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(57) ABSTRACT 

An apparatus for multiplexing or demultiplexing optical 
signals in an optical communication system includes a 
plurality of optical Waveguides aligned generally along the 
same optical axis each having a propagating end. Are?ective 
grating is optically coupled to the plurality of optical 
Waveguides along the optical axis and has a surface receiv 
ing an optical signal emitted from at least one of the optical 
Waveguides. The surface diffracts the optical signals into at 
least one other of the optical Waveguides. A collimating/ 
focusing optic having a select focal length is optically 
coupled betWeen the plurality of optical Waveguides and the 
re?ective grating along the optical axis. The collimating/ 
focusing optic is positioned relative to the propagating ends 
of the plurality of optical Waveguides and the re?ective 
echelle grating to propagate a telecentric optical beam(s) 
into the at least one other of the optical Waveguides. 
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(DE)MULTIPLEXER WITH FOUR ’F’ 
CONFIGURATION AND HYBRID LENS 

RELATED APPLICATIONS 

[0001] This application claims priority from US. Provi 
sional Patent Application Serial No. 60/272,748, ?led Mar. 
1, 2001, entitled “Echelle Grating (De)Multiplexer With 
Four “F” Con?guration and Hybrid Lens” and is a continu 
ation-in-part application of US. patent application Ser. No. 
09/628,774, ?led Jul. 29, 2000, entitled “Echelle Grating 
Dense Wavelength Division Multiplexer/Demultiplexer.” 
application Ser. No. 09/628,774 claimed priority from US. 
Provisional Patent Application Serial No. 60/209,018, ?led 
Jun. 1, 2000, entitled “Lens-coupled Wavelength Division 
(De)multiplexing System UtiliZing an Echelle Grating;” No. 
60/152,218, ?led Sep. 3, 1999, entitled “Method and Appa 
ratus for Dense Wavelength Multiplexing and De-multiplex 
ing Fiber Optic Signals Using an Echelle Grating Spec 
trograph;” No. 60/172,843, ?led Dec. 20, 1999, entitled 
“Improved Method and Apparatus for Dense Wavelength 
Multiplexing and De-multiplexing Fiber Optic Signals 
Using an Echelle Grating Spectrograph;” and No. 60/172, 
885, ?led Dec. 20, 1999, entitled “Method and Apparatus for 
Dense Wavelength Multiplexing and De-multiplexing Fiber 
Optic Signals from a Single or Many Individual Fibers 
Using a Single Echelle Grating Spectrograph,” each of 
Which is incorporated herein in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates generally to ?ber 
optic communications, and more particularly to bulk grating 
(de)multiplexers having a variable pass band and telecen 
tricity. 

BACKGROUND OF THE INVENTION 

[0003] Described beloW With reference to FIGS. 1-6 is a 
bulk echelle grating DWDM device. One signi?cant advan 
tage of this echelle grating DWDM device is relatively high 
angular dispersion of the grating, enabling a (de)multiplexer 
having a compact footprint along the optical axis. HoWever, 
this angular dispersion raises other design issues that inhibit 
ef?cient coupling of light from a ?ber carrying a multichan 
nel signal to an array of single channel ?bers. 

[0004] FIG. 16 is a schematic representation of an echelle 
grating (de)multiplexer 210, Which is described in greater 
detail With reference to FIGS. 1-6 beloW. FIG. 16 includes 
only seven single channel output Waveguides or ?bers and 
these are shoWn equally spaced for ease of illustration. In 
fact, there can be forty or more single channel ?bers 
associated With the multichannel ?bers and the spacing 
betWeen ?bers may increase slightly from top to bottom. In 
a (de)multiplexing mode, light is emitted from a multi 
channel input ?ber 212 (Which typically is the ?rst or last 
?ber in the plane of the single channel ?ber array 220) 
forming a cone or beam of light 214 Which is collimated by 
the lens 216 and directed on the re?ective grating 218 Which 
disperses the multichannel signal into its constituent chan 
nels according to Wavelength. Thereafter single channel 
light re?ected from the grating 218 is focused by the lens 
216 to corresponding single channel output ?bers 220. For 
channels Which are directed to the most distal single channel 
?bers, for example ?ber 222, the focused cone of light 224 
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has an “axis”226 Which is at a signi?cant angle With respect 
to the face 228 of the distal ?ber 222. Because light is 
coupled most ef?ciently to the output ?bers along an axis 
perpendicular to the face 228, the greater the angle the axis 
226 forms With respect to the face 228 the less ef?cient the 
coupling. Because of the relatively high angular dispersion 
of echelle gratings, the angle of the axis 226 in an echelle 
grating (de)multiplexer can be great enough to cause sig 
ni?cant loss When coupling With the most distal output ?ber 
222. 

[0005] The preferred Way of addressing this problem is to 
provide a telecentric (de)multiplexer. “Telecentricity” is a 
property of the imaging system having effectively an exit 
pupil at an in?nite distance such that the angle of the axis 
226 is normal to the plane of the face 228 of the single 
channel ?bers 220. Atelecentric optical imaging system also 
ensures that the transmission ef?ciencies are the same in the 
multiplexing or demultiplexing mode of operation, i.e., a 
bidirection device. One Way to provide telecentricity is to 
replace the single lens 216 (or a tWo piece lens described 
beloW With reference to FIGS. 1-6) With a telecentric triplet 
lens. HoWever, this requires the introduction of additional 
components Which increases (de)multiplexer siZe, Weight, 
complexity and cost. 

[0006] One additional problem With the (de)multiplexer 
con?guration illustrated in FIG. 1 is that the multichannel 
?ber 212 and the single channel ?bers 220 have relatively 
narroW Wavelength pass bands. The pass band is determined 
by the diameter of the cores of the optical ?bers 212 and 220, 
and the spacing betWeen adjacent ?bers in array 220. This 
makes it difficult to provide for efficient coupling of light to 
the respective ?bers, particularly for high speed data rates. 

