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Abstract—We have developed a Fresnel diffraction analysis that
provides an analytic expression for the passband response of vir-
tually imaged phased-array (VIPA) demultiplexers. Our analysis
shows that although the passband can be inherently symmetric, a
strong asymmetry can develop when the output plane is detuned
longitudinally. The symmetric passband has the minimum 3 dB
transmission bandwidth. We also identify a spatial chirp effect that
arises when the passband becomes asymmetric. Our theoretical
predictions are confirmed via experiment. The experimental re-
sults include a demonstration of a hyperfine wavelength demulti-
plexing response with 10 pm (1.25 GHz) 3 dB transmission band-
width.

Index Terms—Optical devices, spectral dispersers, wavelength
demultiplexers.

I. INTRODUCTION

T ECHNOLOGY for separating and combining wave-
lengths is fundamental to wavelength-division multi-

plexing (WDM). Multiplexing-demultiplexing devices with
substantially finer spectral resolution could lead to new op-
portunities for networks with finer wavelength granularity and
larger channel counts, as well as new possibilities for optical
signal processing. The arrayed waveguide grating (AWG) is a
highly developed technology, but currently the 3-dB bandwidth
is limited to 4 GHz in 10-GHz channel spacing [1]. Technology
based on a modified, side-entrance Fabry–Pérot etalon termed
a virtually imaged phased-array (VIPA) [2]–[7] shows strong
potential for hyperfine WDM multiplexing-demultiplexing.
Such hyperfine WDM technology has been used to separate
spectral lines from a 12.4-GHz mode-locked laser for applica-
tions in photonic arbitrary waveform generation [8] and from
a 10-GHz mode-locked laser in order to demonstrate laser
repetition rate multiplication [9]. VIPAs have also been used in
a Fourier transform pulse shaper geometry [10] to implement
novel dispersion compensation systems based on optical signal
processing [4], [5]. Recently, we used a direct space-to-time
pulse shaper [11] based on the VIPA to demonstrate radio
frequency arbitrary waveform generation ( ns time aperture)
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[12]. Here, for the first time to our knowledge, we report de-
multiplexing spectra from a VIPA with dB linewidth below
10 pm (1.25 GHz) [13].

Although previous work has demonstrated the potential for
high spectral resolution, several publications exhibit clearly
asymmetric VIPA passband shapes [2], [14]. In this paper, we
have developed a Fresnel diffraction analysis for the passband
shape of the VIPA wavelength demultiplexers, which shows
that symmetric passbands are possible and identifies the origin
of passband asymmetries that are observed. Our theory is
validated through experiments. Similar diffraction analyses
have been performed for chirped AWG [15], [16]. However,
these studies focused on synthesis and broadening of passband
shapes, whereas our paper is aimed at implementing filter
passbands from the VIPA that are symmetric and as narrow as
possible. A Fresnel diffraction analysis has also been reported
for the case of grating wavelength demultiplexer with a spa-
tially patterned input beam [11]; however, the emphasis is on
the time domain behavior in response to a short pulse input.

The VIPA is a multiple beam interference device that is re-
lated to the Lummer-Gehrcke plate and other multiple beam
interference devices [17], [18]. The VIPA can be viewed as a
modified Fabry–Pérot etalon, and consists of two surfaces. The
front (input) surface is coated with an almost 100% reflectivity
film except in a window area, which is uncoated or antireflection
(AR) coated; the back surface is coated with a partially trans-
mitting film (reflectivity typically %). If the etalon cavity
is filled with air, it is called an air-spaced VIPA; otherwise if
it is filled with some glass of refractive index , it is called
a solid VIPA. Light is input into the device by using a cylin-
drical lens to focus a collimated laser source through the window
area. Due to the high reflectivity of both surfaces of the VIPA
etalon, the laser beam experiences multiple reflections back and
forth, and the multiple reflections result in multiple diverging
output beams. These output beams interfere with each other to
form collimated beams with different output angles according
to wavelength. The name VIPA comes from the device oper-
ating as if there were multiple virtual sources interfering with
each other as in a phased array. As in any phased array, the
direction of the output beam depends on the phase difference
between the array elements (virtual sources). Since this phase
difference is frequency dependent, the direction of the output
beam also varies with frequency; i.e., the VIPA functions as a
spectral disperser (Fig. 1). The VIPA demonstrates several po-
tential advantages over common diffraction gratings: large an-
gular dispersion, low polarization sensitivity, simple structure,
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Fig. 1. The VIPA spectral disperser.

