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ABSTRACT

High diffraction efficiency volume-holograms can still be the state of art to manipulate lightwave and have been
playing important roles in optical communication and networking arena. In this paper, we will analyze several pas-
sive substrate-mode wavelength-division-multiplexing/demultiplexing (WDM/WDDM) structures based on these
holograms. Holograms are analyzed with coupled wave theory as well as some close-form expressions, and com-
parisons are made among these demultiplexing structures. Normalized parameters are used to summarize the
procedure for optimal designs. The generalized parameters are applicable to any optical wavelength window. The
input and output coupling of optical signals by volume holograms exhibit asymmetric properties that can strongly
affect the performance of the device. Coupling of the demultiplexed signals into one-dimensional linear multi-mode
fiber array is analyzed and optimized for minimum power dissipation and loss balance. Based on the analysis and
with some trade-offs on several aspects of the performance, a passive 8-channel substrate-mode surface-normal in-
put/output demultiplexer (DMUX) working in the wavelength range of 768 ∼ 864nm is demonstrated. Simulations
are compared with experiments.

Keywords: Multiplexing, Normalized dispersion abilities, Tradeoffs of optimal designs, Volume holographic grat-
ings, Temperature sensitivity, Fiber optics and optical communications

1. INTRODUCTION

Among several competing yet possible coexisting technologies,1–5 e.g., time-division multiplexing (TDM), frequency-
division multiplexing (FDM), optical solitons, and optical code-division multiple access (CDMA), wavelength-
division multiplexing (WDM) has becoming the major candidate for the next generation telecommunication net-
work. Terabit per second transmission experiments has also been demonstrated with data networks with WDM.6

The concept of using wavelength division multiplexing (WDM) to increase the transmission capacity of a
telecommunication network appeared about two decades ago.7 However, the real push for deployment and com-
mercialization of WDM become a reality only recently. Breakthroughs such as openings of low-loss windows around
1.30µm and 1.55µm wavelengths of fibers, the mature of tunable solid state lasers, high speed detectors, Erbium-
doped fiber amplifiers (EDFA’s), and external modulators, make fibers the world-wide primary communications
media. The proliferation of the data networks, especially the Internet, results abrupt continuous demanding on
communication bandwidth and speed. Besides the capability efficiently exploiting the huge bandwidth of single
mode fibers, WDM is promising on constructing different levels of transparency to optical transmissions (e.g., in-
dependent of data bit-rate, modulation format, or protocol), allowing nice upgrading and backward compatibility
of the current network, which makes WDM the key to tomorrow’s developments on data, voice, imaging, and video
communications.8–11 In near future, passive optical networks (PON) and the corresponding passive devices must
be developed to meet the requirements that aiming at maximizing the market volume and minimizing the amor-
tized equipment costs. The challenges are put back to wavelength demultiplexing when the wavelength separation
among channels becoming smaller and the number of channel count increase. A wavelength separation about
0.8nm around 1.5µm wavelength, according to International Telecommunication Union (ITU) grid, representing
a channel spacing 100GHz, or smaller, and a number of channel count bigger than 16, is desired for telecommu-
nications. Communications under shorter distances like the local area networks (LAN’s) and metropolitan area
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networks (WAN’s) are more cost sensitive, thus, having different requirements. Bigger channel spacing and a
channel-number count of 4 ∼ 16 is expected.

Volume holographic multiplexers/demultiplexers (H-MUX’s/H-DMUX’s) have much simpler structure and
more cost-effectiveness over the other scenarios such as arrayed-waveguide gratings (AWG)12,13 and micro-optics
techniques.14 These passive grating-based MUX’s/DMUX’s for channel spacing from 2.0nm to 30nm were demon-
strated.15,16 The H-MUX/H-DMUX can guide, deflect, tap, broadcast, route, interchange, interconnect, multiplex
or demultiplex multi-wavelength optical signals.15–23 Recent study indicates that the grating based MUX/DMUX
with proper selection of device material and optimal structure can operate with no active temperature control,24

which is one of the key features leading a device to possible field deployment.

In this paper, we will compare several passive substrate-mode WDM/WDDM structures based on volume
holograms. Coupled wave theory as well as some close-form expressions are used to analyze the holograms. In
Section 3, the dispersion abilities of these grating-based demultiplexers are reviewed. Asymmetric properties
between the input and output coupling of optical signals by volume holograms are discussed. Optimal design
procedures applicable to all the three optical windows of fibers, namely, around 800nm, 1300nm,and 1550nm
wavelengths, are summarized with several normalized parameters. Design trade-offs are emphasized in Section 4.
In Section 4.3, a very simple model is used to quantify coupling the diffracted beams from free-space to linear
fiber array. The filtering characteristics such as insertion loss, passing bandwidth, and spectrum shape of the
DMUX’s is deducted from this model. Concise analytical expressions are derived to investigate the temperature
sensitivities in Section 5. Based on the analysis, a passive 8-channel substrate-mode surface-normal input/output
demultiplexer working in the wavelength range of 768 ∼ 864nm is demonstrated.

