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We present innovative concepts related to the redlization of ultrafast optical
switches to be used for obtaining all-optical switching. We review the
construction and the achievements of Civcom Incorporated during its research
and development stages of constructing its ultrafast switch. Experimental
measurements are exhibited. © 2002 Optical Society of America
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1. Introduction

Over the past few years significant changes in optical networking have occurred. Ever
increasing demand for data services have been the driving force behind the wide
deployment of dense wavelength-division-multiplexing (DWDM) technologies to
increase network capacity. These networks were designed to provide the maximum
bandwidth possible while not incorporating true optical-layer functionality. Today the
force behind the deployment of new intelligent optical networks is service providers
need to decrease operational costs and increase revenues by providing services based on a
new breed of optical components. These components are characterized by new optical
functionality and by multiple function integration. One such component is the optical
switch. The switch has evolved from a simple optomechanical device to an integrated
component operating at higher speeds and incorporating new functions. The addition of
new capabilities, such as dynamic variable optical attenuation (VOA) and optical
multicast, into the optical switch component, together with the increase in operation
speed, offers significant advantages and enables a variety of new applications.

The establishment of synchronous optical network and synchronous digital hierarchy
(SONET/SDH) as the dominant transport technology has introduced some de facto
standards into network-protection schemes. The emerging practice has tended toward use
of dual homing (or no protection) in the network access, self-healing SONET/SDH rings
in the metropolitan area network (MAN), and 1:1 or 1:N (primarily) linear protection in
the long haul.* The evolution toward intelligent optical networks has led to the need for
new, all-optical protection schemes to address a wide variety of network architectures,
such as rings, linked rings, hybrid mesh—ring and mesh architectures. The integration of
switching, multicast, and attenuation control is extremely useful in designing such
protection schemes. For example, some of the best-known ring-protection schemes are
DPRING (dedicated protection ring) and the OMS-SPRING (optically multiplexed
section sheared protection ring) protection architectures (Fig. 1).

This paper reviews the research and development stages of Civcom Incorporated in its
construction of the all-optical ultrafast switch. This switch is capable of multicast
functionality as well as VOA operation. The preliminary design was based on multistage
interconnection networks with a polarization-sensitive approach. Eventualy, a
wavelength- and polarization-insensitive switch for obtaining strictly nonblocking
connectivity was achieved. Section 2 discusses the concept of the multistage
interconnection network. A preliminary prototype is presented in Section 3. Improved
engineering design is shown in Section 4.
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Fig. 1. (a) DPRING protection scheme, (b) OMS-SPRING protection scheme.

Section 5 presents the environmental test procedure applied over the improved
prototype. The paper is concluded in Section 6.

2. Multistage Interconnection Networks

The switch architecture that was initially used was described by Mendlovic et al.?® Their
polarization-coded inputs are dynamically controlled by electrically addressed retarders.
That switch constructed in a multistage interconnection network (MIN) is based on a
building block, which was a 2 x 2 switch. The switching element is based on a controlled
A2 plate placed in between two birefringent calcite crystals that act as beam
displacement plates (BDPs). This approach has been demonstrated for 2 x 2 and for 4 x 4
optical switches.** The basic structure of this switch is shown in Fig. 2.
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Fig. 2. 2 x 2 bypass exchange switch based on polarization coding with birefri-
ngent calcite crystals as BDPs and FLC A/2 retarder switch.

In this system the two incoming signals A and B are linearly polarized and combined, for
example, by use of a A/2 plate in the entrance plane of signal B followed by the calcite
BDPL. The resultant ray then passes through a controlled A/2 ferroelectric liquid-crystal
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(FLC) pixel and is reopened by the second calcite BDP2. When a proper voltage is
applied to the FLC pixel, it acts as a A/2 pixel and the polarization of the signals A and B
interchange, thus obtaining an exchanged state of the inputs in the output plane. With no
voltage applied, the FLC is transparent to the incoming signals and the output isidentical
to the input (bypass mode). The final A/2 plate in the output plane restores the output
polarization of the second beam. A similar approach is used to achieve the 2 x 2
broadcast switch (Fig. 3).
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Fig. 3. Proposed setup for the 2 x 2 broadcast switch.

By replacing the controlled A/2 FLC pixel in between the two calcites with a more
sophisticated retarder that allows the retardation level to be controlled in fine steps, we
obtain the four possible states of the broadcast switch and may achieve even greater
flexibility. For instance, the A/2 FLC block may be replaced with two pixels of A/4 FLC.

The bypass and exchange modes are obtained by means of activating the retarder to O-
or 90-deg retardation, respectively. The two broadcasting modes are achieved by means
of activating the retarder to retardation of 45 deg and blocking one of the inputs (signal B
for the upper broadcast mode and signal A for the lower broadcast mode).