potentially low cost, and compactness. For the VIPA spectral
disperser, it is important to have a dispersion law to express the
angular dispersion quantitatively. Recently, a dispersion law for
the VIPA based on plane wave analysis was published by Vega
[14]; an improved dispersion law based on paraxial wave anal-
ysis has been formulated by Xiao [19]. Here, we present the
first paraxial wave theory of the VIPA demultiplexing passband
response. Our analysis demonstrates that the symmetry of the
passband shape depends on the longitudinal position of the re-
ceiver plane [20], which we find to be in good agreement with
experimental results. Understanding the passband response al-
lows us to obtain the narrowest linewidth reported to date as
well as the first published demonstration of symmetric VIPA
passbands.

It is worth comparing briefly with grating demultiplexors,
which are commonly observed to exhibit symmetric passbands.
For grating demultiplexors, detuning the longitudinal position
of the receiver plane leads to broadening, but the passband re-
mains symmetric. It turns out that this is related to the symmetric
Gaussian input spatial profile usually found at the grating, as
can be ascertained by examining the expressions in [11]. On the
other hand, the field directly after a VIPA has a modulated and
strongly asymmetric character and a nontrivial spatial phase. An
important new result of our work is that the complicated spa-
tial profile immediately after the VIPA does not by itself pre-
clude the possibility of a symmetric passband. However, lon-
gitudinal detuning of the receiver plane in conjunction with the
asymmetric spatial profile leads both to broadening and to asym-
metry.

The remainder of this paper is structured as follows. Section II
contains our general theoretical derivation for the demultiplexer
passband shape. Section III discusses the linewidth under condi-
tions where it is symmetric. Section IV discusses a spatial chirp
effect that arises under conditions where the passband shape be-
comes asymmetric. Additional discussion is presented in Sec-
tion V, and we conclude in Section VI.

II. THEORETICAL DERIVATION

The geometry used for our analysis is shown in Fig. 2. An air-
spaced VIPA is assumed. The input is assumed to be a Gaussian
beam. We consider the multiple reflected spots within the VIPA
as arising from a series of virtual sources, each of which has
an identical spatial profile, but with different intensities and dif-
ferent transverse and longitudinal source positions. We assumed
that the incident beam is focused to a waist with radius on the
back surface of the VIPA, which we further assumed to be lo-
cated exactly at the front focal plane of the focusing lens of focal
length F. According to the geometrical relations in Fig. 2, the nth
source has a longitudinal (optical axis z) distance to the thin lens

given by , where corresponds to the
incident beam. We also ignore any beam reshaping by clipping
at the edge of the input window as it is coupled into the VIPA.
In our experiment, a well collimated laser source with a beam
radius around 1 mm (focal depth several meters) is focused
into the VIPA by a cylindrical lens. So a one-dimensional rather
than a two-dimensional diffraction analysis is used. The trans-
verse spatial profile of the nth virtual source can be written as

(1)

where R and r are the field reflectivity of the highly and par-
tially reflective surfaces, respectively, is the focused beam
waist radius. The thickness of VIPA etalon is t. is the inci-
dent angle. Note that if the VIPA has a finite aperture of width
L, the total number N of sources is limited to .
If the aperture is sufficiently large such that the amplitude of
the Nth source is small, i.e., , then we approximate

in our later analysis.
A fiber is placed near the back focal plane of the focusing lens

to receive a narrow set of the wavelengths which are dispersed
due to the spectral dispersion of the VIPA. The distance between
the plane where the fiber is placed (the object plane) and the lens
is in z, which may be detuned from the focal length F.

Starting from a Fresnel diffraction analysis [21], [22], we can
derive a general formula which gives the transformation be-
tween the input field on the source plane and the field
at the object plane . Using to refer to the lateral
position on the object plane, the transformation is written under
phase convention as

(2)

where is a parameter,
is the propagation constant, is the distance between the

source plane and the lens, and is the distance between the
object plane and the lens. Please notice the general transform
reduces exactly to a spatial Fourier transform when we have

, which means the source plane and object
plane match with the front focal plane and back focal plane,
respectively. On the other hand, for , we have an imaging
relationship between input and output plane.