[0007] Martin, US. Pat. No. 6,084,695, describes a struc 
ture for Widening the effective pass band of the ?bers. In 
essence, Martin teaches providing a microlens array con 
sisting of a gradient index lens (“GRIN”) microlens aligned 
With each ?ber. Martin requires that the pitch betWeen 
adjacent microlenses of the array be the same (Within 10.23 
pm) as the pitch betWeen corresponding adjacent optical 
?bers. Furthermore, because Martin teaches the use of GRIN 
microlenses, the structure taught by Martin requires that the 
face of the ?bers be precisely at the focal plane of the 
microlenses of the array. The tight tolerances required by 
these alignment demands render the structure taught by 
Martin dif?cult and expensive to build, and subject to losses 
in ef?cient coupling due to any imperfections in component 
fabrication and changes in the alignment caused by envi 
ronmental factors such as temperature changes, vibrations or 
the like. In addition, the structure of Martin does not alloW 
for adjustability or tunability of the pass band. Furthermore, 
Martin fails to teach or suggest the advantages of a telecen 
tric con?guration. 

[0008] A. W. Lohmann (1996) Optical Comm. 86:365, as 
Well as S. SinZinger and J ahans, “Microoptics” Wiley-VCH, 
p.215-217; 221-222 (1999) describe a 4F setup for imaging 
an input array into an output array and notes that the 4F 
imaging con?guration is telecentric. in section 7.2.4 SinZ 
inger and J ahans describe hybrid imaging, Which consists of 
imaging lenses in combination With an array of microlenses, 
With the microlenses reducing beam divergence, thus reduc 
ing the siZe and complexing of the conventional imaging 
lens. HoWever, Lohmnann, SinZinger and J ahans Were dis 
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cussing optical cross connects and didn’t recognize the 
signi?cant advantages the hybrid lens 4F con?guration 
Would have in combination With a re?ective echelle grating 
(de)multiplexer and its high angular dispersion. 

[0009] The present invention is directed toWard overcom 
ing one or more of the problems discussed above. 

SUMMARY OF THE INVENTION 

[0010] A ?rst aspect of the present invention is an appa 
ratus for multiplexing or demultiplexing optical signals in an 
optical communication system. The apparatus includes a 
plurality of optical Waveguides aligned generally along the 
same optical axis each having a propagating end. Are?ective 
grating is optically coupled to the plurality of optical 
Waveguides along the optical axis and has a surface receiv 
ing an optical signal emitted from at least one of the optical 
Waveguides. The surface diffracts the optical signals into at 
least one other of the optical Waveguides. A collimating/ 
focusing optic having a select focal length is optically 
coupled betWeen the plurality of optical Waveguides and the 
re?ective grating along the optical axis. The collimating/ 
focusing optic is positioned relative to the propagating ends 
of the plurality of optical Waveguides and the re?ective 
echelle grating to propagate a telecentric optical bearn(s) 
into the at least one other of the optical Waveguides. In one 
embodiment, the collimating/focusing optic is optically 
coupled to the propagating ends of the Waveguide at about 
the select optical focal length from the collimating/focusing 
optic and a point on the surface of the re?ective echelle 
grating is spaced the selective focal length from the colli 
mating/focusing optic. The re?ective grating may be an 
echelle grating having a groove spacing of betWeen about 
50-300 grooves per millimeter and a blaZe angle of betWeen 
about 51-53 degrees. In another embodiment the re?ective 
grating is an echelle grating having a groove spacing of 
betWeen about 50-300 grooves per millimeter and a blaZe 
angle providing an angle of dispersion of betWeen about 
0.091 and 0.011 degrees per nanometer for a select order of 
diffraction of betWeen 4-7. 

[0011] Another aspect of the present invention is an appa 
ratus for use in optical communication systems to multiplex 
or demultiplex an optical signal. The apparatus includes a 
plurality of optical Waveguides aligned generally along the 
same optical axis, each Waveguide having a propagating 
end. The plurality of optical Waveguides include at least one 
multiplexed Waveguide propagating a plurality of multi 
plexed channels and the others of the optical Waveguides are 
single channel Waveguides propagating single channels. A 
re?ective grating is optically coupled to the plurality of 
optical Waveguides along the optical axis and receives an 
optical signal emitted from at least one of the optical 
Waveguides and diffracts the optical signal(s) into at least 
one other of the optical Waveguides. A collimating/focusing 
optic having a select focal length is optically coupled 
betWeen the plurality of optical Waveguides along the optical 
axis. The re?ective echelle grating is spaced about the select 
focal length from the re?ective echelle grating. An array of 
microlenses resides in optical communication betWeen the 
propagating end of the single channel Waveguides and the 
collimating focusing optic With the array of microlenses 
being positioned relative to the collimating/focusing optic to 
propagate a telecentric optical beam(s) into at least one other 
of the optical Waveguides. In one embodiment, the array of 
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microlenses is spaced at or near a focal plane spaced the 
select focal distance from the collimating/focusing optic. 
The single channel optical Waveguides and the array of 
microlenses may be in a linear array. The re?ective grating 
may be an echelle grating having a groove spacing of 
betWeen about 50-300 grooves per millimeter and a blaZe 
angle of betWeen about 51-53 degrees. The focal point of at 
least one microlens may be in a corresponding Waveguide. 
In addition or alternatively, the focal point of at least one 
microlens may be at the propagating end of a corresponding 
Waveguide. Preferably the re?ective grating is spaced a 
distance from the collimating/focusing lens such that a point 
on the re?ective surface of the grating is spaced the select 
focal length from the collimating/focusing lens. The point on 
the re?ective surface on the grating is preferably at about the 
center of the re?ective surface of the grating. 

