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Abstract: A reconfigurable 1 x 2 wavelength selective switch, based on a Lyot filter and
high birefringence nematic liquid crystals, is proposed. Simulations and experimental
results of a reconfigurable switch are reported. Insertion losses from 3.4 dB and rejection
ratios up to 15 dB are obtained in a two input channel system at 560 and 621 nm. Control

voltages of 0 to 3 VRMS are used.

1. Introduction

A 1 x M wavelength selective switch (WSS) is an op-
tical device that allows switching any incoming
wavelength from its input port to any of the M output
ports, without the need of optical to electrical conver-
sions. These devices play a key role in protection and
reconfiguration tasks of the next generation optical
networks. A number of approaches to implement WSS
have been demonstrated. Some are based on gratings
that spatially d isperse t he input channels, on micro-
electro-mechan ical systems (MEMS), or on liquid
crystal (LC) spatial light modulators [1-4 ]. O ther ap-
proa ches use silica-ba sed planar lightwave circuits
(PLCs) [5] or ring resonators [6,7].

Many optical filtering and interleaving devices,
based on birefringent structures such as the Lyot and
Solc filters [8-10] with low dispersion, high re-
liability, easy manufacturability, and low cost, have
been proposed. Those devices usually work in dense
wavelength division multiplexing (DWDM) systems,
require polarization diversity techniques to avoid po-
larization dependent loss [11], and do not have recon-
figurable features. They usually have the input and one
of the outputs in a single port [12], so circulators or
other devices are needed to separate both signals.

In future home networks, there is potential for
plastic optical fibers (POF) to be used [13,14]. Those
networks operate in the visible (VIS) range and they
could need reconfiguration because there are no
standard channels [15] defined. Some LC reconfigur-
able devices in VIS have been reported, such as a
tunable filter [16] or a multifunctional device operat-
ing as a switch, combiner, and variable optical
attenuator [17], but not a WSS.

In this work, a reconfigurable 1 x 2 WSS, based on
a Lyot filter and high birefringence nematic LCs is
proposed. This device is designed to work in the
VIS range and uses a simple polarization diversity
scheme. Simulations and experimental results, in
a two channel system compatible with low cost
POF networks, are reported.

2. Operation Principle and Design

The proposed reconfigurable WSS is based on tun-
able Lyot filters with high birefringent nematic
LCs. Two different configurations are used for allow-
ing spatial switching of different wavelength chan-
nels in a compact design.

A. LC Tunable Lyot Filters

The Lyot filter [9,10] consist of a series of N delay
stages requiring two linear polarizers (LPs) oriented
at 45° to the optical axis of a retarder bounded

(see Fig. 1). ]
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(Color online) Structure of a 3 Stages Lyot filter with:
(a) all linear polarizers, LPs, in parallel; (b) crossed LPs in the
stage with lowest delay, I'.

Fig. 1.

Therefore, the transmittance of the jth stage, T},
with j = 1,2,...,N, is a function of the phase delay,
I';, between the beam’s polarization components pas-
sing through the retarder or birefringent medium.
This phase delay is given by

2
Fj = THAnjdj, (1)

where 1 is the wavelength of the input beam, while
An; and d; are the birefringence and thickness of
the jth delay stage, respectively. Each stage has twice
the delay of the previous one; then I'; = 27-1T" being
I' the lowest delay, I' =1T7.

In a tunable Lyot filter, each stage is designed with
a fixed delay plus a variable delay. In the particular
case of an LC tunable filter (LCTF), the variable de-
lay is obtained by using nematic homogeneous liquid
crystals (NH-LC). These LC devices have an effective
birefringence, Any ., which is a function of the ap-
plied voltage, Vic(Vrums). If the birefringence of
the LC material is high enough, the stages can be
designed by only using NH-LC devices.

In a Lyot filter with N stages and parallel LPs
[see Fig. 1(a)], the incoming beam can be transmitted
in both directions. The transmission, 7T'p, is given by

1 sin?2Y7'D)

~o, r
= j_l — =
Tp j|:1| cos (2 2) 5 () (2)

Tp is a periodic function, and the set of wave-
lengths with peak transmittance, 1p), are those hav-
ing a delay I, which is an integer multiple of 2.
Those wavelengths are given by

And
/IP(k) = T ’ 3)

where £ =1,2,3, ..., defines the peak wavelength
order. On the other hand, the bandwidth of the trans-
mission band around Ap(, is mainly defined by the
number of stages, V.

A Lyot filter with crossed polarizers in the lowest
delay stage, and parallel polarizers in the other

stages, can be implemented by changing orientation
of the last polarizer [16]; see Fig. 1(b). In this config-
uration, the input beam should enter through the
stage with the highest delay. The new transmission
T is given by

N & T 1 sin2(2V-1IN)
_an2( L 2(o9i-12 | _
Tc = sin (2) j|=2| cos (21 2) 5N cos?([)
(4)

T is a periodic function, and the set of wavelengths
with peak transmittance, A¢(,), are those having a
delay I, which is an integer multiple of z. Those
wavelengths are given by

And

m-1/2" ®)

Acomy =

where m =1,2,3, ..., defines the peak wavelength
order.

