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Abstract: An optofluidic chip of the single-mode fiber variable optical attenuator (VOA) is
proposed. This chip has a simple structure, and it utilizes microfluid and air to regulate the
optical attenuation, where air acts as a shutter. Here, the single-mode characteristics of the
VOA chip are discussed at 1310 nm and 1550 nm. The experiment results indicate that it
is feasible to regulate optical attenuation using the proposed chip. The VOA with this chip
has a large optical attenuation range (82 dB) and a very wide operation waveband from
visible to near infrared wavelengths. The measured insertion loss is 0.68 dB at 1310 nm and
0.92 dB at 1550 nm, and the measured return loss is 47.8 dB at 1310 nm and is 47.67 dB
at 1550 nm.

Index Terms: Optofluidics, variable optical attenuator, single-mode fiber, attenuation.

1. Introduction

Variable optical attenuators (VOAs) are widely used in sensing, signal processing, and optical
communication, particularly in the wavelength-division multiplexing (WDM) system. VOAs are used
to dynamically control the optical power level of light sources and the gain equalization of amplifiers,
and manage the optical power in receiver front-ends to avoid overload [1], [2].

Most VOAs use microelectromechanical (MEMS) technology with shutters [3] or mirrors [4].
However, MEMS based VOAs need to use movable micromechanical elements and have difficulty
integrating [5]. Some VOAs use the technologies based on liquid crystal, magneto-optic effect
and electro-optic effect, but their insertion losses are often over 1 dB and have large wavelength
dependent loss. Unamuno [6] proposed a MEMS based VOA with an attenuation range of 47 dB
and an insertion loss of 1 dB from 1525 nm to 1565 nm. Koh and Soon [7] reported a micromirror
based VOA with an attenuation range of 40 dB and an insertion loss of 1.8 dB from 1510 nm to
1610 nm. S. Rudra et al [8] utilized a blue phase liquid crystal to develop a VOA with an attenuation
range of 29 dB from 1480 nm to 1550 nm.

Optofluidics, which is the combination of optics (photonics) and microfluidics, can provide VOAs
some advantages such as no mechanical moving parts and miniaturization. However, there are
relatively few reports about optofluidic VOAs. Most of the reported optofluidic VOAs are based on
the electrowetting on dielectric (EWOD) technology. For example, Reza and Riza [9] demonstrated
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Fig. 1. Structure diagram of the VOA chip.
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Fig. 2. VOA with a pneumatic pump.

an electrowetting-liquid-lens based VOA with an attenuation range of 40 dB and an insertion loss
of 4.3 dB from 1510 nm to 1700 nm, and Dudu’s et al. [2] reported an electrowetting based VOA
which utilized a liquid drop to get the attenuation range of 26 dB from 1525 nm to 1565 nm. Also,
Tang and Li [10] proposed a VOA scheme with an attenuator range of 31 dB from 1500 nm to
1600 nm by using a waveguide and a microchannel filled with fluid mixture.

Here, an optofluidic chip of the single-mode fiber VOA is proposed. It utilizes microfluid and air to
regulate the optical attenuation. Its structure and working principle are simple. The VOA with this
chip has a large optical attenuation range (82 dB) and a very wide operation waveband from visible
to near infrared wavelengths. Here, we only discuss its single-mode characteristics at 1310 nm and
1550 nm communication wavelengths.

2. Structure and Working Principle

This VOA chip utilizes the adjustability of the fluid and regards the air column as a shutter. As shown
in Fig. 1, a sandwich structure is adopted. It includes three layers: a cover, a homogeneous and
transparent square medium (working layer), and a substrate. In the second layer, the incident and
exit collimators are set in the V-shape grooves and their central axes lie on the same straight line; the
microchannel is at the diagonal of the square medium and is connected with a liquid storage tank.
Some air and liquid are sealed in the microchannel by a thin membrane, where, liquid has the same
or proximal refractive index as the square medium, and air can make light all reflected. The fluid drive
can use different microfluidic technologies such as electromagnetic actuation [11], [12]. Fig. 2 gives
an example utilizing the air pressure actuation technology. The liquid storage tank is connected
with a pneumatic pump set out of the chip. The fluid is driven by air pressure from the pump.

As shown in Fig. 3(a), when light is transmitted to the microchannel, light all falls on the solid-air
interface and reflected by the “air shutter,” and therefore, light energy is all attenuated. Driving liquid
to arrive at the location as shown in Fig. 3(b), light all falls on the solid-liquid interface and penetrates
through the microchannel into the exit collimator. There is almost no energy loss because liquid
has the same or approximate refractive index as the square medium. When the air-liquid balance
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Fig. 3. Working-principle diagram of the VOA chip. (a) Light is all reflected and lost. (b) Light penetrates
through the microchannel. (c) Light energy is partly attenuated.

location is as shown in Fig. 3(c), light energy is partly attenuated. So the VOA attenuation can be
regulated by driving the fluid to arrive at different air-liquid balance locations in the microchannel.