[0012] The (de)multiplexer of the present invention hav 
ing a collimating/focusing optic positioned to propagate a 
telecentric optical beam into the Waveguides provides 
enhanced ef?ciency in propagating optical signals. The 
telecentric properties of the (de)multiplexer also facilitates 
looser tolerances in the construction and alignment of the 
(de)multiplexer components. Those embodiments adding an 
array of microlenses in optical communication With the 
optical ?bers provide for a broader pass band and therefore 
further facilitate optical coupling of beams to the 
Waveguide. Furthermore, the use of the microlens array 
diminishes the necessity for extremely tight tolerances in 
alignment of the components, Which greatly assists in the 
ef?cient manufacture of the (de)multiplexer. The telecentric 
(de)multiplexers disclosed herein have greatest advantage 
With highly dispersive gratings such as echelle gratings 
described herein. Absent the telecentric properties of the 
(de)multiplexers coupling ef?ciency, particularly With the 
most distal ?bers, may be seriously compromised. Those 
embodiments including the combination of the telecentric 
(de)multiplexer and the array of microlenses combine all 
these advantages to result in a highly ef?cient (de)multi 
plexer Which can be ef?ciently manufactured With signi? 
cant cost savings over prior art devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a schematic plan vieW of a multiplexer/ 
demultiplexer using a bulk echelle grating in accordance 
With the present invention; 

[0014] FIG. 2 is an enlarged cross-section of the echelle 
grating grooves illustrating relevant dimensions; 

[0015] FIG. 3 is a graphical representation of possible 
step Widths and riser heights at different orders Which may 
yield a Working echelle grating; 

[0016] FIG. 4 is a schematic representation of an example 
of a multiplexer/demultiplexer With a bulk echelle grating in 
accordance With the present invention; 

[0017] FIG. 5 is a partial cross-sectional vieW of a pigtail 
template; 
[0018] FIG. 6 is a perspective vieW of the multiplexer/ 
demultiplexer With bulk echelle grating of FIG. 1 illustrat 
ing the potential adjustment of the components; 

[0019] FIG. 7 is a schematic vieW of a ?rst alternate 
embodiment of the multiplexer/demultiplexer using a bulk 
echelle grating including a pair of collimating/focusing 
concave mirrors; 
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[0020] FIG. 8 is a second alternate embodiment of the 
multiplexer/demultiplexer of FIG. 7 further including a 
prism providing for Wavelength dispersion in a horizontal 
direction; 
[0021] FIG. 9 is a third alternate embodiment of the 
multiplexer/demultiplexer using a single collimating/focus 
ing mirror; 
[0022] FIG. 10 is a fourth alternate embodiment of the 
multiplexer/demultiplexer in accordance With the present 
invention using an off-axis parabolic mirror as the collimat 
ing/focusing optic With the device arranged in a near-littroW 
con?guration; 

[0023] FIG. 11 is a ?fth alternate embodiment of the 
multiplexer/demultiplexer of the present invention using a 
concave echelle grating; 

[0024] FIG. 12 is a schematic representation of an appa 
ratus for dividing a broad bandWidth into bandWidth seg 
ments for multiplexing/demultiplexing; 

[0025] FIG. 13 is a schematic representation of the 
embodiment of FIG. 12 using three Waveband dividing 
elements; and 

[0026] FIG. 14 is a schematic elevation of a pigtail 
harness having a one-dimensional input array of ?bers and 
a tWo dimensional output array of ?bers; 

[0027] FIG. 15 is a schematic representation of a multi 
plexer/demultiplexer having stacked multiplex ?bers and a 
tWo-dimensional array of single channel ?bers; 

[0028] FIG. 16 is a schematic plan vieW of a prior art bulk 
optic multiplexer/demultiplexer; 

[0029] FIG. 17 is a schematic plan vieW of a multiplexer/ 
demultiplexer in a “4F” con?guration in accordance With the 
present invention; and 

[0030] FIG. 18 is a schematic plan vieW of a multiplexer/ 
demultiplexer having a “4F” con?guration and microlens 
array in accordance With the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0031] A multiplexer/demultiplexer (a “(de)multiplexer”) 
for use in optical communication systems 10 of the present 
invention is illustrated schematically in FIG. 1. It includes 
a pigtail harness 12 consisting of an input Waveguide 14, a 
plurality of output Waveguides 16 arranged in a linear array 
adjacent the input ?ber, a collimating/focusing lens 18 and 
an echelle grating 20, each of Which are optically coupled. 
In the present discussion the (de)multiplexer Will be dis 
cussed in terms of a demultiplexer. The description applies 
equally to a multiplexer, only With the function of the input 
and output Waveguides 14, 16 reversed. Also, for the sake of 
clarity, only seven output Waveguides are illustrated (the 
center output Waveguides underlies the input ?ber in FIG. 1 
as can be seen With respect to elements 142 and 148 of FIG. 
14). Furthermore, the Waveguides 14, 16 are preferably 
single mode optical ?bers. As Will be discussed in greater 
detail beloW, in the preferred embodiment, 90 or more output 
Waveguides can be associated With a single input 
Waveguide, depending upon the bandWidth channel, sepa 
ration and a number of other factors. 
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[0032] As used herein, “optically coupled” or “optically 
communicates” means any connection, coupling, link or the 
like, by Which optical signals carried by one optical element 
are imparted to the “coupled” or “communicating” element. 
Such “optically communicating” devices are not necessarily 
directly connected to one another, but may be separated by 
a space through Which the optical signals traverse or by 
intermediate optical components or devices. 