2. KEY PARAMETERS FOR A WAVELENGTH-DIVISION
MULTIPLEXER/DEMULTIPLEXER

There are some key parameters independent of the multiplexing/demultiplexing structure. An optimal design
must take the following constraints into account: (a) Nominal wavelengths or frequencies of each channel; (b)
Number of channels; (c) Channel separation, in wavelengths or frequency; (d) Passing bandwidth of each channel,
or channel capacity; (e) Insertion loss,or more precisely, the loss spectrum over the passing bandwidth of each
channel; (f) Isolation among channels, or the power level due to cross-talk; (g) For passive device, sensitivities due
to ambient temperature, pressure, humidity change, etc.; (h) Power damage threshold, or the maximum of optical
power sustainable from each channel. Other issues like the physical geometry, weight, input/output interfaces,
and cost more or less depending on applications also directly affects the choice of design spaces.

There are trends that WDM systems for telecommunication are following the ITU-T recommendation and use
a 100GHz frequency grid centered at 193.1THz optical frequency, aiming at a 10Gbs capacity per channel. This
puts a definite constraint on the choice of (a)-(d) even though devices with channel spacing less than 50GHz
were developed. Much wider channel spacing for shorter distance data communication may be a good compromise
for operational and economical reasons. For grating-based MUX’s/DMUX’s, these parameters by and large are
determined by the dispersion ability of the grating, constrained by physical size of the device. The loss spectrum of a
passive device is generally sufficient to characterize the requirements aforementioned as (d)-(f), when appropriate
out-coupling interfaces are taken into consideration, Ref. Sect. 4.3. For (g) and (h), it may involve material
selection or engineering through which the performance of the device is optimized, Ref. Sect. 5. In practice,
packaging issues should be considered along with the other criteria.

3. DISPERSION ABILITIES OF A PASSIVE HOLOGRAPHIC
MULTIPLEXER/DEMULTIPLEXER

The working principle of a holographic multiplexer is the same as that of a holographic demultiplexer. Besides,
the real challenges come from demultiplexing for a WDM system compared with multiplexing. Hence, only the
properties of demultiplexing structures will be addressed. The key function of these H-MUX/H-DMUX is the
dispersion of incoming lightwaves. Optical signals of different wavelengths are discriminated and redistributed in
the devices. In a much general sense, the central part of the H-DMUX consists of a piece of volume holographic
grating. Its spatial position in reference to the incoming and out-going signals is schematically illustrated in
Figure 1.
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Figure 1. Diffraction geometry of holographic gratings. The space is divided into three layers, namely, the
incident space (or superstrate), the grating layer, and the transmission layer (or substrate), denoted with +1, 0,
-1, respectivly. The phase matching condition, Eq. (1) is illustrated at the right side with the wave vectors and
the grating vector, KG ≡ K.

The dispersion can be treated very accurately as a diffraction process. In Figure 1, the media are divided into
three layers, namely, superstrate, grating, and substrate, which are labeled as +1, 0, and −1 region, respectively.25

Symbols of their electrical permittivity carry the same superscripts. The thickness of the grating is t. Collimated
quasi-plane optical waves are incident from an angle θi through the superstrate towards the grating layer. From
rigorous coupled wave theory (RCWT),25–28 the angular direction of the m− th order harmonics of the reflected
(superscript:+) or diffracted wave (superscript:-) is

θ(±)
o,m = arcsin

(
k0

√
ε(+)µ sin(θi) + mK

k0

√
ε(±)µ

)
, m = 0,±1,±2, ... (1)

where k0 = 2π/λ is the wave vector in vacuum;K = 2π/Λx , and Λx is the lateral period of the grating. For
dielectric media,their permeability µ can be regarded as that of vacuum, and

√
ε(±)µ = n(±)(λ) is the refractive

index of the material. By differentiating Eq.(1) and eliminating mK, m 6= 0, we find the quantity D
(±)
t (λ) ≡

λ
dθ(±)

o,m

dλ
, as the normalized total dispersion ability (NTDA) of the grating, can be expressed by

D
(±)
t (λ) = tan(θ(±)

o,m) · [D(+)
M (λ) − D

(±)
M (λ)] + D

(±)
G (λ) · (1 − D

(+)
M (λ)), (2)

in which we have used the short-hand notations n
(±)
r (λ) ≡ n(+)(λ)

n(±)(λ)
for the relative refractive indices, D

(±)
M (λ) and

D
(±)
G (λ) to represent the normalized material dispersion ability (NMDA) and the normalized geometrical dispersion

ability (NGDA), respectively, each of which is defined as

D
(±)
M (λ) ≡ λ

n(±)(λ)
· dn(±)(λ)

dλ
, (3)

and

D
(±)
G (λ) ≡ sin(θ(±1)

o,m ) − n
(±)
r (λ) sin(θi)

cos(θ(±)
o,m)

. (4)



When the superstrate and the substrate is made of the same material, Eq.(2) becomes

D
(±)
t (λ) = D

(±)
G (λ) · (1 − D

(+)
M (λ)). (5)

