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A novel scheme is proposed, in which the aberrations in the off-axis holographic lenses used as demultiplex-
ers are reduced to a low enough level for relatively small channel spacing. The scheme includes optimizing
the recording and reconstruction geometries and collimating the reconstruction wave with a gradient-index
lens. A demultiplexer operated in the 1 550-nm band with 5-nm channel spacing and −∞-dB crosstalk is
obtained using the scheme. The channel spacing can be decreased to 2 nm by etching the cladding of the
output fibers to a smaller size.
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Wavelength-division multiplexing (WDM) is an effective
technique to increase the information capacity of fiber-
optic networks. Demultiplexers (DEMUXs) are essen-
tial devices in WDM systems. Many types of DEMUXs
have been proposed[1−3]. Among these, the diffraction-
grating type has the special advantage of being scal-
able, such that lower channel count devices can be up-
graded to higher count devices simply by installing more
fibers[4]. Off-axis holographic lenses (OHLs) are ideal
candidates for DEMUXs of this type due to their func-
tions of dispersion and focus in a single element. OHL-
based devices[5−7] can achieve simplification in alignment
and improvement in stability because few auxiliary el-
ements are required. An additional advantage is that
surface-relief OHLs are suitable for mass production by
replication techniques[8], thereby leading to devices with
lower cost.

When OHLs are used as DEMUXs, they suffer from
monochromatic aberrations because of the different
wavelengths for recording and reconstruction. The con-
sequent blurred focal spots of OHLs cause serious cross
talk, thereby restricting the channel spacing reduction of
DEMUXs if aberrations are high. Therefore, reducing
the aberrations of OHLs is a crucial problem. Ishii et al.
proposed the scheme of using an optimum aspheric wave
diffracted from a computer-generated hologram as object
wave, obtaining a DEMUX operated near 800 nm with a
20-nm channel spacing and −∞-dB crosstalk[6]. Ren et

al. proposed another scheme of choosing certain geome-
tries that can simplify the aberration coefficients, obtain-
ing a DEMUX operated near 1 100 nm with about 25-nm
channel spacing and −10-dB crosstalk[7]. However, nei-
ther scheme can make the aberrations of the OHL low
enough for relatively small channel spacing.

In this letter, we propose the scheme of optimizing the
recording and reconstruction geometries and then col-
limating the reconstruction wave with a gradient-index
(GRIN) lens to make the aberrations of OHLs low enough
for relatively small channel spacing. A DEMUX operated
in the 1 550-nm band with a 5-nm channel spacing and
−∞-dB crosstalk is obtained. Channel spacing of 2 nm

can be achieved by etching the cladding of the output
fibers to a smaller size.

OHLs are actually point source holograms. An OHL
located in the XOY plane, with the center at the origin
and the optical geometry arranged in the XOZ plane for
both recording and reconstruction, can have a real image
point in the XOZ plane with the third-order aberrations
given by[9]

φ = −S
(

x2 + y2
)2

/8 + Cx
(

x2 + y2
)

/2 − Ax2/2, (1)

where S, C, and A are the coefficients of the spherical
aberration, coma, and astigmatism, respectively. Equa-
tion (1) demonstrates that low aberration coefficients
and a small irradiation region on the OHL can both re-
duce the third-order aberrations.

Surface-relief gratings (SRGs) with an even-symmetric
profile can have a high (>85%) diffraction efficiency
(DE)[10]. Therefore, a divergent spherical object wave
and a plane reference wave with symmetrical incidence
were chosen to record OHLs on a photoresist. In addi-
tion, the spherical object wave came from a point source
located at a distance much farther than the recording re-
gion. Thus, the microstructures of OHLs can be regarded
as sinusoidal SRGs. To obtain a small irradiation region,
the reconstruction wave was collimated by a GRIN lens.
In such a case, the location of the real image point is
given by[9] sin αI = sin αC − 2µ sinαO and RI = −RO/µ;
the aberration coefficients in Eq. (1) are expressed as[9]
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/R3
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) [(
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A = (µ/RO)
[

(sinαC − 2µ sinαO)
2
− sin2 αO

]

, (2)

where sin αQ = xQ/RQ, xQ, and RQ are the coordinates
and distance from the origin of the point Q (Q=O, R,
C, I), respectively; O, R, C, and I denote object, ref-
erence source, reconstruction source, and image, respec-
tively; a positive RQ represents a divergent wave, and a
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negative RQ a convergent wave; µ = λC/λO, λC and λO

are the reconstruction and recording wavelengths, respec-
tively. The equations shown above show that aberration
coefficients can be minimized by optimizing the record-
ing and reconstruction geometries.