B. Reconfigurable 1 x2 WSS Design

The proposed reconfigurable 1 x 2 WSS is shown in Fig. 2.
Although multiple separation wavelength drops are
obtained at the output, there is no influence if only two
wavelengths are considered. In this configuration, each arm
is based on two Lyot LCTFs but using a polarization beam
splitter (PBS) at the lowest delay stage. This PBS acts as
both parallel and crossed LPs for each input light
polarization state. The input channels are centered at the
transmission band of the Lyot filter with parallel and
crossed LPs, respectively [see Egs. (3) and (4)]. The channel
centered at the transmission band of the classical Lyot filter
[see Eq. (3)] is transmitted at port S1 and the channel
centered at the transmission band of the Lyot filter with
crossed polarizers [see Eq. (4)] is transmitted at port S2.

Using a scheme with a single arm, input polarizer limits
the maximum theoretical transmittance to 50%. This can be
overcome by using a polarization diversity scheme, two
arms, as in the reconfigurable WSS shown in Fig. 2.

C. Simulations and Experimental Results

A reconfigurable 1 x 2 WSS is simulated and experi-
mentally tested.

The experimental setup is shown in Fig. 3 (just
for a single arm of Fig. 2). A halogen light source
“Avaligth Hall” and a spectrometer “AvaSpect-128”
are used. The fiber optic spectrometer has a 360 to
890 nm spectral range, and about 4 nm spectral re-
solution. Multimode optical fibers and collimators
are used at input and output ports.

The LPs have diameter of 12.5 mm, 550 to 1500 nm
operation range, and 70% polarized light transmis-
sion at 600 nm. The PBS is 20 mm x 20 mm x
20 mm and has transmission higher than 90% in
the range from 600 to 700 nm at both polarizations
with a split ratio of unpolarized light of 50/50 + 5%.
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Fig. 3. (Color online) Photograph of the experimental set-up of
the reconfigurable 1 x 2 WSS.

Characterization of LPs and PBS is shown in Fig. 4.
The NH-LC devices have been specifically designed
and manufactured with the mixture 1658, and
synthesized at the Military University of Technology
in Warsaw. These devices have a thickness dic =
5.1 ym and birefringence An;c = 0.38 at 633 nm.
From Eq. (1) a delay I' = 19.23 rad is obtained. In
comparison, the commercially available low birefrin-
gence LC mixture MLC-9200-100 (Angc = 0.11 at
633 nm) produces the same delay with a thickness
of 17.6 ym [ 18,19]. Thicker LC cells have higher

transmission loss, response time, and driving vol-

tage, which deteriorate the overall device perfor-
mance. The 1658 mixture has a An;¢ high enough
to have a good performance in the VIS range, allow-
ing a 1 x 2 WSS design only based on NH-LC devices,
with d = dj¢ and An = An;c,. Then, to fulfill the
design condition, I'; = 2-1T", one LC device is used

100 — — - - - -
90 |- s N d b T n 1T R pe i
e ; S :
ey N S B
8 : ]
8 70}
5 '
£ 60 ]
m LP
c :
e A S i — — PBS:p-pol |11
40 |4 — E "PBSZS‘-pOl ______
v : :

g 550 600 650 700 750 800 850
Wavelength, 2. (nm)

Fig. 4. (Color online) Experimental characterization of the linear

polarized (LP), and polarization beam splitter (PBS) transmitted

output (p-pol) and reflected output (s-pol), by using polarized light

in the transmission axis direction.

in the first stage and two LC devices are used in the
second stage; see Fig.3. The same control volt-
tage, V1,c(Vrus), is applied to all LC cells.

Effective birefringence of the LC devices has been
characterized in the range from 500 to 890 nm
(limited by LPs and spectrometer operation range),
and using V¢ values from 0 to 5 Vyyg, with steps
of 5 mVgys. Figure 5(a) shows characterization re-
sults at three wavelengths. From full range charac-
terization, an LC threshold voltage of 0.75 Vyyg is
obtained. LC device transmittance has been charac-
terized in the range from 400 to 890 nm; see Fig. 5(b).
1 x 2 WSS measurements and simulations are shown
in Fig. 6, for a particular Vi of 0.8 Vyyg applied to
all LCs. Transmission simulations are based on
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Fig. 5. (Color online) Characterization of the LC devices with
mixture 1658: (a) effective birefringence, An;c,, as a function
of the applied voltage, Vi, for three different wavelengths and
(b) transmittance in the visible and near infrared spectrum.
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Fig. 6. (Color online) 1 x 2 WSS transmission versus wavelength,
simulations (dotted lines) and experimental results (solid lines)
Vic = 0.8 Vyus: (a) output S; and (b) output Ss.