Eq.(4) has been used as the NTDA for WDM/WDDM applications in many literatures,15–18,29 which in-
troduces an error around −D

(+)
M (λ) that is important for dense wavelength-division-multiplexing/demultiplexing

(D-WDM/D-WDDM) applications. For most of the optical media, the NMDA is a slow varying function of wave-
length and is usually very small. For example, the NMDAs of BK7 glass and synthetic fused silica (SiO2) plotted
in Figure 2 are around −0.006 ∼ −0.02 in the wavelength range of 0.5µm ≤ λ ≤ 2.3µm. Therefore, even for the
wide wavelength-division-multiplexing/demultiplexing (W-WDM/W-WDDM) having been proposed, variations of
the wavelengths are no more than 100nm, the dispersion correction coming from the material dispersions as in
Eq.(2) could be regarded as constants,i.e.,

D
(±)
M (λ) ≈ D

(±)
M (λc)

where λc is the central wavelength of the device. Hence, the major contribution to the dispersion abilities comes
from the grating structural dispersion that is two orders of magnitude bigger than that of most of the material
dispersion.
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Figure 2. Normalized material dispersion abilities of BK7 glass and synthetic fused silica.

A passive H-MUX/H-DMUX must have a big enough yet proper value of the NTDA to separate incoming
multi-wavelength signal, and route the signals to different physical out-going points,which is addressed below.

4. POWER LOSSES IN A HOLOGRAPHIC WAVELENGTH-DIVISION
MULTIPLEXER/DEMULTIPLEXER

The filtering characteristics of a passive multiplexer/demultiplexer, i.e., the insertion loss vs wavelengths, provide
almost complete information of the device. The temperature sensitivity of a passive H-MUX/H-DMUX can also
be obtained with its loss spectra at static temperatures, Ref. Sect. 5. The insertion loss comes from two major
sources,namely, the holographic grating and the out-coupling interfaces that usually involves fibers. The grating
also governs the total passing band of the device, while its diffraction efficiencies for the multi-wavelength optical
signals and the out-coupling loss to fibers dominate in the total loss of the device. A wide passing band of the
hologram is necessary for a flat distribution of insertion losses among all the WDM/WDDM channels.

Dispersed by the grating, optical signals of different wavelengths will be routed to individual output ports
– usually optical fibers – in a typical H-DMUX. A simple way to accomplish this discrimination of different



wavelengths involves focusing the diffracted beams to a linearly spaced fibers permanently fixed in V-grooves, as
shown in Figure 3. The horizontal positioning accuracy of the fibers in these commercially available arrays can
be down to less than ±1.0µm. One of the advantages of such an arrangement is that one eliminates necessary
multiple alignments for individual fiber by simultaneously coupling all the channels out, hence improves the
throughput. However, this imposes additional constraints on the MUX/DMUX structures, e.g., trade-offs between
good linearities of the out-coupling and high dispersion abilities, compromises among the dispersion abilities and
the bandwidths of the hologram, and contentions between insertion loss and polarization dependence,Ref. Sect.
4.2.
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Figure 3. Coupling focused beams from free space to V-grooved linear fiber array. The fibers are centered at
(xl, yl) while the beams are focused at (x′

k, y′
k), k, l = 1, 2, 3, ..., Nc.

4.1. The total bandwidth of a H-MUX/H-DMUX

For an Nc-channel WDM/WDDM system, its working wavelength usually locate on a grid.30,31 For simplicity,
we symbolically write the wavelengths as

λl = λc + (l − Nc + 1
2

) · λs, l = 1, 2, 3, ..., Nc (6)

where λs has been used to denote the wavelength spacing of adjacent channels. With holographic MUX/DMUX,
λs varying from 2.0nm to 30nm has been experimentally demonstrated,16,32 which, to our knowledge,is the most
flexible DMUX structure. The bandwidth of the hologram that determines the passing band of the H-MUX/H-
DMUX should be (Nc − 1)λs at least.

The passing band of the hologram can be found from the diffraction efficiencies of the hologram by using
rigorous-coupled wave theories(RCWT)25–28 or the coupled-mode theory (CMT).36–38 However, there is a much
simpler yet accurate formula that has been widely adopted to approximate the bandwidth derived by Ludman.39

Following Ref.,39 we find the single side bandwidth (SSBW), ∆λ/λc, around the central wavelength λc is solely
determined by the diffracting geometry and the thickness of the grating so that

∆λ

λc
=

Λx

t
· cos(θ(±)′

o,−1) cos φ

sin(δθ)
, (7)

where φ is the slant angle of the grating fringes, δθ = (θ′i − θ
(±)′
o,−1)/2, and θ

(±)′
o,−1 are corresponding diffraction angle

inside the hologram. One can infer from the expressions of the NTDA in Eq.(5) and this SSBW that there must be
a compromise between the dispersion ability and the bandwidth.16,33,39 Another useful quantity may be formed
to reveal this fact by multiplying the NTDA from Eq.(5) and the SSBW from Eq.(7),

D
(±)
t (λ) · ∆λ

λc
= [1 − D

(±)
M (λ)] · λ

t
· cos φ

sin(δθ)
. (8)



In Eq. (8), we have assumed the media in both the superstrate and the substrate region have the same refractive
indices as the hologram. To get a high value dispersion ability, the absolute value of δθ as well as φ must be much
larger than 0,which in turn decreases the bandwidth, and vice versa. However, one may decrease the thickness of
the grating in a certain range to increase the bandwidth while not affecting the dispersion ability.