By limiting the system to use of these four modes, we achieve an important property
of this switching system: the division of the broadcasted input signal into two energy-
equivalent output signals. Thus, in MIN systems consisting of several 2 x 2 broadcast
switches, we can activate the broadcast state in the proper switches to divide the energy
of the input signal evenly among the connected outputs (for an even pair of outputs).

It is not necessary, though, to impose those limitations. In the more general case, both
inputs are always connected to the switch, and the retardation level is arbitrary. In this
way, the generalized 2 x 2 system depicted in Fig. 4 is achieved. With that setup both
input signals are divided into two parts, X and Y. The X part of one signal is added to the
Y part of the other. X and Y are dependant and reflect the retardation level. If one wishes
to set X and Y to independent levels, an additional attenuator should be used on one of
the signals. Note that the signals A and B represent the input intensity.
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Fig. 4. Generalized 2 x 2 broadcast and switching system.
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3. Prototype and Experimental Results

A demonstrator based on the design guideline stated in Section 2 was constructed. The
light source used is a doubled Nd:Y ag laser (530-nm wavelength). An input mask was
placed at the input plane. The constructed switch is a 16 x 16 switch consisting of 2 x 2
modules. The device is depicted in Fig. 5 where the optical core itself occupies a volume
of less than 3 cm®. The state of each FLC controls the operation of the switch bypass,
exchange, or broadcast. The panels are driven by dedicated hardware, which is computer
controlled.

-~ - A

Fig. 5. All-optical 16 x16 switch. SLM, spatial light modulator.

Special software was written to control the state of each FLC. By controlling al the
FLCs, and changing their status in a synchronous manner, we can achieve the entire
range of possible output patterns.

Figure 6 shows some of the captured results that demonstrate a few of this system’s
operational modes (switching, bypassing, and broadcasting).

The main disadvantage of the suggested configuration is that the dynamic elements
used to perform the switching operation were FLCs, which are not ultrafast (they alow
switching speeds of 100-500 ps). In addition, to obtain larger switches, an omega2 MIN
network was used. This network cannot alow a strictly nonblocking connectivity
between the input and the output channels. To overcome this, Civcom’'s solutions are
currently based on a different type of dynamic electro-optic materials. As seen in Fig. 6,
the first prototype did not manage to achieve adequate cross talk between output optical
channels.

4. Improved Design Progress

The improved design included a change of the optical configuration as well as the
electro-optical material. A faster material was used as the dynamic element. The material
was mapped and integrated into a unique configuration allowing strictly nonblocking
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Fig. 6. Some experimental results of different interconnection configurations.

connectivity, and the designed prototype was wavel ength and polarization insensitive.

The experiment shown in Fig. 7 presents the polarization rotation ability of the new
material. The figure depicts the first ©/2 behavior of the materia as a function of
normalized voltage. As can be seen from the graph, the material has a linear behavior
between the square of the operating voltage and the rotation of the polarization angle.
This linearity starts from a certain voltage and greater. This behavior might be explained
when we consider that the material exhibits a basic (natural) birefringence that exists
when no voltage is applied to the device.

The true relation between the rotation of the polarization angle o and the applied
voltage V corresponds to the electro-optic effect (Kerr effect) as expressed in Eq. (1):
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Fig. 7. Rotation of polarization angle (ot) versus the square of the voltage.

where A is the illuminating wavelength, V is the applied voltage, and V(1) is the voltage
(which is wavelength dependent) required for rotating the polarization angle in angle of
w. This effect itself results from the imposed electric field that causes the asymmetric
molecules of the material to align with the field. This causes the material to become
anisotropic and birefringent. The change in the refraction index is given by
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Fig. 8. Rise time results as measured with afast discharge circuit. (a) For 40-nstime
division, (b) for 20-nstime division.
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where n, and n, are the ordinary and the extraordinary refraction indices, K is the Kerr
constant (which is dependent upon the wavelength), V is the applied voltage, d is the
distance between the electrodes, and A is the wavelength. This dynamic material exhibits
loss of less than 4% and an extinction ratio of more than 1:800.

The above-mentioned electro-optic material is tolerant to high-power signals, and a
valid operation was measured for an input signal with a power of 5W.

Figure 8 presents the material’ s performance. The best device had a discharge time of
100 ns. The prototype constructed for performing the described measurements is
extremely small in dimensions as can be seenin Fig. 9.

The switching element can be of ~3.5 mmin
diameter.

Fig. 9. Switching prototype.