This VOA chip is made of PMMA (Polymethyl methacrylate) with a refractive index of 1.49
at 589 nm. At the solid-air interface of the microchannel, the critical angle of the total reflection is
between 41.5° and 42.5° within 400 nm—1700 nm, while the incident angle of light is 45°. Therefore,
the total reflection condition is met, and the chip can be operated from visible to NIR wavelengths.
Therefore, this VOA chip is a broadband optical device. However, different fibers and collimators
are required to match the corresponding wavebands at wide waveband operations.

3. Theories

Here the optical field of the VOA chip is discussed by Gauss beam propagation theory, Helmholtz
equation and coupling theory. Assuming the VOA works in the single-mode optical field, the optical
wavefunction in front of the microchannel can be expressed by Gaussian beam as follows:

Ao X2+ )P ' Xy (22
po(x, y, 2) = N (— 2 >eX|0 {—’ [k <z+ 2R(2) ) - (77_‘0(2)>“ v

where A is the wavelength; A is a constant; k is the wave vector; w(2), o and R(z) are the radius,
the beam-waist radius and the wavefront curvature radius of Gaussian laser beam, respectively.

The optical field behind the microchannel includes light penetrating through the microchannel
and light diffracted by the liquid head face (the air-liquid interface) in the microchannel. Referring to
Fig. 3(c), assume that the origin of the coordinates is the intersection point of the optical axis and the
microchannel, x coordinate value of the liquid head face is ay,. When diffraction is not considered,
the optical wave penetrating the microchannel is

wo(X,y,2), X <ay
p1(x,y.2) = : 2)
0, X > ay.
Due to diffraction at the liquid head face, the light beam behind the microchannel becomes wider,
and the optical energy into the exit collimator is further reduced. This loss originated from diffraction
is called the mode-field mismatch loss, and the diffraction wave meets the Helmholtz equation

vty = [ [ otk {<ilkocriy s @ - gz ok @
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Fig. 4 Attenuation vs. fluid shift, at 1310 nm.
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Fig. 5. Basic experimental setup.

where k = 2m/A; ky, k, are two components of the wave vector k. By Fourier transform, integral, and
simplification, (3) finally becomes as follows:

2

@2(X,y,2) = 2Agm/me (1 +i) o exp (—ikz) e

kzewh — 2iz2

ky2 oo X2 ik 2 ,
(ol () e[ B

The VOA attenuation includes the attenuation from the total reflection of the air shutter (/L 1) and
the mode-field-mismatch attenuation from the diffraction (/L »). According to the mode-field-coupling
theory, the total attenuation (/L) is

[fsgopr xdS” t01g —se0v2 as|’
[fslpol?dS x [[sl¢112dS [[s1@0l?dS x [[lp21?dS

where ¢, ¢1, and ¢, are Gaussian beams, the penetrating wave, and the diffraction wave, respec-
tively.

Assume that the wavelength is 1310 nm, the distance between the two collimators is 20 mm, and
the waist radius of Gaussian beam (wyg) is 0.25 mm. The relation between the attenuation and the
fluid shift is shown in Fig. 4, where Software Mathematics is used for the theoretical calculation.
The theoretical result shows the attenuation range of the proposed VOA chip is about 80 dB.

IL = ILi+IL, = —10lg (%)

4. Experiments and Discussion

Here the optical characteristics of the proposed VOA chip are researched by principle experiments.
The basic experimental setup is shown in Fig. 5. The VOA chip is made of PMMA with a dimension
of 15 x 15 x 15mm? (length x width x height), and the microchannel size is 10 x 1 x 4mm?®
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Fig. 6. Signal transmission experimental setup.

Fig. 7. Transmission of the analog signal, where the upper is the input signal, and the lower is the output
signal. (a) 2.36 dB attenuation. (b) 13.05 dB attenuation. (c) 37 dB attenuation.

(a) (b) (©)

Fig. 8. Transmission of the digital signal (square wave), where the upper is the input signal, and the
lower is the output signal. (a) 2.36 dB attenuation. (b) 13.05 dB attenuation. (c) 37 dB attenuation

(length x width x depth). The fabrication method uses the precision engraving technology based
on a CNC engraving machine. The liquid is phenylmethylsilicone fluid with the same refractive index
as PMMA. In the microchannel, air is at the upper layer, and liquid is at the lower layer. This chip
is set on a vertical lift stage with 0.005 mm shifting precision. The incident and exit collimators are
collimated by a pair of multi dimension precision alignment stages.

4.1 Experimental Phenomenon

Based on the basic experimental setup, the signal transmission experimental setup is shown in
Fig. 6. As the chip moves down following the vertical lift stage, the liquid in the microchannel
descends, and the laser beam in front of the microchannel moves gradually from the solid-liquid
interface to the solid-air interface. As a result, the output signal energy attenuates. An oscilloscope
is used to observe the input and output signals. The experimental photos in Figs. 7 and 8 show that
the output signal becomes gradually weak as the laser beam moves from the solid-liquid interface
to the solid-air interface, where the wavelength is 1550 nm.