4.2. Diffraction efficiencies of the hologram

The diffraction efficiency of the hologram can be precisely predicted by using rigorous-coupled wave theories
(RCWT).25–28 For high diffraction efficiency holograms, it is also feasible to use the simpler yet accurate the
coupled-mode theory (CMT).36–38 If the index-modulation inside the hologram is small enough that

n(−→x ) =
[
ε0 + ε1 cos(−→Kg · −→x )

] 1
2 ≈ n0 + n1 cos(−→Kg · −→x ), (9)

the de-phasing strength for the first order diffracted wave is ϑ = Kg[cos(φ− θ′i)− λKg

4πn0
], Kg ≡ 2π/Λ = K cos(φ),

θ′i is the incident direction inside the hologram. If ϑ is small and the so-called Q-factor greater than 10,i.e.,

Q =
2πλct

n0Λ2
> 10, (10)

the diffraction occurs in the Bragg regime.29,37 Hence, the analytical expressions for the diffraction efficiency
from CMT are as accurate as the numerical results from RCWT. For example, the diffraction efficiencies for s−
and p−polarized waves of lossless transmission holograms given by CMT are29,37

ηJ =
sin2(

√
ν2
J + ζ2)

1 + (ζ/νJ )2
, ζ = ϑ · 1

2CS
, J = s, p; (11)

where the normalized parameters

νs =
πn1t

λ
√

CRCS

, νp = νs cos[2(θ′i − φ)]; (12)

while CR and CS are two inclination factors that are defined as

CR = cos(θ′i), CS = cos(θ′i) −
Kg

k0
cos(φ). (13)

The cos[2(θ′i − φ)] factor in Eqs.(12) indicates that there always is a phase delay between the s− and p−
polarized waves reaching the maxima of their diffraction efficiencies. This effect was employed in some polarization-
division multiplexing experiments that demands almost all polarization-sensitive or maintaining components in
the network.18,21 To make a polarization-independent H-MUX /H-DMUX, as in the most practical environments
with fiber transmission, one has to sacrifice some portion of the incident energy if only using one piece of hologram,
as the cross points in Figure 4 obtained from a typical RCWT simulation.

4.3. Coupling losses from free-space to fibers

The efficiency of coupling focused beams to fibers is another important factor affecting not only the insertion loss
but also the crosstalk among channels of the H-DMUX. In general, the numerical aperture (NA) of the beam
should be no bigger than that of the multimode fiber which is about 0.2. Besides, the quality of the diffracted
beams plays one important role due to the phase sensitive nature of the volume hologram. Diffraction limited
beams are highly desired. For simplicity, we use the “energy-in-bucket (EIB)” model to characterize the coupling
from free space to fibers.

The EIB model is very straightforward. Suppose the transmission function of the fiber centering at (xl, yl) is
WF,l(x, y), and the intensity distribution of the focused beam on the fiber facet is Ik(x, y), then the normalized
energy in the fiber (as a “bucket” collecting light) is
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Figure 4. Diffraction efficeincies vs the normalized grating thickness Tn = tδn/λc for different polarized in-
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Ek,l =

∫ ∫ +∞
−∞ WF,l(x, y)Ik(x, y)dxdy∫ ∫ +∞

−∞ Ik(x, y)dxdy
, k, l = 1, 2, 3, ...Nc. (14)

This model is so simple that it neglects the difference on angular launching condition. A 3-D plotting of the EIB
values for different coupling conditions of the normalized beam width, σ/Rf , and the normalized misalignment
distance, xdev/Rf , as Rf is the fiber radius, is presented in Figure 5. Similarly, the crosstalk from channel k to
channel l can be defined as

Rk,l = −10 log10(
Ek,l

El,l
), (15)

which is a ratio in dB unit. The parameters Ek,l are simple but sufficient to reveal the issues of interests. Figure
5 can also be used to look up the crosstalk and bandwidth of individual channel. Two sets of universal curves
for the maximum coupling efficiency and the normalized bandwidth BWn ≡ BW · s0

λsRf
= ∆λ

λs
· s0

Rf
, and the

crosstalk between two neighbor fibers are shown in Figure 6 and Figure 7, respectively.

Figure 6 clearly indicates the importance of controlling the size of out-coupling beams. Volume holographic
gratings are phase-sensitive elements in nature. Any distortion, such as the aberration from the focusing system,
inhomogeneous material distribution inside the grating, dust, etc., along the propagation of the incident beam
degrades the wave-front and the beam quality.34 However, holographic or the other types of gratings with surface
quality of sub-wavelength flatness across several inches are commercially available.35

A good MUX/DMUX certainly needs to balance the loss spectra of all the working channels. For a passive
structure, this is essentially determined by the aforementioned parameters, namely, the dispersion abilities, the
linearity of out-coupling,31 the bandwidth, and coupling losses, etc. Trade-offs have to be made among these key
parameters for an optimal design, which is also reflected in the temperature sensitivity of the device.

