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Abstract

This study develops an alternative type of 4-port polarization-independent wavelength-interleaving bidirectional circulator. In this
circulator the even- and odd-channels circulate with opposite handedness regardless of the state of polarization of signals. It has a pair
of orthogonal holographic spatial- and polarization modules (HSPMs) and a Lyot-Ohman filter (LOF). Each HSPM has two holo-
graphic spatial walk-off polarizers (HSWPs), two glass plates and two half-wave plates. The function of the HSWP is firstly described.
Next, the structures and the operating principles of the HSPM and the LOF are also described. Then, the operating principle and the
performance of this circulator are discussed. It has such merits as polarization-independence, compactness, high isolation, lack of polar-

ization mode dispersion and ease of fabrication.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Optical circulators [1,2] are important nonreciprocal
devices that direct light from one port to another in one
direction. Circulators are necessary components in the con-
struction of foundational network modules, such as add/
drop multiplexers [3], dispersion compensation [4], optical
amplifiers [5] and time-domain reflectometry [6]. As the
design of optical communication system becomes more
complex, a bidirectional transmission device is becoming
highly desirable because of its evident advantages over
the unidirection transmission. However, bidirectional
transmission in an optical communication system suffers
from backreflection. To overcome this drawback, Tai
et al. proposed a wavelength-interleaving bidirectional
circulator [7], which consists of a polarization beam splitter
(PBS), a Faraday rotating garnet, a Lyot-Ohman filter
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(LOF), a polarizer and a prism. Because of the function
of the PBS, either the s- or the p-polarization component
is operated in every route, and the other one is discarded.
The valid polarization depends on the passage that is
associated with route. Our previous paper proposed a holo-
graphic spatial walk-off polarizer (HSWP) [8] to replace the
crystal-type spatial walk-off polarizer (SWP), and applied
the HSWP to design a 4-port polarization-independent
optical circulator with good performance. Based on a sim-
ilar consideration, a holographic spatial- and polarization
module (HSPM) is designed to replace a polarization beam
splitter and a Faraday rotating garnet using two HSWPs,
two glass plates and two half-wave plates. This study
develops an alternative 4-port polarization-independent
wavelength-interleaving bidirectional circulator. This
circulator comprises an LOF and a pair of orthogonal
HSPMs. To show its validity, the HSWPs for the
1550 nm wavelength were fabricated, and the diffraction
efficiencies of the s- and p-polarizations measured. The
characteristic parameters of the LOF were also measured.
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The operating principle and the performance of this
circulator are discussed. This bidirectional optical circula-
tor can be operated polarization-independently and with
interleaving wavelengths.

2. Principles
2.1. Holographic spatial walk-off polarizer (HSWP) [8]

The HSWP is essentially a transmission-type phase vol-
ume holographic grating that is fabricated on a substrate.
Fig. 1 depicts its structure and operating principle. The
traveling of the light beam from left to right is shown in
black and the reverse propagation is shown in gray; the
symbols ---, --- and — represent unpolarized light,
s-polarized light and p-polarized light, respectively. When
unpolarized light is normally incident at point A, the
s-polarized component is transmitted straight through the
HSWP while the p-polarized component is completely
diffracted toward point B and totally reflected at point B.
The p-polarized component hits the grating again at point
C and is totally reflected again. The reflected light from
point C satisfies the Bragg condition of the grating, and
the p-polarized component is then diffracted and parallel
to the input light at point A, as shown in the left-upper cir-
cle. Consequently, two orthogonally polarized parallel
beams with a separation of d can be obtained. However,
if two separate s- and p-polarized light beams are normally
incident on the HSWP at points D and E, then they will
travel along the original paths in opposite directions. They
are then merged into a single beam at 4, which propagates
out perpendicularly to the HSWP.

2.2. Holographic spatial- and polarization module (HSPM )

This study designs a new type of HSPM [8], which is
composed of a pair of orthogonal HSWPs, two 45° half-
wave plates (Hs) and two transparent glass plates (Gs), as
shown in Fig. 2a. The HSWP and the orthogonal HSWP
separate the corresponding s- and p- polarizations of the
incident beam along the y- and x-axes by the same dis-
tance, d. They are represented as HSWP, and HSWP, for
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Fig. 1. Structure and operating principles of the holographic spatial walk-
off polarizer.

convenience, respectively. Hs and Gs are located in the
same plane; Hs are in the first and the third quadrants,
and Gs are in the second and the fourth quadrants. To pre-
vent the polarization mode dispersion (PMD), H and G
must have the same optical thickness. The subscripts u
and / refer upper and lower parts, respectively.