[0033] As illustrated in FIG. 1, the (de)multiplexer 10 is 
in “near littroW con?guration,” meaning that the incident 
beam >\q_n and the channels diffracted off the surface of the 
grating K1, K2, k3, k4, k5, k6, k7 are generally along the same 
optical axis (that is, they trace a very close path) and the lens 
both collimates the input beam )tl_n and focuses the dif 
fracted channels )tl-M to the output ?bers 16. 

[0034] The echelle grating 20, like other gratings such as 
echellette gratings, uses interference betWeen light Wave 
fronts re?ected from various portions of its ruled surface or 
steps 22 to divide the incident beam consisting of a plurality 
of channels )tl_n having a select channel spacing Within a 
select Wavelength range >\q_n into separate channels of 
Wavelength beams )tl-M Which are angularly dispersed by 
the grating into output Waveguides some distance aWay. 
Referring to FIG. 1, the channel separation of the device 
(D), Which is the product of the focal length of the focusing/ 
collimating optic the angular dispersion and the incremental 
channel spacing, is equal to the distance S betWeen the 
center of adjacent output Waveguides. The echelle grating 20 
is particularly suited to use in optical communication sys 
tems because of a unique combination of properties: 1) it 
provides clear channel separation notWithstanding channels 
being closely spaced (0.4 nm or less); 2) it provides large 
spatial separation of channels over relatively short distances; 
and 3) it is highly ef?cient in the range of optical commu 
nications Wavelengths. 

[0035] Referring to FIG. 2, for the purpose of this speci 
?cation, echelle gratings are a special grating structure 
having groove density (l/d) of under 300 grooves/mm and 
a blaZe angle 0b of greater than 45° Which typically operate 
at an order of diffraction greater than 1. In combination, 
these features enable a multiplexer/demultiplexer that ef? 
ciently separates closely spaced channels over a relatively 
small focal length (e.g., 5 inches) enabling a small form 
factor form factor (on the order of 10 inches in length or 
less). 
[0036] Consideration of certain external and performance 
constraints point to the desirability of echelle gratings for 
DWDM. The external constraints include the folloWing: 

[0037] 1) MinimiZe focal length, With a focal length 
of under 6 inches desired. 

[0038] 2) Center Wavelength in near infrared, 
approximately at the center of the C-band, 1550 nm. 

[0039] 3) A minimal channel spacing (e.g., 0.4 nm or 
less). 

[0040] 4) Large free spectral range, 150 nm. 

[0041] 5) System f number in the range of 4-8. 

[0042] 6) Rugged, minimum cost system. 
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[0043] The performance constraints include: 

[0044] 1) Resolution greater than 20,000. 

[0045] 2) High dispersion. 

[0046] 3) Flat response across spectral range. 

[0047] 4) High efficiency or loW loss, (>75%). 

[0048] 5) MinimiZe polariZation dependent loss. 

[0049] The eXternal constraints of ruggedness siZe and 
cost minimization as Well as performance constraints of ease 

of alignment and high efficiency dictate a littroW con?gu 
ration, Which simpli?es the system optimiZation analysis. 

[0050] FIG. 2 illustrates the echelle grating geometry and 
the variables set forth beloW. 

[0051] 0b=blaZe angle 

[0052] ot=incident angle 

[0053] [3=diffracted angle 

[0054] In littroW, 0b=otEB 

[0055] b=step (re?ective surface) siZe 

[0056] d=1/groove density 

a=riser siZe [0057] 

[0058] Examination of a number of constraining factors 
discussed above illustrate the utility of echelle gratings for 
DWDM. 

[0059] 1. Constraining Factors: f number in range of 
4-8 and resolution (“R”)>20,000. 

[0060] Result: For a grating in littroW con?guration, 

R > 

[0061] Where W is the illuminated Width of the grating. 
Thus, or Wz(20,000/2)(1550 nm) or WzLSS cm 

[0064] 2. Constraining Factors: Fl>124 mm and channel 
separation at least 80p. 

[0065] Result: For an echelle grating in littroW, dispersion 

dOb m 
[m] = 5 ‘fl’ 

[0066] H, where m=order of diffraction. Thus, assuming 
channel separation to be at least 80 p, A)»=4><10_4p and 
?=1.2><104 , m>1.5b. 
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[0067] 3. Constraining Factors: FSR (free spectral 
range)>150 
[0068] Result: 

A 
FSR = —, 

m 

[0069] Which implies 

1550 
m = — 

[0070] or mi 10. 

[0071] 4. Constraining Factors: Wish to provide a ?at 
response over the bandWidth. 

[0072] Result: The diffraction envelope must have a broad 
enough maXimum so that loss is minimiZed at the eXtremes 
of the Wavelength range. This dictates b<8.5p. An order over 
7 spreads the light too much across the diffraction peak, 
resulting in unacceptably low efficiency. Thus: b<8.5p and 
mé7. 

[0073] 5. Constraining Factors: High efficiency. (>85°) 

[0074] Result: Efficiency is a function of step siZe. A step 
siZe must be selected providing a channel Width capturing 
90% of the signal at a select order. b>3p yields suitable 
ef?ciency. 
[0075] 6. Constraining Factors: Limitations on m from 4. 
and 2. above. 

[0076] Result: 1.5<m<7. 

[0077] 7. Constraining Factors: For an echelle grating in 
littroW mode: 

[0078] Result: a= 

[0079] 3.88” at m=5 

[0080] 4.65” at m=6 

[0081] 5.43” at m=7 

[0082] FIG. 3 illustrates that these constraints and results 
provide a range of values for a and b at a given range of 
suitable orders Simulations aimed at maXimiZing effi 
ciency and minimiZing polariZation dependent loss optimiZe 
around blaZe angles and groove frequencies that fall in the 
range of echelle gratings, i.e., 45<0b<78° and d<300 
grooves/mm. Furthermore, limitations on manufacturing 
further dictate that only echelle gratings can provide the 
necessary results Within the external and performance con 
straints. 