5. TEMPERATURE SENSITIVITY OF A H-MUX/H-DMUX

Only static temperature sensitivity is considered in current work,i.e.,there is no temperature gradient across the
device. We use two parameters to characterize the temperature sensitivity, namely, the central wavelength shift
(CWS) of each individual channel, ∆λc,l,l = 1, 2, 3, ...Nc, and the insertion loss variation (ILV) as long as the



−2

0

20.5
1

1.5
2

0

0.5

1

x
dev

/R
f

Beam size: σ/R
f

Fractional Energy in Fiber Core

F
ra

ct
io

n
a

l E

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure 5. Energy-in-the-bucket model of coupling light from free space to fibers. The z-axis is the fractional
energy in the fiber core while the size of the focused beam is 2σ, the misalignment between the focus center to the
fiber center is xdev, and the fiber radius is Rf .

0 0.5 1 1.5 2
0.2

0.4

0.6

0.8

1

1.2

Beam size: σ/R
f

M
a

xi
m

u
m

 c
o

u
p

ln
g

Fractional E

0 0.5 1 1.5 2
1

1.5

2

2.5

3

3.5

4

Beam size: σ/R
f

N
or

m
al

iz
ed

 B
an

dw
id

th
[B

W
*s 0/(

R
f*λ

s)]

 

BW(1dB)
BW(2dB)
BW(3dB)

Figure 6. The maximum coupling efficiency and the passing bandwidth of a single channel extracted from the
“energy-in-the-bucket (EIB)” model when coupling light from free space to fibers.“BW(1dB)”, “BW(2dB)”, and
“BW(3dB)” denotes the 1dB, 2dB and 3dB passing bandwidth, respectively, when s0/Rf = 4.0.The size of the
focused beam is 2σ. Misalignments between the focus center and the fiber center are neglected, xdev = 0, and the
radius of the fiber is Rf .

working temperature changing. The central wavelength shift is used to indicate the channel stability, as the
insertion loss variation is a good benchmark of signal strength. For field deployment, both CWS’ and ILV’s should
be as small as possible across the working temperature range.

5.1. Central wavelength shift of individual channels

For fixed incident and out-going angles, the wavelength shift of each individual channel can be found from the
geometry of the DMUX and the grating equation,e.g., Eq.(1). For simplicity, we only consider the diffraction angle
from the grating when working temperature changes. The normalized central wavelength shifting rate (NCWSR)
for each channel is
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Γl(T ) ≡ 1
λc,l

· ∂λc,l

∂T
= βT + (1 − τ)γ(+) + τ · γ(±),

l = 1, 2, 3, ..Nc, m 6= 0;
(16)

in which βT is the linear thermal expansion coefficient of the grating material,

βT =
1

Λx

∂Λx

∂T
; (17)

γ(+) and γ(−) are thermal coefficients of the index of refraction of the superstrate and the substrate of the grating,
respectively,

γ(±) =
1

n(±)

∂n(±)

∂T
; (18)

In Eq. (16), τ is a fractional number as that may be negative

τ =
sin(θ(±)

o,m)

sin(θ(±)
o,m)−n

r
(±) sin (θi)

. (19)

We can infer from Eq.(16) that the central wavelength shift of the grating-based MUX/DMUX is by and large
determined by the thermal properties of the grating materials that are independent of wavelength separations
among channels. One can choose materials for the grating and its surrounding media to minimize the NCWSR.

For most of optical materials, either βT or γ(±) are very small. For example, βT = 5.5 × 10−7/oC, γ(±) =
5 × 10−6/oC for quartz glass (SiO2). Therefore, the typical value of a CWS working in the air (γ(±) ≈ −8.9 ×
10−7/oC at 25oC) is about −3.4 × 10−7λc(TH − TL) across the temperature range from TL to TH . Hence, for
λc = 850nm, 1300nm, and 1555nm, TL = −25oC, TH = 75oC, the corresponding ∆λc,l = λcΓl(T )(TH − TL) is
about 2.9 × 10−2nm,4.5 × 10−2nm,and 5.3 × 10−2nm, respectively. These values are very encouraging for both
wide- and dense-WDM/WDDM applications.



5.2. Diffraction efficiency variations

The diffraction efficiency of the volume hologram changes with the temperature. Starting with Eqs.(11) - (13)
and after a lengthy but straightforward derivation, one can easily obtain the following expression for the efficiency
variation

1
ηJ

∂ηJ
∂T

=
2 cos(νJ )
sin(νJ )

· νJ ·[γg + βT · (1 − Kg cos(φ)
2k0 · CS

)], J = s, p; (20)

which is valid for Bragg holograms as is the case of interest. As in Eqs.(16), γg = 1
ng

∂ng

∂T
is the thermal coefficient

of the index of refraction of the grating layer. Taken the SiO2 as an example, the typical value of the variation
for TL = −25oC and TH = 75oC is about 10−4, which is far too small to be of interest in practice. This is also a
good indication that there is no bandwidth variation of significance.