Equation (2) indicates that conditions minimizing the
three aberration coefficients are different. Specifically,
a large RO can minimize S to near zero, whereas the
following two conditions

sin αC = (2µ − 1/µ) sin αO (3)

and
sin αC = (2µ ± 1) sin αO (4)

can minimize C and A to zero, respectively. Therefore,
OHLs capable of high DE were analyzed as samples to
compare the influence of the three aberrations on the fo-
cusing function of OHLs. To investigate the blurred focal
spots of the OHL due to the three aberrations, ray aber-
rations of the real image point were analyzed. These are
expressed as[11]

x′

I − xI = (RO/µ) (∂φ/∂x)

y′

I − yI = (RO/µ) (∂φ/∂y)
, (5)

where (xI, yI) and (x′

I, y
′

I) are coordinates of the Gaussian
image point and the point of intersection of an aberrated
ray with the Gaussian image plane, respectively.

For OHLs capable of a high DE, the reconstruction
wave should occur at the first Bragg angle given by[10]

θB = arcsin
[

λC/
(

2Λ̄
)]

, (6)

where Λ̄ = λO/(2 sin θ), Λ̄ is the average period of OHL,
and θ is the incident angle of the two recording waves.
If the geometries shown in Fig. 1 are used for recording
and reconstruction, substituting αO = −θ and αC = −θB

into Eq. (6) yields

sin αC = µ sin αO. (7)

Simulations performed with the GSolver software re-
vealed that OHLs showed a high DE for any incident po-
larization state at certain groove depths (6 10λC) when
Λ̄ 6 1.4λC. In addition, |sin αC| 6 1 and |sinαI| 6 1
must be met. When λO = 458 nm and λC = 1 550 nm,
6.1◦ 6 θ 6 17.1◦ should be observed.

As an example, ray aberrations of OHLs capable of
a high DE and with θ = 14.0◦ and RO = 10.0 cm, are

Fig. 1. Geometries of (a) recording and (b) reconstruction for
OHL. OW and RW denote object wave and reference wave,
respectively.

presented in Fig. 2. Astigmatism is the main cause of
enlargement of the focal spot; the influence of a coma
is much smaller, and the influence of a spherical aberra-
tion can be neglected. This implies that 10.0 cm is large
enough for RO to minimize S to near zero. Equation (4)
is somewhat similar to Eq. (3) when the minus sign is
selected, therefore the two conditions

RO > 10.0 cm

sinαC = (2µ − 1) sinαO

(8)

were chosen to minimize aberration coefficients. The re-
sults are given by

S ≈ 0

C = µ (µ − 1) sinαO/R2
O

A = 0

, (9)

which are much lower than those in Ref. [7]. Given that
|sin αC| 6 1 and |sin αI| 6 1 must be met, λO = 458 nm
and λC = 1 550 nm should yield θ 6 9.9◦.

To obtain adequate spaces to install the output fibers,
and make the real image wave couple with output fibers,
the two inequalities given by

|RI| · |(dαI/dλC) δλC| > 2b

arctan (Deff/|2RI cosαC|) 6 θa

(10)

should be met in the design of OHLs, where δλC is chan-
nel spacing, Deff is the effective diameter of the GRIN
lens, and b and θa are the cladding radius and the accep-
tance angle of output fibers, respectively.