After removing the function generator and the light transmitter in Fig. 6, connect a multi-
wavelength laser to the incident collimator. Then an optical detector card is set in front of the
exit collimator to observe the output laser spot of 1310 nm or 1550 nm. A visible light spot will ap-
pear on the optical detector card when the invisible near infrared (1310 nm or 1550 nm) irradiates
the optical detector card. The output laser spot is captured by a CCD camera, as shown in Fig. 9.
As the laser beam in front of the microchannel moves gradually from the solid-liquid interface to the
solid-air interface, the output spot becomes gradually smaller and darker and finally disappears.
The experiment results indicate it is feasible to regulate optical attenuation using the proposed chip.
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Fig. 9. Variation of the output laser spot observed by an optical detector card at 1310 nm. (a) All lasers
reach the solid-liquid interface and penetrate through the microchannel. (b) Most lasers reach the solid-
liquid interface and penetrate through the microchannel. (c) Half of the lasers reach the solid-liquid
interface and penetrate through the microchannel. (d) Only the edge of the laser beam reaches the
solid-liquid interface, and almost all of the laser is reflected off.
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Fig. 10. Experimental setup for the attenuation measurement.

4.2 Attenuation Measurement

Based on the basic experimental setup in Fig. 5, a multi wavelength laser is connected to the
incident collimator, and an optical power meter is connected to the exit collimator to detect the laser
output power, as shown in Fig. 10. The laser outputted from the incident collimator has a 0.5 mm
diameter. The sensitivity of the optical power meter is —82.7 dBm at 1310 nm and —83.2 dBm at
1550 nm, and its resolution is 0.01 dBm.

Fig. 11 shows the measured attenuations. As the liquid moves down and the laser beam moves
gradually from the solid-liquid interface to the solid-air interface, the attenuation increases gradu-
ally. The proposed VOA chip can attenuate all optical energy in theory. However, the attenuation
measurement is limited by the sensitivity of the optical power meter, so the attenuation range mea-
sured in our experiments is only 82 dB. This attenuation range has been more than that of the
ordinary VOAs. Fig. 11(a) shows that the experiment data are consistent with theoretical results at
the change trend. The experiment data are a bit larger than the theoretical data due to the insertion
loss in the experiments. Fig. 11(b) shows that the attenuations of two optical communication wave-
lengths. The attenuation of 1550 nm is a bit larger than the attenuation of 1310 nm at the same
liquid shift.

The insertion loss comes from the extra energy losses due to absorption of the chip material, the
index mismatching of the chip material with the liquid, and offset/ angular misalignments of the two
collimators. The insertion loss has different data at the different wavelength. Here the measured
insertion loss is 0.68 dB at 1310 nm and 0.92 dB at 1550 nm. When all kinds of conditions are the
same, the repeatability is 0.04 dB at 1310 nm and 0.05 dB at 1550 nm in terms of the attenuation
versus the liquid-position.

4.3 Return Loss Measurement

The experimental setup for measuring the return loss is shown in Fig. 12. Assume that the optical
power into the VOA (the output power from Port 2 of the optical circulator) is P+, and the reflective-
light power of the VOA (the output power from Port 3 of the optical circulator) is P». Then, the return
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Fig. 11. Attenuation versus liquid shift. (a) Comparison between the experimental data and the theoret-
ical data at 1310 nm. (b) Attenuations of two optical fiber communication wavelengths.
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Fig. 12. Experimental setup for measuring the return loss of the VOA.

loss is as follows [13], [14]:
P
Returnloss = 1OIgP—1 — Insertlossy 3 (6)
2

where, Insertloss; 3 is the total of the insertion losses from Port 2 and Port 3 of the optical circulator.

At first, connect Port 2 of the optical circulator to a power meter, and read the optical power
P+ (namely, the input power of the VOA). Then, remove the power meter and connect Port 2 of
the optical circulator to the incident collimator. The fiber end of the exit collimator is immerged
in the matching liquid with the same refractive index as the fiber so as to avoid the effect of the
end reflection. Use the power meter to measure the output power P, from Port 3 of the optical
circulator. Finally, the return loss is obtained through (6). The experimental data of the return-loss
measurement are shown in Table 1. The return loss is 47.8 dB at 1310 nm and is 47.67 dB at
1550 nm.
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TABLE 1
Experimental Data of the Return-Loss Measurement

\ 1310nm 1550nm
P, (dBm) -1.20 -1.08
P, (dBm) -49.45 -49.20
Insert lossy.3 (dB) 045 0.45
Return loss (dB) 47.8 47.67

5. Conclusion

Here, an optofluidic chip of the single-mode fiber VOA is proposed. It has a simple structure and a
very wide operation waveband. It utilizes microfluid and an air shutter to regulate the optical atten-
uation. The single-mode characteristics are discussed at 1310 nm and 1550 nm. The experiment
results indicate that it is feasible to regulate optical attenuation using the proposed chip and that
the VOA chip has a large optical attenuation range (82 dB). The return loss and the insertion loss
can meet the need in applications.
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