The total field at the object plane is the summation of each
output field corresponding to the virtual source

(3)

where is given by (2) where is replaced by
from (1) and is replaced by . Then (2) is applied to all of
these virtual sources individually.
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Fig. 2. The VIPA spectral disperser geometry is sketched. The transversal distance and longitudinal distance between neighboring virtual sources are marked in
the plot.

To evaluate (2), we will need the formula for the Fourier trans-
form of a chirped Gaussian function

(4)

where b parameter indicates the chirp of the Gaussian function.
In using (4) to evaluate the contribution from the nth virtual

source, we make the following identifications

(5a)

(5b)

(5c)

(5d)

(5e)

where indicate the quadratic spectral phase,
displacement in x and spatial frequency, respectively, corre-
sponding to the nth virtual source according to (2). The spatial
frequency concept is similar to that used in optical Fourier
transform [21], [22].

To simplify the computation, we assume that indi-
cates a very small quadratic spectral phase for the contributions
from each source. This is justified by a brief numerical anal-
ysis using typical experimental parameters. According to the
expression (5b), for interesting ranges of and that are
approximately the same as can vanish to zero if and only
if . This indicates a strong dependence on and
a weak dependence on for small values. The important
point is that if there is a slight longitudinal deviation in z of the
output object plane from the focal plane, it causes a quadratic

phase variation in (2), which is a nonlinear func-
tion of the index n. We will be most interested in as
we would have substantial line broadening when is
greater than or equal to the depth of focus around the back focal
plane, as we will see later. The depth of focus is determined by
the range of x for which the nth source has appreciable ampli-
tude. The range of x is , where L is the VIPA aperture width,
and the focal depth increases as the range of x decreases. The
radius of the focused beam waist in the back focal plane after
the VIPA is , and the corresponding focal depth
is determined by . For mm,

mm, and m, the focal depth is
mm, so we require mm. Ac-

cording to these discussions, we have

(6)

We have then mm . On the other hand,
mm since the radius of the beam waist is m

under practical conditions. In addition, is approximately in-
dependent of n according to (6), so we drop the subscript n of b
in the following analysis. Thus, (4) is reduced to

(7)

In addition, with , we obtain the following approxi-
mate expression

(8a)

(8b)

Substituting (8b) into (5e), we obtain
.
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Fig. 3. The experimental setup to test the wavelength demultiplexing filter based on the VIPA. LS: laser source (broadband and tunable are used). CYL: Cylindrical
lens. Analyzer: optical spectrum analyzer and power meter are used for broad band source and tunable laser source, respectively.

Substituting (7), (8a) and (8b) into (2), the corresponding
output field for the nth source is

(9)

The final point to note is that we are focusing on the paraxial
region, which is the region with measurable power. For the pass-
band shape discussion here, we will ignore any spatial depen-
dence of the passband shape, i.e., just look at the passband shape
on axis at the receiving plane. Since the total transverse shift at
the VIPA cannot exceed its aperture L, another approximate re-
lation is

(10)

Thus, we obtain the output field at is

(11)

Equation (11) is the central equation that determines the VIPA
demultiplexer transmission spectrum. It consists of three com-
ponents: the amplitude decay with n, the linear phase, and the
quadratic phase.

If there is no quadratic phase term ( when )
in the summation, the transmission spectrum will have a sym-
metric passband. If b is not zero, the sign of b will decide the
direction of passband asymmetry. Both the following experi-
ments and theoretical simulations show that positive

causes an asymmetric tail extending to shorter wavelengths,
and negative causes a tail to longer wavelengths.
The passband shape measurement setup is shown in Fig. 3. For
now, we ignore the “spatial gate,” which is not used at present
and will be introduced later. The incident angle is 10 , and
the beam waist of the injected beam into the VIPA is

m. The focusing lens after the VIPA has a focal length
mm. The VIPA has an effective aperture of 7 mm

in the x dimension, so the focusing diameter due to the aper-
ture is m by ; for the y transversal dimension,

the focusing diameter due to the collimated beam is m.
A single-mode fiber with a core diameter m is used to
sample the output field with essentially delta function spatial re-
sponse. The experimental results and theoretical simulations are
shown in Fig. 4. We observe a nice match between our theory
and our experiments. This confirms that our approximate deriva-
tion is sufficient to describe the main phenomena. Symmetric
passband shapes are demonstrated for the appropriate choice of