[0083] In designing a functioning (de)multipleXer, a num 
ber of design parameters Were selected that Were dictated by 
many of the eXternal and performance constraints set forth 
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above. An exemplary con?guration is illustrated schemati 
cally in FIG. 4, With like elements having the same refer 
ence number as FIG. 1. The dictating constraints and their 
effect on the exemplary bulk echelle grating DWDM are as 
follows: 

[0084] 1. Channel Characteristics 

[0085] Currently optical communications utiliZe What is 
knoW as the “C” band of near infrared Wavelengths, a 

Wavelength band ranging from 1528-1565 nanometers This provides a bandWidth or free spectral range of 37 nm 

available for channel separation. KnoWn prior art (de)mul 
tipleXers require a channel spacing of 0.8 nm or even 1.6 nm, 
resulting in a possibility of only betWeen 48 and 24 chan 
nels. Because echelle gratings provide markedly superior 
channel dispersion, a much smaller channel spacing of 0.4 
nm Was chosen, resulting in a possibility of 93 channels over 
the C band. As the tuning range of semiconductor lasers 
increases and optical communications eXpand beyond the 
“C” band to include the “L” band (1566-1610 nm) and the 
“S” band (@1490-1527 nm), a total bandWidth of about 120 
nm or more is foreseeable, creating a possibility of the 
(de)multipleXer accommodating 300 channels or more per 
input ?ber. 

[0086] Current optical communications operate primarily 
at a channel frequency of 2.5 GHZ, knoWn as OC48. At 
OC48 the channel Width X48 =0.02 nm. Optical communi 
cations are currently beginning to adopt a frequency of 10 
GHZ, knoW as OC192. At OC192 the channel Width k192= 
0.08 nm. 

[0087] 2. Fiber Dimensions 

[0088] Standard single mode optical ?ber used in optical 
communications typically have an outer diameter of 125 
microns and a core diameter of 10”. Optical ?bers having 
an outer diameter of 80p and core diameter of 8.3” are 
available, model SM-1250 manufactured by Fibercore. In 
this eXample, both the input ?ber 14 and the output ?ber 16 
are single mode and share the 80p outer diameter. Assuming 
the output ?bers 16 are abutted in parallel as illustrated in 
FIG. 4, this results in the core centers being spaced 80”, or 
a required channel separation D of 80” at the select focal 
length. Because ?bers of different outer diameter are avail 
able and ?bers cladings can be etched aWay, it is possible 
that the 80p spacing can be reduced, With core spacing of 
40;! or less being foreseeable, Which could enable shorter 
focal lengths or different echelle grating designs having 
lesser angular dispersion. The spread of the beam emitted 
from the ?ber Was 10° at the e-folding distance, although it 
Was later found to be 14° at the 1% point. 

[0089] 3. Form Factor 

[0090] The design Was intended to provide a high channel 
density in a form factor consistent With or smaller than used 
in current (de)multipleXer devices. A total length of betWeen 
10-12 inches Was the design target. To accommodate all the 
optics and harnesses, a maXimum focal length of 5 inches 
(127 mm) Was chosen. As discussed above, in light of the 
constraining factors of the f number betWeen 4-8 and a 
resolution (R)>20,000, a focal length of 124 Was ultimately 
dictated. 
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[0091] 4. Dispersion Limitations 

[0092] In order to prevent the loss of data, it Was necessary 
that the dispersion of the echelle grating be constrained. The 
initial 0.4 nm channel spacing at the echelle grating Was 
required to be about 80” of separation at the output ?bers 
(corresponding to the core spacing). On the other hand, the 
0.08 nm channel Width of OC192 frequencies could not 
disperse to much greater than the ?ber core aperture over the 
focal length. Thus: 

channel separation .4nm 
?ber spacing 80p ’ 

, channel Width(OCl92) 0.08nm 
While é 

core diameter 83p 

[0093] 5. Grating Design 

[0094] The variables affecting grating design are: 

[0095] 1) Wavelength range 

[0096] 2) ef?ciency 

[0097] 3) dispersion (D) 

[0098] 4) desired resolution 

A 

(n) 

[0099] FIG. 3 is a cross-section shoWing the principle 
echelle grating dimensions including: blaZe angle (0b), 
Wavelength range and groove density 

[0100] For design of the grating, 150 channels centered on 
1550 nm Was chosen. This results in a physical siZe of the 

spectral image of (number of channels)><(maXimum separa 
tion, or 150><80p=12,000p. This desire to have 90% of the 
intensity contained in 12,000” constrains the siZe of b. The 
far ?eld pattern of the diffraction grating is 

sinB 2 sin 2 

_) (i) _ 

[0101] N=number of lines illuminated, 

,B : Ts1n0b 

[0102] and 

7rd , 

a : TSIII 0b. 

[0103] Spread sheet calculations shoW that b§5.5>\, (or 
b§8.5p), is necessary to make the spectral image>12,000p 
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at its 90% intensity point. To minimize loss, i.e., maintain 
adequate ef?ciency, B>2d. Thus, 2>\.<b<5.5>\.. (Condition A). 

[0104] In littroW mode, the angular dispersion is: 

d0 _ m d0 _ m 

_ d cosOb or _ Z 

Ax(linear separation) = (A0)(fl)(A/1) = (%)(M) - (fl) 

p 

[0105] However, for OC192, dispersion must be con 
strained to contain the 0.08 nm channel Width in a 10;! core, 
so that m<3.34p. 