5.3. Insertion loss variations

For constant incident wavelengths, which is the case for each channel of a DMUX, the insertion losses mainly
depend on the angular deviations of the diffracted beams, as described in Section 4.3. From Eqs.(1) and Eqs.(4),
one easily finds

∂θ(±)
o,m

∂T
= −Γl(T ) · D(±)

G (λ), (21)

which states that the angular shift of the out-coupling signal is proportional to both the NGDA and the NCWSR.
For an effective focal length f of the coupling lens or lens system in the DMUX, the relative spatial shifts on the
fiber array facets are

δs

Rf
≈ f

Rf
· ∂θ(±)

o,m

∂T
· (TH−TL), (22)

while the consequent values of ILVs can be obtained from Eqs.(14) and (15) or looked up from Figure 5.

The physical meanings of Eq.(22) is evident. One can rearrange it as

δs

Rf
≈ −f ·D(±)

G (λ) · λs

λcRf
· (λc · Γl(T ) · (TH−TL))

λs
= − s0

Rf
· ∆λ

λs
(23)

by using Eqs.(6), (21) and some quantities defined in Section 4.3. s0 ≈ f ·D(±)
G (λ)·λs/λc, ∆λ = λc ·Γl(T )·(TH−TL)

is nothing but the central wavelength shift of the channel. It’s worth to point out that the leading factor s0
Rf

in

Eq. (22) clearly states that the bigger the fiber core Rf relative to the fiber spacing s0, the better the temperature
stability of the device for the same central wavelength shift. For example, the temperature stability of a 250µm-
spaced multi-mode fiber array with a 2Rf = 62.5µm is equivalent to a 40µm−spaced single-mode fiber array,
given the core size of the fiber is 10µm. Through these numbers, one can have a sense why it is more difficult
to maintain the same temperature stability of a single mode WDDM device with ordinary commercially available
fiber arrays that usually have a fiber-to-fiber spacing more than one hundred micrometers.

Eqs.(21) and (23) state that the bigger the dispersion ability, the harder to control the temperature sensitivity
of the device. The constraint shows up again, we have to make the trade-off. In other words, a bigger absolute
value of the dispersion ability D

(±)
G (λ) means a smaller Γl(T ), thus, β′s and γ′s, Ref. Eqs. (16)-(19). However, it

is possible to make a passive grating-based H-MUX/H-DMUX working in the aforementioned temperature range
with much smaller CWS and ILV through appropriate material selection.



5.4. Experiments on a 4-channel holographic wavelength division demultiplexer

A packaged 4-channel H-DMUX (as illustrated in Figure 8) was tested for the temperature sensitivity.24 The
nominal channels of the device are 750nm, 780nm, 810nm, and 840nm in wavelength. The hologram is made out
of the DuPont holographic film HRF600-X001-20.40–42 The 20µm−thick film was laminated onto a flat 1mm-thick
BK7 glass substrate, in which holograms were formed. The dispersion geometry is θi = 0 , θo,m ≈ 0.63rad.(36
degrees) in air, Dg(λ) ≈ −0.73, and the focal length of the coupling lens f = 10.0mm. This geometry have a
polarization dependent factor cos[2(θ′i − φ)] ≈ 0.94 and could result in 4% variations at most between s− and
p−waves. The Q-factor of the hologram obtained from Eq. (10) is about 16. Both the input and output interfaces
are 62.5µm-core sized GRIN fibers with ST connectors. All the components are permanently fixed on an aluminum
substrate.

Mirror Lens Fiber

array

Collimator

Hologram

Figure 8. Schematic layout of the fully packaged 4-channel wavelength division demultiplexer working at
wavlengths of 750nm, 780nm, 810nm, and 840nm. Both the input fiber and the output fibers are multimode
having a core size of 62.5µm.

The analysis of the thermal sensitivity is greatly simplified due to the parallel arrangement of the input and
output optical axes. The net movements is equivalent to the angular displacement of the diffracted beams and
independent of the thermal properties of the substrate. Therefore, the output angular variation is ∆θl = 2 ·∆θ

(±)
o,m,

where the factor 2 is introduced by the mirror. The NCWSR should be that of the hologram substrate,Γl(T ) ≈
βT (BK7) + γ(air), for the thermal movements of hologram are constrained by the BK7 glass. By adopting
βT (BK7) = 7.1 × 10−6/oC(−30oC ∼ 70oC)43 into Eqs. (16) and (21), we can estimate the maximum deviations
of the output beams ∆θl

∆θl = −2·Γl(T ) · D(±)
G (λ)(TH − TL) ≈ 5.4 × 10−4rad. (24)

for the corresponding experiments, TH = 80oC and TL = 20oC. Equivalently, δs/Rf=∆θl · f/Rf = 0.17 which
seems a little bit far away from the fiber centers.