, which we have shown for the first time to our knowledge in
the case of VIPA wavelength demultiplexers. Slight longitudinal
deviations of the fiber from the back focal plane give rise both to
broadening and asymmetry, which may explain the asymmetric
passband shapes seen in previous publications [2], [14]. Note
that in Fig. 4, the absolute positions of the experimental peaks
do not perfectly match the simulation; this can be explained by
the fiber translation deviating slightly from the longitudinal z
direction in experiments due to imperfect alignments (there is
a slight shift in x during the translation in the longitudinal di-
rection, which results in a shift of peak wavelength due to the
spectral dispersion function of the VIPA). However, our main
interest here is to discuss passband shape, not the peak wave-
length position.

III. SPECTRAL LINEWIDTH WITHOUT SPATIAL CHIRP EFFECT

As aforementioned, the demultiplexer transmission spectra
have a symmetric passband shape with a minimum spectral
linewidth when the receiver is exactly at the back focal plane

. In this case, we have , for which (9) simpli-
fies to the following:

(12)

The dependence on both space and wavelength indicates the
function of wavelength demultiplexing. Equation (12) gives rise
to the VIPA spectral dispersion law, which we have explored
in detail elsewhere [19]. The resulting dispersion law based on
paraxial wave theory is more accurate than a spectral dispersion
law derived previously based on plane wave theory [14].
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Fig. 4. A comparison between the experimental (a) scanned by the OSA and theoretical (b) transmission spectra . (1), (2), and (3) indicate d = F; d = F�2

mm, and d = F + 2 mm, respectively. The focusing lens has a focal length F = 180 mm, and the focusing beam radius at the VIPA is �24 �m. The VIPA
is an air-spaced one with 100 GHz FSR. The incident angle is 10 .

The field at the origin of the back focal plane is

(13)

The corresponding spectrum expression is

(14)

Assuming a large number of interfering beam spots
, we obtain a spectrum expression with the minimal linewidth

(15)

The transmission spectra expression (15) is the same as that of
a standard Fabry–Pérot interferometer with the same beam inci-
dent angle and the same thickness [18]. Note, however, that the
function of the standard Fabry–Pérot and the VIPA are com-
pletely different. The standard Fabry–Pérot is a narrow band
transmission filter that reflects light outside of the passband,
while the VIPA is a spectral disperser that in principle transmits
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Fig. 5. Symmetric passband shapes scanned by the OSA under different
incident angles for the air-spaced 100 GHz VIPA. (a) 10 . (b) 5 . F = 180

mm.

all of the light but spreads it to different output angles according
to wavelength.

Derived from (15), the theoretically minimal full-width
half-maximum (FWHM) or 3-dB transmission bandwidth in
frequency and wavelength units is given by

(16)

where .
The free spectral range (FSR) is

expressed in frequency units in this case, and the finesse is
.

An interesting point is that although the spectral dispersion
of the VIPA is known to increase with decreasing incident angle
[2], [19], the theoretical spectral resolution becomes essentially
constant for incident angles small enough that the transverse
aperture does not limit the number of reflections. Consider a
numerical example: for center wavelength 1550 nm, reflectivity

Fig. 6. Samples of demultiplexing transmission spectra scanned by the OSA.
The test is under the same experimental setup for all VIPAs. F = 180 mm.
Incident angles are �2 .

product %, thickness mm (100 GHz FSR) and
small incident angles with , the minimal FWHM is
13 pm (1.625 GHz). For a VIPA with 50 GHz FSR, the minimal
FWHM is 6.5 pm assuming the same reflectivity and

. Spectral resolution can be further improved if a higher Rr is
obtained. Please note that there is a slight linewidth dependence
on the spatial position according to (12), which we have ignored
for simplicity during the above discussion as we are interested
in a small range around the zero output angles.

An important assumption in such narrow linewidth analysis
is the number of interfering beam sources. For a VIPA with a
finite aperture mm, the number of these sources is finite.
Consider the following numerical estimation: for an air-spaced
VIPA with 100 GHz FSR, thickness mm, with 10
incident angle, with 5 incident angle. If incident an-
gles are large , the linewidth can be several times larger
than the theoretical minimum. Experimental results are plotted
in Fig. 5 to demonstrate the above effect due to a finite number
of interfering virtual sources. Clearly, although we obtain sym-
metric passband shape, we have wide spectra when the incident
angle is large. Small incident angle is the key to obtain
narrow spectra for the VIPA with a finite aperture.