An OHL with minimized aberration coefficients (called
OHL1) was fabricated on a CHP-C positive photore-
sist using a 458-nm laser light and the geometry shown
in Fig. 1(a). For comparison, another OHL capable
of high DE (called OHL2) was also fabricated. Both
OHLs were designed for channel spacing of 5 nm and
had the same recording geometry parameters of θ = 9.0◦

 

Fig. 2. Ray aberrations of an OHL capable of high DE
and with recording geometry parameters of θ = 14.0◦ and
RO = 10.0 cm. (a) Spherical aberration, (b) coma, and (c)
astigmatism. (xI, yI) and (x′

I, y
′

I) are the coordinates of the
Gaussian image point and the point of intersection of an aber-
rated ray with the Gaussian image plane, respectively.
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and RO = 12.5 cm. Then, DEMUXs constituted by
OHL1 and OHL2, called DEMUX1 and DEMUX2, re-
spectively, were tested using an amplified spontaneous
emission (ASE) source and an optical spectrum ana-
lyzer. In both DEMUXs, the OHL was arranged in a
similar geometry as that shown in Fig. 1(b): the input
and output fibers were standard single-mode fibers; the
wave from the ASE source was collimated by a GRIN
lens (Deff = 1.2 mm) and used as a reconstruction
wave. The reconstruction geometry parameters were
αC1 = −64.5◦, αI1 ≈ 9.0◦, and RI1 ≈ −3.7 cm for OHL1;
and αC2 = −32.0◦, αI2 ≈ 32.0◦, and RI2 ≈ −3.7 cm
for OHL2. The average spatial separations of adjacent
output fibers for DEMUX1 and DEMUX2 were about
175 and 190 µm, respectively.

The transmission spectra of DEMUX1 and DEMUX2
are shown in Fig. 3. Three channels with center wave-
lengths of 1 545, 1 550, and 1 555 nm were demonstrated
as examples. The adjacent channel crosstalks of DE-
MUX1 and DEMUX2 were −∞ dB (ignoring background
crosstalk) and about −18 dB, respectively. The blurred
focal spot of OHL1 due to the third-order aberrations
was much smaller than that of OHL2 (Fig. 4); therefore,
much less crosstalk was obtained by DEMUX1. The ad-
jacent channel spectra of DEMUX1 were well separated
for channel spacing of 5 nm; thus, smaller channel spac-
ing can be achieved by DEMUX1. If adequate spaces are
available, in which to install output fibers, the channel
spacing of DEMUX1 can be decreased to 2 nm without
increasing the crosstalk. This can be realized by etching
the cladding of the output fibers to a smaller size. The
results of less crosstalk and smaller channel spacing indi-
cate that DEMUX1 demonstrated a better performance.

Fig. 3. Transmission spectra of (a) DEMUX1 and (b) DE-
MUX2. DEMUX1 is constituted by OHL1, and DEMUX2
was constituted by OHL2.

Fig. 4. Ray aberrations of (a) OHL1 and (b) OHL2. OHL1
had minimized aberration coefficients, whereas OHL2 is ca-
pable of high DE. They have the same recording geometry
parameters of θ = 9.0◦and RO = 12.5 cm.

The average channel insertion loss (IL) of DEMUX1
was 14.5 dB. The IL included mainly the diffraction loss
of OHL1 and the coupling loss of output fibers. The
DE of OHL1 was measured to be about 10% using ASE
source, implying that OHL1 has the diffraction loss of
about 10 dB. Simulation by GSolver revealed that the DE
of OHL1 can be improved to 33% by precisely control-
ling the groove depth, reducing the IL to 9.3 dB. Further
reduction of the IL is possible by improving the geome-
try optimization process of OHLs with grating-matching
technique[12], resulting in OHLs with both high DE and
low aberrations. Using thermally-diffused expanded core
fibers or multi-mode fibers as output fibers to reduce
coupling loss can also reduce the insertion loss further.

In conclusion, a novel scheme of reducing aberrations
of OHLs used as DEMUXs is proposed. The scheme
includes optimizing the recording and reconstruction ge-
ometries and collimating the reconstruction wave with a
GRIN lens. A DEMUX operated in the 1 550 nm band
with 5-nm channel spacing and −∞-dB crosstalk is ob-
tained using the proposed scheme. The channel spacing
can be decreased to 2 nm by etching the cladding of the
output fibers to a smaller size. These results show that
the scheme can make aberrations of OHLs low enough
for relatively small channel spacing.
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