If two unpolarized light beams, shown in black and gray
with separation d in the x-direction, are incident on the
HSWP,, as shown in Fig. 2a, then their x-polarization com-
ponents will pass through HSWPy directly and their y-
polarization components will be diffracted and propagate
in parallel with the x-polarization components. Therefore,
four beams are obtained. The separation between the upper
beam and the lower beam is d; that between the left beam
and the right beam is also d. Next, two of the beams pass
through Hs and their polarization planes are rotated by
90°. The other two pass through Gs and their polarization
planes remain unchanged. Finally, all of the beams are inci-
dent on the HSWP,, and merge into two beams again.
Each beam has two orthogonal polarization components
originating from two corresponding incident beams. For
clarity, the states of polarization (SOPs) and relative posi-
tions of the light beams after propagating each component
are shown in the lower part of Fig. 2a. Here, a quadrantal
diagram is used to show the positions of the beams, and the
symbols, and represent unpolarization, y-polarization and
x-polarization, respectively. The separation between the
two symbols located in the neighboring quadrants is also
d. Hence, the HSPM can change two unpolarized beams
with separation d in the x-direction into two unpolarized
beams with the same separation d in the y-direction. The
polarization components of the two output beams origi-
nate from two corresponding incident beams.

If the HSPM is rotated by 180° about the x-axis, then its
optical configuration is changed, as shown in Fig. 2b. For
clarity, the module and each element are primed. Similarly,
HSPM’ can change two unpolarized beams separated by d
in the y-direction into two unpolarized beams with the
same separation d in the x-direction, and the polarization
components of the two output beams also originate from
two corresponding incident beams. The performance is
similar to that of HSPM, as shown in Fig. 2b.

2.3. Lyot-Ohman filter (LOF)

The same type of Lyot-Ohman filter [9] used by Cao
et al. [10] is employed herein. It consists of three 45° half-
wave plates (Hs) and three identical groups of crystals.
Each group of crystals consists of an YVO4 and a TiO,,
whose thicknesses are L, and L,, respectively. One group
of crystals is located between H; and H,; the other two
groups of crystals face in opposite directions and are
located between H, and Hs, as shown in Fig. 3. If An,
and An, are the differences of between the ordinary and
extraordinary refractive indices, of the YVO,; and the
TiO,, respectively, then the free spectral range (FSR) [9]
of the LOF is given as



R—— ¢
An,L, + An,L,’

where ¢ is the speed of light. Consequently, when an x-
polarized or y-polarized light beam with central frequency
f. passes through the LOF in the +z direction, the SOP is
rotated by 90° if the frequency equals f. + (2m + 1) - FSR
(odd-channels), where m is an integer; and the SOP remains
unchanged if the frequency equals f. 4+ 2m - FSR (even-
channels). If the light beam passes through the LOF in
the —z direction, then the SOPs of odd-channels remain
unchanged and the SOPs of even-channels are rotated by
90°. To avoid confusion, Fig. 3 displays only the y-polari-
zation of the incident beam, where the symbols <, <,

and represent all-channels, even-channels and odd-
channels, respectively. The x-polarization of the incident
beam also has the same operations. Hence, the LOF can
rotate the SOPs of the light beam by 90° with interleaving
of wavelengths.

2.4. Bidirectional circulator

Based on the above principles, a module is designed by
connecting an HSPM, an LOF and an HSPM’ together in
sequence. Fig. 4 depicts the operating principles; the input
signal is plotted as dotted-lines, and the even- and odd-out-
put channels are plotted as black lines and gray lines,

P.-J. Hsieh et al. | Optics Communications 281 (2008) 225-231

a b
HSWP,  H, HSWP,”
) (vi) (vii) \iii)
W e
l = '5
G|
H NH/
position __(i) (ii) (iii) (iv) (v) (vi) (vii) (viii)
('@ [O'Q [6'9 e [09 Pe‘ 0'g [e
o 6.0 (OO0 . A 0,0 OO [©

L 1

y

Fig. 2. Structure and operating principles of the proposed (a) HSPM and (b) HSPM', and the associated SOPs.
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Fig. 3. Structure and operating principles of the Lyot-Ohman filter.

of Fig. 4a.
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(1) respectively. If an input beam is normally incident on an
HSPM from Port-1 at (0, 0), as shown in Fig. 4a, then
two y-polarized beams with separation d in the y-direction
are obtained. These two beams pass through the LOF; the
SOPs of the even-channels remain unchanged, and the
SOPs of the odd-channels are rotated by 90°. Finally, both
of them enter the HSPM’. The two polarization compo-
nents of the even-channels recombine together and reach
Port-2 at (0, —d); the two polarization components of the
odd-channels also recombine together and reach Port-4
at (—d, —d). For ease of understanding, the SOPs and the
relative positions of the light beams after propagation
through each component are as shown in the lower part

If an input beam is incident normally on the HSWM’
from Port-2 at (0, —d), as shown in Fig. 4b, then the light
components of even- and odd-channels reach Port-3 at

(—d, 0) and Port-1 at (0, 0), respectively, based on the oper-
ating principle in Fig. 4a. The lower part of Fig. 4b depicts

the corresponding SOPs and locations. Similarly, Fig. 4c

and d show two other cases with inputs at Port-3 and

Port-4— Port-3 are for odd-channels.