Samples of narrow spectra under small incident angle are
plotted in Fig. 6 for a 100-GHz FSR air-filled VIPA and
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Fig. 7. Transmission spectra samples (solid lines) scanned by the TLS at F =

180 mm. (a) Air-spaced VIPA with 100 GHz FSR. (b) Solid VIPA with 50 GHz
FSR. The dashed lines are data (F = 180 mm) scanned by the OSA. Incident
angles are �2 .

50 GHz-FSR solid VIPA. The line style represents the fiber po-
sition, as the receiving fiber translates along uniformly at a
step of 0.5 mm. The demultiplexing character is clearly evident.
We maintain the same experimental condition (injected beam
radius, focusing lens) for both 100 and 50 GHz VIPAs. The in-
cident angle is . The 3-dB bandwidths are and
pm, respectively, which is comparable to the 10 pm specified
resolution of the OSA used in the measurement. Fig. 7 shows
the data scanned at a step of 1 pm by a tunable laser source
(TLS) with wavelength resolution 0.1 pm (spectral linewidth).
The 3-dB bandwidth results are 12 and 7 pm, respectively, which
is a result in line with our theoretical prediction. There are some
unexpected passband shape distortions in the spectra data from
the TLS, which will be discussed in Section V. One remaining
issue is that the insertion loss is high (25–30 dB) due to poor
coupling into the single-mode fiber receiver, since the focused
spot size at the receiving plane is much larger than the fiber
mode size. However, this condition allows us to focus on the
fundamental limit for the minimal linewidth. Section V mainly
discusses the tradeoff between linewidth and coupling loss that
occurs as the focused spot size is varied relative to the fiber mode
size.

IV. SPATIAL CHIRP EFFECT

For cases when the longitudinal position of the receiving fiber
is detuned from the back focal plane, the quadratic phase in

the summation (11) contributes to a spatial chirp effect [20],
in which the fields at different positions of the VIPA aperture
contribute to different center frequencies or wavelengths in the
demultiplexing process. This results in asymmetric and broad-
ened passband shapes. An interesting theoretical analysis of the
nonlinear quadratic phase effect for is to look at the con-
tributions from different local virtual sources. To simplify our
discussion, Young’s double slit interference is used as the basis
for our treatment. That is, for a fixed position in the
output plane, we ask at what wavelength two neighboring beam
sources will interfere constructively.

Using the demultiplexer passband shape (11), the construc-
tive interference phase matching condition for the nth and

th virtual sources at is

(17)

where

From the phase matching condition (17), we can obtain the
local demultiplexing wavelength (the wavelength of construc-
tive interference)

(18)

where , and is the peak output wavelength
at the zero output angle.

According to (18), the local demultiplexing wavelength
increases or decreases linearly with the index of the virtual
sources. The sign of the variation depends on the position of
the receiver: increasing for ; decreasing for ;
vanishing for . We name this phenomenon the spatial
chirp effect [20].

Since the total number of sources is , an es-
timate of the additive wavelength spread due to the spatial chirp
effect is

(19)

The spatial chirp effect will strongly broaden and distort the
passband shape when the contribution from (19) exceeds the
spatial chirp-free linewidth. A numerical value is calculated
here: , , mm, the incident angle

. The total wavelength shift is nm. Obviously,
this will broaden the passband greatly compared to pm
FWHM. This wavelength shift vanishes when .
Smaller incident angles are helpful to reduce such a passband
broadening effect if the receiver’s position deviates slightly
from the back focal plane of the lens.
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Fig. 8. Transmission spectra with the spatial gate (a)–(e). The gate width is 3 mm, and it is translated uniformly at a step of 1 mm. The VIPA aperture is�7 mm.
F = 180 mm. The incident angle is 10 . The gate position index starts from the beam injection side of the air-spaced 100 GHz VIPA.