[0106] Thus, 1.67b<m<3.34b (Condition B). 
[0107] The desired resolution 

(R): U :N-m. 

[0108] Here, )»=1550 nm and A)t=0.08 nm, yielding a 
required resolution R=19,375 or approximately 20,000. 
Assuming a beam siZe at the grating of 2.1 cm (based upon 
a ?=124 cm and 10° divergence): 

2.1 1 
N : 5280b), p=lines/cm= E 

[0109] Thus, 

[0110] or b<1.05 m (Condition C). 

[0111] To align the order m With the diffraction peak in 
littroW mode, We knoW 

[0112] or a must have the values: 

388p at m = 5 

a : 4.65u at m = 6 (Condition D) 

543p at m = 7 

[0113] Only as 0b increases to greater than 45° is it 
possible for conditions A and D to be satis?ed. Assuming 
0b=60°, and m=5, 
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[0114] 

[0115] b=2.24p 

[0116] d=4.48p 

[0117] All of conditions A-D are satis?ed. 

[0118] Selection of the precise groove density and blaZe 
angle are also affected by the polariZation dependent loss 
and manufacturing constraints. For the embodiment illus 
trated in FIG. 4 use of an interferometrically controlled 
ruling engine to machine the line grating drove the selection 
of a line density evenly divisible by 3600. Considering these 
various factors led to selection of groove density d=171.4 
grooves/mm and m=5. This leads to a=3.88p, b=3.55p, and 
a corresponding blaZe angle of 526° for this eXample. 
HoWever, this methodology shoWs that for a focal length 
betWeen 30-125 mm and an order of 5-7, potential blaZe 
angles range betWeen 51° and 53° and the groove density 
carries betWeen 50 and 300 grooves/mm to provide linear 
channel separation of betWeen 40-125 microns and an 
angular dispersion of the echelle of betWeen 0.091 and 0.11 
degrees/nm. 

[0119] In the eXample of FIG. 4, the echelle grating has a 
groove density of 171.4 grooves/mm and a blaZe angle of 
526°. The echelle may be formed from one of several 
knoWn methods. For eXample, it may be formed from an 
epoXy layer deposited on a glass substrate into Which a 
master die de?ning the steps is pressed. The steps are then 
coated With a highly re?ective material such as gold. The 
steps may also be precision machined directly into a glass or 
silicon substance and then coated With a re?ective material. 
A further option is the use of photolithographic techniques 
described in McMahon, US. Pat. No. 4,736,360, the con 
tents of Which are hereby expressly incorporated by refer 
ence in its entirety. 

[0120] The lens 18 could be a graded indeX (GRIN) optic 
With spherical surfaces or a compound lens With one or more 
surfaces that might not be spherical (aspheric). The use of 
lenses or a single lens to collimate the beam and focus the 
dispersed light limits spherical aberrations or coma resulting 
from the use of front surface re?ectors that require the 
optical rays to traverse the system in a off-axis geometry. A 
?rst type of potential lens uses a radially graded refractive 
indeX to achieve near-diffraction limited imaging of off-axis 
rays. A second type of lens actually consists of at least tWo 
individual pieces cemented together (doublet). Another 
option uses three individual lens pieces (triplet). These 
pieces may individually have spherical surfaces, or if 
required for correction of certain types of aberration, 
aspheric surfaces can be utiliZed. In this case, the lens Would 
be referred to as an aspheric doublet or triplet. 

[0121] In the eXample illustrated in FIG. 4, the lens 18 is 
an aspheric singlet of a 25.4 mm diameter having a spherical 
surface 26 With a radius of curvature of 373.94 mm and an 
aspheric surface 28 With a radius of curvature of 75 mm and 
a conic constant of ~0.875. The average focal length in the 
1520-1580 nm Wavelength range is 125.01 nm. Thus, the 
distance A from the center of the spheric surface to the 
emitting end of the input and output ?bers 14, 16 is about 
125 mm. The average distance betWeen the aspheric surface 
28 and the center of the surface of the grating 20 is about 
43.2 mm. 
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[0122] In the pigtail 12 of FIG. 1, the input and output 
?bers terminate in the same plane. This is also the case With 
the example illustrated in FIG. 4. In some con?gurations, 
hoWever, the inlet 14 and outlet ?bers 16 are on slightly 
different aXes and do not terminate in the same plane. The 
?bers 14, 16 of the pigtail are precisely located by being ?t 
into a template 34 illustrated schematically in FIG. 5. The 
template 34 has a plurality of parallel v-shaped grooves 36. 
The template and v-shaped grooves are preferably formed 
by etching the grooves 36 into a silicon substrate. In the 
example in FIG. 4, the grooves of the template are spaced 
80”. 
[0123] The eXample con?guration of FIG. 4 is shoWn in 
perspective vieW in FIG. 6. To facilitate alignment, the 
pigtail 12, the lens 18 and the grating 20 have limited 
freedom of movement in multiple directions. Once they are 
moved into position, they are secured in place by clamps or 
a suitable bonding agent. The lens 18 is held stationary. The 
pigtail 12 is movable by translation along the X, y and Z aXes. 
The input and output ?bers can be moved independently 
along the X aXis. The echelle grating 20 is ?Xed against 
translational movement eXcept along the Z aXis. It can be 
rotated about each of the X, y and Z aXes. Other possible 
combinations of element movement may also yield suitable 
alignment. 
[0124] The dimensions and performance criterion of the 
DWDM device 10 of FIG. 4 are summariZed as folloWs: 

[0125] Fibers: SM-1250 (Fibercore) outer diameter 

[0126] Outer diameter 80;! 