The wavelengths and output powers of the laser are measured with an Ando 6312B Optical Spectrum Analyzer
at a wavelength resolution of 0.1nm. The temperature of the device is electronically controlled from 25oC to
75oC with an accuracy of ±1oC∗. The test is carried out ten times at each stabilized wavelength and pre-set
temperatures at a 5oC step so that the fluctuations of the laser can be averaged out.

From the loss spectrum data, we extract the central wavelength shifts (CWS) and the insertion loss variations
(ILV) for three channels, namely, the output at wavelengths of 780nm, 810nm, and 840nm by using data processing
techniques,as shown in Figure 9. The values of the ILV’s and those of CWS’ are too small to be directly measured
with our laboratory instruments. The maximum center wavelength shift rate is about 8.7 × 10−4nm/oC.

∗Data were collected from 20oC to 80oC for some channels.
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Figure 9. Central wavelngth shifts (CWS’) and the insertin loss variation (ILV) vs the working temperature of the
fully packaged WDDM when working temperature changes. The temperature of device is electronially controlled
with an accuracy of ±1oC.

6. COMPARISON OF THREE TYPES OF H-MUX’S/H-DMUX’S

In this section, we briefly make comparisons on three substrate-mode H-MUX’s/H-DMUX’s, as listed in Figures
10-12. Demultiplexers for one-way communications may have heterogeneous or homogeneous interfaces for input
and outputs (I/O’s). Heterogeneous interfaces like the ones using a smaller core-size ratio for input fiber than the
outputs are demonstrated.7 This buys one a very small insertion loss (1.0 ∼ 1.5dB) and a wide passing band for
each channel, which could be explained by the Figures 5 and 6 in Section 4.3. However, MUX’s/DMUX’s with
homogeneous interfaces have much wider applications in the current network. The input and output fibers as the
demultiplexing interfaces are assumed the same in the following discussions.

6.1. Three types of substrate-mode holographic demultiplexing

Many substrate-mode structures using holograms have been proposed and tested for optical interconnects, some
are also suitable for WDM/WDDM. We only examine the following three types.

The first type, shown in Figures 10, includes two identical holograms on top of the substrate. The first
hologram disperses the incident multi-wavelength beam collimated by a GRIN or focusing lens. Beams of different
wavelengths are deflected inside the substrate via total internal reflection (TIR) and spatially separated after
several times of reflection. The second hologram exactly compensates the dispersion due to the first one. Thus, all
the beams come out at the same direction as the incident beam, normally perpendicular to the substrate surface.

The spatial separation of the beams relative to the position of the central wavelength is

δxl =
δλ

λc
· D(±)

G (λc) · [2NR · H · tan(θo,m)] > 2Rbeam, (25)

where NR is the number of TIR the beam experiences, θo,l is the diffraction angle of the λl-wavelength beam, and
Rbeam is the beam size of the diffracted beam at the second hologram. The dispersion ability is largely constrained
by the high refraction-index substrate, which is also the bottle-neck for scale-down of the physical size. However,
the dispersion-compensating structure has the potential for high-speed transmission per channel. In addition, one
may use micro-lens array instead of the discrete GRIN lenses at the out-coupling end. Both substrate surfaces are
required to be of high quality flatness and in parallel. Alignment or packaging are not very stringent if one have
the right holograms.

The second type, shown in Figures 11, uses only one transmission hologram on one surface of the substrate.
The major advantage of this structure is the beveled geometry provides a high refractive index media, thus, a
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Figure 10. Substrate-mode H-DMUX Type I: Two identical holograms are used on the top surface of the
high quality flatness guiding plate. The second one exactly compensates the dispersion of the first one.Thus, all
diffracted beams will come out at incident direction.

GRIN or collimator

Coupling lens

Grating surface normal

Fiber array

Bevel mirror
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Figure 11. Substrate-mode H-DMUX Type II: A beveled substrate provides a high-index media from which the
incident beam may be lauched at any angle. Geometry of high dispersion abilities are easily attainable.

big dispersion ability. According to Eqs. (2)-(4), the bigger the difference between the incident angle and the
diffraction angle, the higher refractive index of the incident space, the bigger the magnitude of the dispersion
abilities will be. It is independent of how many times of TIR the beam experienced. However, this structure
involves three high-quality surfaces. Angular alignment of the discrete elements is critical.

The last one, shown in Figures 12,is similar to the second type. By adopting the high-index substrate and the
bevel structure, we still have the major advantage of providing the high dispersion ability. However, the surface-
normal out-coupling geometry not only simplifies the alignment but also exhibits the best linearity of out-coupling
among all possible single-hologram DMUX’s.31 Only two high-quality surfaces instead of three (in the Type II
H-DMUX) are involved if no TIR occurs.

The last two types exactly take advantage of the asymmetric property of θi and θ
(±)
o,m in Eq. (4). The

performance of the device can be strongly altered by this asymmetry.