In order to demonstrate the spatial chirp effect, we introduce
a spatial gate (Fig. 3) to look at the spectral contributions from
different sets of virtual sources (local demultiplexing). The spa-
tial gate is just a single slit with a certain width, which is made
of a pair of razor blades in our setup. This spatial gate allows
us to have a closer look at the relation between the spectral

asymmetry and the spatial chirp effect. All other conditions are
maintained with respect to the experiment in Section III. The
100-GHz air VIPA is used. Measurements are performed with
the receiver detuned longitudinally by 2 mm with respect to the
position where a symmetric passband shape is observed exper-
imentally, as well as at the symmetric passband position. The
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data are shown in Fig. 8. The data for the symmetric passband
position are shown in Fig. 8(a). The peak position does not de-
pend on the position of the spatial gate at the VIPA output plane;
the response is free of spatial chirp, as predicted by our theory.
Opposite signs of spatial chirp effect are observed for positive
and negative detunings, again, as predicted by our theory. The
absolute wavelength shift for the two cases is about 0.05 nm,
somewhat smaller than the theory based on Young’s double slit
interference model. This is reasonable since our spatial gate is
not narrow enough to select only two beam spots, and a wider
gate is needed in order to have a high signal to noise ratio for
the spectra. The experimental spatial-chirp data are in excellent
agreement with results from a full simulation that takes into ac-
count interference among all of the virtual sources selected by
the spatial gate [Fig. 8(c), (e)].

Finally, it is worth remarking on the similarity between this
work and previous results on grating-based direct space-to-time
pulse shaping [11]. In direct space-to-time pulse shaping, the
output pulse in time is a directly scaled version of the spatial pat-
tern imposed onto an ultrashort input pulse. In addition, a longi-
tudinal deviation of the receiving fiber from the back focal plane

gives rise to a multiplicative temporal quadratic phase
term. This results in a frequency modulation on top of the shaped
intensity profile, which broadens the output spectrum. The spa-
tial chirp effect and passband broadening studied here for the
VIPA demultiplexer arise through a similar mechanism. One
difference is the asymmetry in the broadened passband shapes
observed for the VIPA. This arises through the combination of
the spatial chirp effect and the exponentially decaying intensity
profile of the virtual sources. In the grating, the diffracted beam
profile (without additional spatial patterning) is symmetric, and
broadened passband shapes remain symmetric.

V. SPECTRAL LINEWIDTH AND PEAK INSERTION LOSS

In addition to a narrow demultiplexing bandwidth, the inser-
tion loss for the peak wavelength or center channel is also an
important performance parameter. In our experiments above, the
single-mode fiber receiver with a core diameter m acts as
a point-like receiver. To reduce insertion loss, we need to match
the focused spot size at the receiving plane with the fiber mode.
If the fiber mode diameter is much smaller than the focused spot
size, we obtained the narrowest linewidth but with a relatively
high insertion loss; on the other hand, if the fiber mode diameter
is bigger than the focused spot size, we still have a high inser-
tion loss but now with a broadened passband. Although there is
a tradeoff between the linewidth and the insertion loss for the
single-mode fiber receiver, by matching the focused spot size to
the fiber mode, one can obtain the lowest insertion loss at the
expense of only a moderate linewidth broadening.

In another experiment, a shorter focal length lens (with
mm) is used to replace the mm lens used previously.

This reduces the focused beam diameter to m. As a result,
the fiber power coupling efficiency is much improved. Examples
of the spectra are plotted in Figs. 9 and 10. The passband shape
still shows some distortions resolved by the measurement ob-
tained by scanning the tunable laser at a step of 1 pm. For the
same air-spaced VIPA with 100 GHz FSR, dB, dB,

Fig. 9. (a) Transmission spectra samples (solid lines) scanned by the TLS at
F = 22 mm for the air-spaced VIPA with 100 GHz FSR (b) is a zoom in. The
dashed lines are data scanned by the TLS at F = 180 mm. Incident angles are
�2 .

dB bandwidths are 9, 17 (12 pm for mm), 112 pm re-
spectively, and the center channel insertion loss is 10–10.5 dB;
for the same solid VIPA with 50 GHz FSR, dB, dB,
dB bandwidths are 6, 9 (7 pm for mm), 56 pm, respec-
tively, and the center channel insertion loss is 9–9.5 dB. The
insertion loss is due to unmatched coupling into fiber and beam
clipping at the incident window of the VIPA. The insertion loss
may be further improved by using cylindrical lens for indepen-
dent control of the focusing in the x and y dimensions.

One point to be remarked here: the passband shapes from the
TLS in Figs. 7, 9, and 10 have some distortions at the level of

dB below from the peak, which are unexpected according
to our analysis. These distortions may arise due to aberration
effects in the focusing lens, which are resolved by the TLS and
are not resolved by the OSA with 10 pm resolution. In addition,
the peak mismatch of the TLS data among Figs. 7, 9, and 10 is
due to slight variations of the incident angles.