[0127] Core diameter 8.3” 

[0128] f Number 4-8 

[0129] Lens: Aspheric singlet 

[0130] Average focal length (?)=125 
[0131] Optical Signal: >\.=1528-1565 nm channel spacing= 
0.4 nm 

[0132] Grating: 
[0133] d=5.83p 

[0134] 6b=52.6° 
[0135] order=6 

[0136] System Performance: 

[0137] D (linear separation)=80p 

[0138] Resolution (R)=20,000 

[0139] Ef?ciency=75% 
[0140] As an alternative to the use of a littroW con?gura 
tion as Well as the use of collimating lenses, concave mirrors 
may be used for collimating and focusing the incident beam. 
A ?rst alternate embodiment of a concave mirror dense 
Wavelength (de)multipleXer 40 is shoWn schematically in 
FIG. 7. Single mode input ?ber 42 emits a divergent 
incident beam 44 consisting of multipleXed channels onto 
the surface of a collimating/focusing concave mirror 46. The 
collimated beam 48 is then directed in an off-aXis manner to 
the surface of an echelle grating 50. The echelle grating 
disperses the channels according to their Wavelength in the 
manner discussed above With respect to FIGS. 1 and 4 and 
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the dispersed channels 52 are re?ected off aXis off the front 
surface of the concave collimating/focusing mirror 54. The 
collimating/focusing mirror 54 then focuses and re?ects the 
various channels to a corresponding ?ber of an output ?ber 
array 56. As alluded to above With respect to the discussion 
of the embodiments of FIGS. 1 and 4, use of surface 
re?ecting optics such as the collimating mirror 46 and the 
concave focusing mirror 54 requires that the optical beams 
traverse the system in an off-aXis geometry Which creates 
signi?cant aberrations (spherical aberrations and coma) that 
signi?cantly limit the performance of the system. HoWever, 
the use of the front surface re?ecting optics has the potential 
of facilitating a more compact form factor than is possible 
With littroW con?gurations using a single optical lens. As 
should be readily apparent, combinations of front surface 
re?ecting optics and lenses can be used in non-littroW 
con?gurations Where necessary to balance form factor mini 
miZation requirements and optical aberrations. 

[0141] A second alternate embodiment 60 is illustrated in 
FIG. 8 Which is a schematic representation of an echelle 
grating (de)multipleXer using a prism in combination With 
front surface optical mirrors. In this embodiment, light from 
a single mode input ?ber 62 is directed off a collimating/ 
focusing mirror 64 and the collimated beam 66 is directed 
through prism 68. The prism 68 provides for Wavelength 
dispersion in a horiZontal direction as indicated by the 
beams 70. These horiZontally dispersed beams 70 are 
directed off the echelle grating 72 Which in turn diffracts the 
beams 70 in an orthogonal dimension and directs these 
diffracted beams off the front surface of the concave colli 
mating/focusing mirror 74. A tWo dimensional output ?ber 
array 76 receives the focused beams from the collimating/ 
focusing mirror 74. The use of the prism 68 in combination 
With the echelle grating 72 provides a tWo dimensional array 
of Wavelength dispersion and may therefore facilitate detec 
tor arrays of shorter length as may be desirable in certain 
applications. 

[0142] FIG. 9 is a schematic representation of a third 
alternate embodiment 80 using a single concave mirror as 
both a collimating and focusing optic along the optical aXis. 
In this embodiment, input ?ber 82 directs a beam consisting 
of multipleXed channels to the surface of the concave mirror 
84. A collimated beam 86 is re?ected off the echelle grating 
88 Which diffracts the multipleXed signal in the manner 
discussed above. The demultipleXed channels are then 
re?ected off the surface of the concave mirror 84 and 
directed into the array of output ?bers 92. While the embodi 
ment 80 contemplates the mirror 84 being spherical and 
therefore having a constant diameter of, for eXample 25 cm, 
a slightly parabolic or aspheric mirror may be used to 
improve image quality, if necessary. 

[0143] FIG. 10 is a fourth alternate embodiment 100 using 
an off-aXis parabolic mirror as the collimating/focusing 
optic. In this embodiment, multipleXed light from the input 
?ber 102 is directed off the front surface of an off-aXis 
parabolic mirror 104 Which in turn directs a collimated beam 
of light 106 off the surface of an echelle grating 108. The 
multipleXed light is re?ected off the surface of the echelle 
grating 108 back to the surface of the off-aXis parabolic 
mirror 104 and dispersed to respective output ?bers 106. In 
this embodiment, the echelle grating is in near-littroW con 
?guration, thereby directing light back to the output ?bers 
106. 
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[0144] A ?fth alternate embodiment illustrated in FIG. 11 
uses a concave echelle grating 107 con?gured to be the optic 
Which collimates and focuses the incoming beam. This 
embodiment eliminates the need for the collimating/focus 
ing lenses or concave mirrors of alternate embodiments 
one-four. 

[0145] Various modi?cations can be provided to the basic 
echelle grating (de)multiplexer structures illustrated sche 
matically in FIGS. 1-11 to further increase the channel 
carrying capacity of single mode optical ?bers. As alluded to 
above, it is foreseeable in the future that advancements in 
optical ampli?er technology Will enable bandWidth in excess 
of the current 60-80 nm bandWidth used in optical commu 
nication. Such broad bandWidths tax the ability of an echelle 
grating DWDM to effectively multiplex and demultiplex the 
entire bandWidth, particularly in the frequencies at the edge 
of this broad band. Accordingly, it Would be useful and 
desirable to use a netWork of echelle grating DWDM 
devices With each device optimiZed to multiplex/demulti 
plex light in a portion of the broad spectral range. For 
example, assuming future ampli?er technologies enable 
bandWidths on the order of 120-180 nm, each echelle grating 
DWDM could be optimiZed to function With a portion, for 
example 1/2, of the bandWidth, 60-90 nm. 