6.2. A surface normal I/O 8-channel type-III H-DMUX

As an example, we provide some preliminary experiment results on a type-III wide-band H-DMUX prototype for
data communication. There are one input and eight output channels, both interfaces are 50µm-core size GRIN
multimode fibers. The minimum distance between two output fibers located in the V-groove is 250µm. The center
wavelength is set at λc = 812nm, the channel spacing is λs = 8nm, and a substrate of bevel angle θB = 31.250

is used to provide necessary dispersion geometry, as illustrated in Figure 12. Eight nominal center wavelengths
can be chosen in the range of 768 ∼ 864nm.
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Figure 12. Substrate-mode H-DMUX Type III: Similar to the Type II. Only two high-quality surface are involed
while attaining the advantage of the Type II H-DMUX on achieving high dispersion abilities.
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Figure 13. Measured total dispersion of the proposed Type III substrate-mode H-DMUX (“Experiment”), the
theoretical prediction by using Eq.(4) (“dθ/dλ” ), the least-square linear fitted curve (“Linear Fit”), and the
correct theoretical curve (overlapping with “Analy. Map”) are plotted together for comparisons.

The grating is made out of the 20µm-thick DuPont holographic film HRF600-X001-20.40–42 The choice of this
material is mainly due to its easiness of the dry processing, high resolution, high sensitivity, long shelf life, and
low cost,40–42 which features almost real-time proto-typing. The theoretical value of its diffraction efficiencies are
plotted in Figure 4. A caution one must follow is the shrinkage effect due to the polymerization process in this
film.44 To precisely get the surface-normal out-coupling, pre-correction can be made to compensate the reduction
of the film.44–46

The dispersion ability of the proposed structure is verified. The angular separation of multi-wavelength signals
from experiments are plotted in Figure 13. The slope of the measured curve is apparently bigger than the
predicted one by using Eq.(4), denoted as “Experiment” and “dθ/dλ”, respectively. The measured data are
correlated as close as 99.94% with the least-square linear fitted one, marked as “Linear Fit” in the figure. Taking
DM (λc) = −0.01 for the BK7 substrate, the mean-square-error (MSE) between the experiment curve (labeled
“Analy. Map”) and the one predicted via Eq. (2) (not shown in the figure) is only 0.4%! This is the best geometry
for linear out-coupling.31 The packaged device is shown in Figure 14.

7. DISCUSSIONS AND SUMMARIES

We derived a set of concise formula to characterize the substrate-mode holographic wavelength-division multiplexers
and demultiplexers. Holograms are analyzed with coupled wave theory as well as some close-form expressions, and



Figure 14. The packged 8-channel H-DMUX. Both the input and the outputs interface with 50µm-core sized
GRIN multimode fibers. The minimum distance among the array of output fibers in the V-groove is 250µm. The
hologram sits on the side surfface of the beveled substrate, featuring the best linear out-coupling geometry.

comparisons are made among these demultiplexing structures. Normalized parameters are used to summarize the
procedure for optimal designs. The generalized parameters are applicable to the three optical windows around
800nm, 1300nm, and 1500nm wavelength.

Coupling of the demultiplexed signals into one-dimensional linear multi-mode fiber array is analyzed with the
“energy-in-bucket” model. Several universal curves, like the maximum coupling relative to the beam size, mis-
alignment, passing bandwidth, are extracted for either homogeneous or heterogeneous I/O interfaces, which can
be used to minimize power dissipation and maximize loss balance among all the channels.

A set of concise formula and several normalized parameters are presented to characterize the temperature
sensitivity of H-MUX’s/H-DMUX’s. The parameters are used to distinguish the total dispersion abilities, geo-
metrical dispersion abilities, and material dispersion abilities. Experiments on a packaged 4-channel H-DMUX
indicate a maximum center wavelength shift rate around 8.7×10−4nm/oC in the temperature range 20oC ∼ 80oC.
The corresponding thermal sensitivity parameters for single-mode system is also derived (ref. Section 5.3). With
appropriate material selection, passive H-MUX’s/H-DMUX’s have sufficiently low temperature sensitivity that is
highly desirable for a device on field deployment.

Packaging issues are mentioned in the context of I/O interfaces and comparisons of the three types of substrate
H-MUX’s/H-DMUX’s. Homogeneous interfaces are preferred for most of applications in the current network. A
passive 8-channel substrate-mode surface-normal I/O demultiplexer working in the wavelength range of 768 ∼
864nm is demonstrated. Experiments deviate from the theoretical prediction by only a MSE value of 0.4%. The
use of multimode fiber array not only greatly eases the alignment of the optics. Recent development on multimode
fibers has boosted the transmission speed to 10Gbps over 600m with 850nm VCSELs,47 while the Institute
of Electrical and Electronics Engineers (IEEE) has been dedicated to develop Gigabit Ethenet and 10 Gigabit
Ethernet. Therefore, the widely deployed multimode technologies will continue to evolve and play very important
roles in data communications.

Most of the formula are applicable to both holographic wide- and dense-WDM/WDDM devices, regardless the
output coupling ports are multimode or single-mode fibers. This work can be extended to Bragg-grating-based
structures without difficulty.
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