Jones matrix transmission products reported else-
where [20]. The simulation program designs each
stage independently and takes into account all
the filter parameters, such as the number of stages,
the number of birefringent plates at each stage,
tilt angles, losses of the components, and the bire-
fringence of the LC material as well as its dispersion
(in the characterized range). For getting accurate
simulation results, experimental LC, LPs, and

the PBS parameters previously reported were
used.

From Fig. 6, it can be seen that there is a good
agreement between simulations and experimental
results. So, using the individual experimental char-
acterization of WSS elements and the developed si-
mulation program, transmission results for different
1 x 2 WSS configurations can be derived.

In the following, reconfigurable 1 x 2 WSS with po-
larization diversity in a POF network application is
designed and simulated. This device (see Fig. 2) can
demultiplex, switch, or block wavelength channels
(ch; and chy) between one input port and one or
two output ports. Those transmission states are con-
trolled by applying the appropriate Vi voltage to all
LC cells. Table 1 summarizes the eight possible
transmission states of this 1 x 2 reconfigurable WSS.

LED-based channels at 560 nm (ch;) and 621 nm
(chy) with full width half maximum (FWHM) of 42
and 18 nm, respectively, are used as two channel in-
puts with typical POF network specifications [21].
1 x 2 WSS is designed using all elements previously
described in this section along with 98% reflectivity
mirrors. An optimization algorithm, based in the
characterization information of the LC devices, is
used for determining the LC control voltages for
reaching the different WSS transmission states.
The following control voltages are obtained from
this optimization process: [Vic1, Viee,-.-, Vics] =
[1.175, 0.210, 1.530, 1.790, 1.955, 1.640, 2.100, 3.225]
Vius- The voltage of 0.21 Viys can be replaced by
any voltage below 0.75 Vgyg (Vth). Simulations
are shown in Fig. 7 for transmission states reported
in Table 1. Impairments such as insertion loss, pass-
band effects, and crosstalk are also calculated. They
are given by the following:

Insertion losses (IL):

P(ch . _
IL(ch,)g, = -10 1og[P§‘C:hng] with { ! :{{i%

(6)

where P(ch;)g, and P(chy)g, are optical power at the
output S, and input S, respectively, for each wave-
length channel, ch;. In these calculations, the whole
spectrum of each channel is considered.

Rejection ratio (RR):

t=1{1,2}
B P(ch)s,] . x=1{1,2}
RR(Cht)S(x.y) =-10 log [P(CTL‘)S)/ with y= {1’2} s
y*EX
(7

where P(ch,)s, and P(ch,)g, are optical power at
desired output S, and opposite output S,, respec-
tively, for each wavelength channel, ch,. Output
channel optical power is calculated at the maximum
transmission.

Figure 7 shows that IL of 3.4 to 6 dB and RRs ran-
ging from 12 to 15 dB, in the different configurations,



Table 1. Reconfigurable 1 x 2 WSS Transmission States

Channel at each output port:

State Vic(Vrus) Si Sy Description
1 VLCI Ch1 Ch2 Chl i Sl and ChZ - SZ
2 Vice chy ch; chy - S; and ch; —» S,
3 Vics ch; none ch; — S; and none — S,
4 Vics none ch, none — S; and ch; — Sy
5 Vics chy none chy — S; and none — S,
6 Vice none chy none — S; and ch; —» S,
7 Vicr ch; and chy none (ch; and chy) — S; and none — Sy
8 Vics none ch; and chy none — S; and (ch; and chy) — S,
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Fig. 7. (Color online) Normalized optical power of 1 x 2 WSS with polarization diversity versus wavelength in ch; (solid line) and ch,
(dashed line) with [Vi01, Ve, ..., Vicg] = [1.175,0.210,1.530, 1.790, 1.955, 1.640, 2.100, 3.225] Vyys. (a) Sy input spectrum; (b) S; output
spectrum; (c) Sy output spectrum. Asterisks mark the central channel wavelengths.

are obtained. RR can be improved by adding more
filtering stages to the 1 x 2 WSS design but at the
expense of increasing IL. In a future work and after
an optimization process, different voltage levels at
each LC cell will be applied to improve RR among
others.

3. Conclusions

A reconfigurable 1 x 2 WSS, based on a Lyot filter
structure, using specific high birefringence nematic
LCs, has been designed and tested. The system work-
ing principle has been demonstrated in the visible
spectrum region for plastic optical fiber networks.



A versatile behavior for the 1 x 2 reconfigurable
WSS is obtained by applying a variable voltage to
each LC cell. Performance of a two channel system,
at 560 and 621 nm, is shown after optimizing L.C vol-
tages. This system allows demultiplexing, switching
or blocking any channel through any output port
using voltages from 0 to 3 Vyys. Maximum IL of
6 dB, and RRs better than 12 dB, are obtained.
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CICYT (grant No. TEC2009-14718-C03-03) and CAM
(grant No. S2009/ESP-1781). The authors acknowl-
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