[0146] FIG. 12 illustrates schematically an apparatus 110 
for dividing a broad bandWidth for (de)multiplexer. The 
apparatus 110 consists of an input ?ber 112, a high pass thin 
?lm ?lter 114, a ?rst focusing lens 116, a second focusing 
lens 118, a ?rst echelle grating DWDM device 120 and a 
second echelle DWDM device 122. 

[0147] By Way of example, the operation of the apparatus 
for dividing broad band signals 110 Will be discussed in 
terms of a demultiplexer. As With other embodiments of this 
invention, the apparatus may likeWise function as a multi 
plexer simply by reversing the direction of light propaga 
tion. A multiplexed beam 124 emitted from the input ?ber 
112 is directed onto the high pass thin ?lm ?lter 114. The 
high pass thin ?lm ?lter has a design cut off Wavelength that 
re?ects the loWer half of the Wavelength range toWard the 
?rst echelle grating DWDM 120. The upper half of the 
Wavelength range passes through the ?lter 114 to the second 
echelle DWDM device 122. In this example, the input 
Wavelength is in the range of 1460-1580 nm. The high pass 
thin ?lm ?lter is designed to cut the band at 1520 nm. Thus, 
a Wavelength range of 1460-1520 nm is directed toWard the 
?rst echelle grating DWDM and a Wavelength band of 
1520-1580 nm is directed toWard a second echelle grating 
DWDM device. The signal directed toWard the ?rst echelle 
grating DWDM is optically coupled to the ?rst focusing lens 
116 Which directs the loWer Wavelength beam as an input to 
the ?rst echelle grating DWDM. In a like manner, the upper 
Wavelength beam 128 is optically coupled to the second 
focusing lens 118 Which focuses the upper Wavelength beam 
128 as an input beam to the second echelle DWDM device 
122. 

[0148] The present example contemplates the use of a high 
pass thin ?lm ?lter 114. HoWever, other Waveband dividing 
elements could be used instead, including devices using 
?ber Bragg gratings. 

[0149] The ?rst and second echelle grating DWDM 
devices 120, 122 of the present invention could have any of 
the con?gurations discussed above With regard to FIGS. 
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1-11. The use of the echelle DWDM devices for demulti 
plexing the split Wavelength bands provide the many advan 
tages discussed above With regard to the embodiments 
illustrated in FIGS. 1-11. HoWever, the present invention 
could be practiced With other DWDM devices such as ?ber 
Bragg grating devices, integrated Waveguide arrays or the 
like. With an echelle spectrograph permitting Wavelength 
spacing of 0.4 nm, a device for providing a total Wavelength 
range of 120 nm Will alloW up to 300 channels to be 
demultiplexed from a single ?ber. Furthermore, this system 
is scalable. FIG. 13 illustrates schematically hoW an input 
bandWidth of 1460-1700 nm can be divided using three 
Waveband dividing elements to four 60 nm bandWidth 
beams each of Which can be input into an optimiZed echelle 
grating DWDM device. Such a device is capable of accom 
modating a total Waveband of 240 nm and assuming a 
Wavelength spacing of 0.4 nm, a total channel count of 600. 

[0150] The bulk optic echelle DWDM of the present 
invention is able to simultaneously demultiplex signals from 
a number of input ?bers. In each of the echelle grating 
DWDM devices illustrated in FIGS. 1-7 and 9-11 above, 
light is spacially resolved in only one dimension, vertically 
in a direction transverse the dispersion direction. As a result, 
input ?bers can be vertically stacked in a linear array and a 
corresponding tWo dimensional array of output ?bers can be 
provided for receiving demultiplexed signals from the vari 
ous input ?bers. This concept is illustrated schematically in 
FIG. 14. FIG. 14 is an elevation vieW of a pigtail harness 
140 from the direction of the collimating/focusing optic. 
First, second and third input ?bers 142, 144, 146 lying in a 
vertical linear array are optically coupled to ?rst, second and 
third horiZontal output roWs 148, 150, 152, respectively. 
Thus, a one dimensional input array produces a tWo-dimen 
sional output array. While the present example is limited to 
three input ?bers 142, 144, 146 and only nine output ?bers 
in the output ?rst, second and third output roWs 148, 150, 
152, the actual number of output ?bers Will correspond to 
the number of input channels and Will be a function of the 
channel separation and input bandWidth, and may easily 
exceed 90 output ?bers per output ?ber roW. Each output 
?ber has a core center, and the output ?ber core centers are 
spaced a distance equal to the linear separation of the grating 
at the device focal length. Further, the number of corre 
sponding input and output arrays may be greater than three 
and is largely a function of external factors such as the space 
available for the pigtail harness 140. As should be appreci 
ated, this con?guration alloWs a single demultiplexer to 
demultiplex channels from a number of input ?bers, thereby 
minimiZing the number of echelle grating DWDM devices 
required for a multiple input ?ber optical system. This 
further illustrates the ?exibility and scalability of the echelle 
grating DWDM devices in accordance With the invention. 

[0151] FIG. 15 is a schematic representation of a preferred 
embodiment of a stacked input bulk optic echelle DWDM 
device 160. Input beam X1140 from input ?ber 142 is 
directed to the collimating/focusing optic 162 and a colli 
mated beam is then directed off the re?ective surface of the 
re?ective echelle grating 164. The diffracted channels X11, 
X12 then return through the collimating/focusing optic 162 
and are dispersed to the ?bers comprising the ?rst output 
roW 148 as illustrated by K11. The collimating/focusing optic 
has an optical axis 166 and the input ?ber 142 and the output 
roW 148 are equally spaced from the optical axis 166 of the 
collimating/focusing optic in the vertical direction. In a like 