The insertion loss of a VIPA demultiplexer has been dis-
cussed in [2], [3] using numerical simulations. There are three
basic contributions to the insertion loss: beam clipping at the
input to the VIPA as small as a few percent loss [3], diffraction
into multiple orders [3], [23] (as small as dB [3]) and mode
coupling [3]. We would like here to analyze the mode coupling
efficiency based on our theory discussed in previous sections.
The mode of a standard single-mode fiber is Gaussian, and the
power coupling efficiency is determined by the field overlap in-
tegral. To optimize the efficiency, we suggest two cylindrical
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Fig. 10. (a) Transmission spectra samples (solid lines) scanned by the TLS at
F = 22mm for the solid VIPA with 50 GHz FSR (b) zoom in. The dashed lines
are data scanned by the TLS at F = 180 mm. Incident angles are �2 .

lenses with common back focal plane to focus in the transversal
directions x and y separately, instead of one spherical lens. Ac-
cording to (12), including also the dependence on y, the output
field at the back focal plane is shown in (20) at the bottom of the
page, where F, f are the focal lengths of the two cylindrical lens
focusing in x and y, respectively, and W is the input collimated
beam to the VIPA in y radius assuming a Gaussian profile, and
for simplicity, is replaced with x. The mode expression of
single-mode fibers is a Gaussian function [24]

(21)

where a is the mode radius of the single-mode fiber.
In (20), the first term gives the amplitudes of the different

diffraction orders. This first term is slowly varying relative to the
focused spot of any single order (determined by the third term).
Therefore, the first term has little effect on the mode coupling

Fig. 11. (a) Power coupling efficiency varies with focal length F of focusing
cylindrical lens in x. A perfect match assumed in y with f = 11 mm.
(b) Corresponding mode intensity distribution when maximum efficiency
achieved at F = 26 mm.

calculation and is ignored. For small incident angles, i.e.,
for our parameters, the insertion loss into higher diffraction

order is small ( dB in our case) [3]. We take the wavelength
peak at the origin without loss of generality, which
means , where m is an integer. The mode in the
y dimension can be perfectly matched according to (20) when
the focus in y satisfies . All we need to consider
is the mode coupling in the x dimension. The dependence of the
output field on x is

(22)

(20)
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According to (22), the output field in space is not exactly
Lorentzian even without the second spatial quadratic phase
term. This differs from the assumption of a lorentzian shape
[2], [3], therefore, we can expect the coupling efficiency to
deviate from the estimate in [2], [3].

The power coupling efficiency between two modes is given
by

(23)

where and are given by (21) and (22), re-
spectively. It is interesting to show a numerical simulation. In
our case, we take thickness mm, reflectivity product

, wavelength m, and fiber mode radius
m. The incident angle is , chosen to sat-

isfy (m is an integer). A simulation result in
plotted in Fig. 11. The total maximum power coupling efficiency
is about 50% according to our simulations when mm.
Thus, there is a 3-dB loss due to the fundamental mode mis-
match, which is higher than the dB coupling loss reported
in [2] and [3], where the lorentzian mode approximation was
used. The total loss for the VIPA demultiplexer results funda-
mentally from this mode coupling loss, diffraction into multiple
orders and beam clipping at the input to the VIPA as well as any
excess loss associated with imperfect optical components.

VI. CONCLUSION

We have analyzed the behavior of the passband of the
VIPA demultiplexer and have shown that either symmetric or
asymmetric passband shapes can be obtained depending on
longitudinal position of the receiver. We have also shown that
the asymmetric passband shapes have wider linewidth than the
symmetric passband shape. We identify a spatial chirp effect
strongly related to the passband asymmetry. Small incident
angle is useful in minimizing the spatial chirp effect and also
increases the number of interfering virtual sources for the
VIPA with finite aperture, resulting in a smooth passband shape
with narrow linewidth. Based on our analysis results, we have
been able to demonstrate VIPA demultiplexers with symmetric
passband shapes, pm (1.25 GHz) dB transmission
bandwidths, and 9–10 dB insertion loss; which make the VIPA
a promising candidate as a spectral disperser for Hyperfine
WDM.
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