Port-4; the lower parts show the associated SOPs and the
positions of the light beams beyond each component.
Clearly the routes Port-3— Port-4 and Port-4— Port-1
are for even-channels, and those of Port-3— Port-2 and
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Based on the operating characteristics that are described
in Figs. 4 and 5a and b summarize the optical routes for
even-channels and odd-channels. In these two figures, the
light signal travels clockwise in the order
l1—-2—3—4—1 for even-channels, and travels anti-
clockwise in the order 4 - 3 — 2 — 1 — 4 for odd-chan-
nels. To avoid he polarization mode dispersion (PMD),
no optical path difference may exist between the x- and
the y-polarizations along any route. Accordingly, each G
and each H must have the same optical thickness. Hence,
this optical circulator can serve as a 4-port polarization-
independent wavelength-interleaving bidirectional circula-
tor without PMD.

position i

Port-1 I

I

3. Experimental results

The fabricated HSWPs were adopted together with a
customer designed LOF to form a 4-port polarization-inde-
pendent wavelength-interleaving bi-directional circulator
at 1550 nm (193.4 THz). The transmission range of the
LOF is around 500 nm to 4000 nm [11]. The HSWPs were
fabricated using an He—Cd laser of 2 =441.6 nm and the
dichromated gelatin (DCG), as described in our previous
work [8]. Their diffraction efficiencies were measured to
be #s = 3% and y, = 90% with d = 3.2 mm. The character-
istic parameters of the LOF were measured to be 1.5 dB
insertion loss, 100 GHz FSR and 50 GHz channel spacing
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Fig. 4. Structure and operating principles of the 4-port polarization-independent wavelength-interleaving bidirectional circulator as the light signal inputs

at (a) Port-1, (b) Port-2, (c) Port-3, and (d) Port-4.
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Fig 4. (continued)

around 1550 nm. The transmittances of G and H are 0.96
and 0.97, respectively. The characteristic parameters of this
prototype device can be estimated from those of each com-
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Fig. 5. The equivalent block diagrams for (a) even- and (b) odd-channels.

ponent. Thus, the associated losses and isolation values of
this prototype device can be estimated, and are listed in
Table 1.

4. Discussion

Since the fabricated HSWPs have no anti-reflection
coatings, a reflection loss of 4% occurs at every boundary.
Anti-reflection coatings would reduce the reflection loss to
0.1%. Additionally, if the holographic exposure and the
post-processing procedure are controlled more accurately,
the HSWPs may exhibit theoretical diffraction efficiencies
[12]: s <1% and n, > 99%. These two optimizations sig-
nificantly enhance the performance of this circulator and
the associated parameters are calculated and listed in
Table 1b. Fig. 6 plots the theoretical curves of diffraction
efficiencies versus wavelengths for the HSWP, based on
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Table 1

Associated losses and isolation values (in dB) of the proposed circulator with wavelength 1550 nm and FSR 100 GHz by using (panel a) our fabricated
HSWPs and (panel b) ideal HSWPs with anti-reflection coatings and diffraction efficiencies of 1s < 1% and 1, > 99%

Even/odd-channel
Input port Output port

1 2 3 4
Panel a
1 14.26%/14.26* 3.20°/>24.72 >38.53/>38.53 >29.74/3.50°
2 >24.72/3.20° 14.26*/14.26* 3.52°/>25.12 >38.53/>38.53
3 >38.53/>38.53 >25.12/3.52° 14.26%/14.26* 3.84%/>30.28
4 3.50°/>29.74 >38.53/>38.53 >30.28/ 3.843° 14.26%/14.26*
Panel b
1 >30%/>30° <1.83%/>41.73 >60.13/>60.13 >41.73/<1.82°
2 >41.73/<1.83° >30%/>30° <1.82°/>41.73 >60.13/>60.13
3 >60.13/>60.13 >41.73/<1.82° >30%/>30° <1.83%/>41.73
4 <1.82°/>41.73 >60.13/>60.13 >41.73/<1.83° >30%/>30°

All values without a superscript are isolation values.
# Return losses.
® Insertion losses.

100
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Fig. 6. Calculated diffraction efficiencies of the HSWPs versus wavelength
at 1550 nm.

the coupled-wave theory [13]. Clearly, the bandwidth with
Hp > 90% and 5 < 1% at a central wavelength of 1550 nm
is 16 nm (1542-1558 nm), that is, corresponding to a
channel capacity of 41. Under the conditions #, > 80%
and 7, < 1%, the channel capacity is increased to 61 and
covers almost the entire C-band. The diffraction charac-
teristics of the fabricated HSWP are such that the exper-
imental optical circulator works at a central wavelength
of 1550 nm with a bandwidth of 16 nm (41 channels).
The fabrication conditions for HSWP [14] can be changed
to suit different central wavelengths, and the associated
bandwidth increases as the product of the thickness and
the index modulation of the recording material is
increased [13,14].

5. Conclusion

This study develops an alternative type of 4-port polar-
ization independent wavelength-interleaving bidirectional

circulator has been proposed by using an LOF and a pair
of orthogonal HSPMs. Each HSPM is composed of two
HSWPs, two glass plates and two half-wave plates. The
HSWPs were fabricated for a wavelength of 1550 nm and
the diffraction efficiencies of the s- and p-polarizations were
measured. The characteristic parameters of the LOF were
measured. A circulator was thus formed. Its operating
principle and performance were discussed. It has such
advantages as polarization-independence, compactness,
high isolation, and the absence of polarization mode
dispersion.
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