f'(x, ¥) and f(x,
y), respectively. Figure 11 illustrates Eq. (18). We
can obtain the maximum tolerance of image shift
when the WDM system functions within a 1-dB pass-
band range.

Here we assume a uniform power distribution

/

Shifted image
(area of S)
Receiving fiber
Overlap area S’
Fig. 11. Tllustration of the overlap region of a receiving fiber and
the input spot.
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Fig. 12. Simulation result shows *10-pm image-shift tolerance
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across the whole area of the input light spot. We
simulated the theoretical 1-dB passband calculation,
in which D = 62.5 pm and d = 62.5 pm. Figure 12
shows the simulation result, which indicates that
when a system is diffraction limited, i.e., the input
spot size is the same as the multimode-fiber core
diameter, the maximum image-shift tolerance can be
as much as =10 pm within a 1-dB passband. This
large image-shift tolerance helps the device to resist
various kinds of environmental disturbances.

9. Summary

We designed and demonstrated an athemalized
grating-based eight-channel DEMUX with high res-
olution and low insertion loss. This approach im-
proves cost effectiveness and simplicity of optical
systems by elimination of the need for an active tem-
perature control unit and polarization compensators.
The fully packaged device has 1.95- and 2.34-dB in-
sertion losses at 20 °C and 60 °C, respectively. The
mean cross talk is 46.7 dB. To the authors’ knowl-
edge, those are the best-reported results for a multi-
mode DWDM. The wavelength accuracy is within
0.04 nm. The 3-dB passband was measured to be
0.94 nm. This low-cost and highly stable DEMUX
can be employed for both MANs and LANs.

The contributions of Ray Collins and George Chang
on device packaging are gratefully acknowledged. .
Qiao also thanks Xuegong Deng for valuable discus-
sions on high-speed transmissions.
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