In addition to the operating rate mapping, various additional experiments were
performed. For instance, for exploring the thermal dependence. The polarizers werein a
cross state, and Vs, V.., V, were measured between 25 and 100 °C. Note that V,, denotes
the normalized voltage required for obtaining an o rotation of the polarization angle with
respect to V,, at 25 °C. The measurement was of the actual optical power impinging at the
optical detector. No modulation was applied, and only dc voltages were used. Figure 10
presents the obtained results where the y-axis values were normalized to the voltage that
was required at 25°C.

The thermal dependence presented in Fig. 10 might be eliminated with a thermal
control based on a thermoelectric cooler or a heater.

Subsequently, an improved prototype was constructed (see Fig. 12 below). Its optical
configuration, which incorporates the dynamical electro-optical element together with
BDP, revealed an optical cross talk between adjacent channels of below —45 db. Figure
11 provides a visual display of the obtained cross-talk measurements. Figure 11(a)
presents the switching when the light is directed toward the upper output channel while
no light is seen in the lower output channel (low cross talk). In Fig. 11(b) the switching
directs the light to the lower output channel while no light is seen in the upper channel. In
11(c) the multicast functionality is displayed, and the light is ssmultaneously directed to
both output channels. The results were obtained for a wavelength of 1550 nm.

The optical switch used to perform the cross-talk measurements is demonstrated in
Fig. 12. A specia electrical driver was developed in order to induce the optical response
and to eliminate its various temporal fluctuations.
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Fig. 11. Cross-tak demonstration inthe 1 x 2 all-optical improved prototype.
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Fig. 12. Civcom’'simproved 1 x 2 switching prototype.

Figure 13 presents the switching time obtained during operation of a complete switch.
The figure presents the rise time and the fall time of the optical response. The scope
computed the 10-90% response time. For the electrical driver parameters chosen for this
figure the overall optical response time as measured by the scope was approximately 250
ns (seen in the right-hand part of the figure).

The optical performance of the improved 1 x 2 switching prototype of Fig. 12 as
measured in a certified optical laboratory are presented in Fig. 14, which shows the
measured insertion losses, cross talk, and polarization-dependent losses (PDLS) as a
function of the wavelength over the spectral C band. The polarization-mode dispersion
(PMD) of output channel number 1 is depicted in Fig. 14(d).
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Fig. 13. Development of specia electrical driver providing induced optical
response with rise time and fall time of 250 ns.
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Autocorrelation Function for Channel 1 PMD Measurement
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Fig. 14. Optical performance of theimproved 1 x 2 switching prototype:
() Insertion loss, (b) crosstalk, (c) PDL, (d) PMD.

Fig. 15. Temperature cycling chamber testing.
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5. Environmental Testing
Civcom's prototype switch successfully passed preliminary environmental testing as
specified by GR 1221 (GR, general requirements). In the testing, not only was the switch
itself not physically damaged; its optical performance was not affected. Figure 15
presents the optical submodules connected to a special jig placed in atemperature cycling
chamber.

Figure 16 displays the temperature cycling chart.

Fig. 16. Temperamure cycling chart.

In Fig. 17(a) the switch is mounted on an electrodynamic shaker. The sine vibration test
graphisseenin Fig. 17(b). Figure 18 presents the switch mounted on the shock machine.
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Fig. 17. Electrodynamics shaker.
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(b)

Fig. 18. Switch mounted on the shock machine.

The mechanical shock test graph is seen in Fig. 19. Table 1 presents a measured
datasheet of Civcom's present technical performance for 1 x 2 and 2 x 2 switches, as
discussed in this paper.

6. Conclusions

This paper has reviewed the research and development stage of Civcom Incorporated in
which, it is believed, the first ultrafast all-optical switch was developed. Experimental
results of the designed prototype were demonstrated. Further improvements are to be
obtained at Civcom in the near future.
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Fig. 19. Mechanical shock test graph.
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Table 1. Technical Specificationsof Civcom’s Switch

1 x 2 Fast Switch

2 x 2 Fast Switch

Parameter Unit Specification Specification
Wavelength window nm 1525-1625 1525-1625
Insertion loss dB 14+02 16+02
Back reflection dB Max —50 Max —50
Crosstalk dB -45 —45
PDL dB 0.2 0.2
Switching time ns 250 250
Optical input power dBm Typical 25, max 36 Typical 25, max 36
Operating temperature °C —10to +60 —10to +60
Dimensions (optical module) mm 54 (L) x35(W)x 14(H) 62 (L) x 36 (W) x 15.5 (H)
Reliability cycle >10 x 10° >10 x 10°

S
VOA dynamic range dB 20 20
VOA granularity dB 0.2 0.2
Input voltage Ve 12 12
Switching frequency kHz 20 20
Weighted multicast % 5 5
(and broadcast) (higher granularity (higher granularity
granularity available) available)
PMD ps 0.1 0.1
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