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Abstract In this paper, we proposed and experimentally
demonstrated a route-asymmetrical light transmission
scheme based on the thermal radiative effect, which
means that forward and backward propagations of an
optical device have different transmittances provided they
are not present simultaneously. Employing a fiber-chip-
fiber optomechanical system, our scheme has successfully
achieved a broad operation bandwidth of at least 24 nm
and an ultra-high route-asymmetrical transmission ratio
(RATR) up to 63 dB. The route-asymmetrical device has
been demonstrated effectively with not only the contin-
uous-wave (CW) light but also 10 Gbit/s on-off-keying
(OOK) digital signals. Above mentioned unique features
can be mostly attributed to the significant characteristics of
the thermal radiative effect, which could cause a fiber
displacement up to tens of microns. The powerful and
significant thermal radiative effect opens up a new
opportunity and method for route-asymmetrical light
transmission. Moreover, this research may have important
applications in all-optical systems, such as the optical
limiters and ultra-low loss switches.

Keywords route-asymmetrical light transmission, ther-
mal radiative effect, optomechanical system, route-asym-
metrical transmission ratio (RATR)

1 Introduction

The function to control the transmission directions of
optical signals is a fundamental research and in great

Received October 2, 2015; accepted December 9, 2015

E-mail: jjdong@mail.hust.edu.cn

demand in optical communication and processing systems
[1-10]. One important and effective implemention is the
route-asymmetrical light transmission which means that
forward and backward propagations of an optical device
have different transmittances provided they are not present
simultaneously [11]. Nowadays, this function has already
been widely used in optical information processing
systems, such as optical diodes [12], logic gates [13,14]
and switches [15—-17]. To pursue more satisfying route-
asymmetrical performances, a number of innovative route-
asymmetrical devices based on different physical mechan-
isms have been conceived. However, different major
unfavorable factors have not been adequately eliminated
in these schemes. For example, researchers have made
great efforts to achieve route-asymmetrical devices of low
cost and simple operation based on the material non-
linearity of the microcavities [18-22] and thermal effect
[23,24], but most of the operation bandwidths are too
narrow. Devices relying on the optical force largely
improve the operation bandwidth, however they also
bring additional complexity to the fabrication and opera-
tion process [10]. As for schemes based on the refractive
index modulation [25], spatial mode converter [26] and
light tunneling mechanism in heterostructures [27], either
the system complexity or unsatisfied route-asymmetrical
performance, seriously limits their applications in next-
generation optical communication systems [28,29]. There-
fore, it is significant to find an effective mechanism to
simplify the fabrication and operation process, and
improve the transmission performances of route-asymme-
trical system for practical applications.

Considering the packaging of photonic circuits, inte-
grated chips have inevitably been linked with optical fibers
for real deployments. Hence, in this paper, by employing a
fiber-chip-fiber optomechanical system, we experimentally
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demonstrate a route-asymmetrical light transmission
scheme based on the thermal radiative effect. By taking
advantage of the significant thermal radiative effect to
introduce asymmetric displacements of the forward and
backward fibers, our experiment shows a broad operation
bandwidth of at least 24 nm and an ultra-high route-
asymmetrical transmission ratio (RATR) up to 63 dB. The
route-asymmetrical device has been demonstrated effec-
tively with not only the continuous-wave (CW) light but
also 10 Gbit/s non-return-to-zero on-off-keying (NRZ-
OOK) digital signals. Besides the common features of the
passive characteristic, broad operation bandwidth and
ultra-high RATR, the proposed scheme does not require
extra assistance, such as electro-optic modulation or
external optical pumping. Moreover, this scheme may
have significant applications in all-optical switches and
limiters.

2 Device fabrication and operation
principle

Figure 1(a) provides an insight into the structure of our
fiber-chip-fiber optomechanical system, which includes a
pair of lensed single-mode fibers side-coupled to a silicon
straight waveguide chip. The forward fiber is totally fixed
by the fixtures, while the backward fiber is half fixed with
the coupling end designed with a suspended length of
several centimeters, behaving as a movable fiber cantilever
structure. The coupling ends of the two fibers are both bare
without coatings and tilted at an angle of 12° for optimal
coupling. Figure 1(b) shows the scanning electron
microscope (SEM) image of one grating coupler, which
is fabricated on a commercial silicon-on-insulator (SOI)
wafer. The top silicon thickness of the SOI wafer is
340 nm, and the buried oxide layer thickness is 2 um. The
device layout is transferred to a ZEP520A photoresist
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using E-beam lithography (Vistec EBPG5000 + ES).
Then, the upper silicon layer is etched downward of
210 nm to form a ridge waveguide through inductively
coupled plasma (ICP) etching (Oxford Instruments
Plasmalab System100). The period, duty cycle, total
length, 3-dB coupling bandwidth and coupling loss for a
single side of the grating coupler are 630 nm, 56%, 19 pm,
30 nm (ranging from 1535 to 1565 nm) and 9 dB,
respectively.

The working principle of the proposed route-asymme-
trical light transmission can be described as follows. When
a strong CW light is injected into the backward fiber, the
scattered light power due to the imperfect coupling
between the fiber and the grating coupler will produce a
thermal radiative effect which could make the backward
fiber move away. Thus the light transmission would be
blocked. In contrast, for the forward input, there is no
displacement of the two fibers (or a small displacement,
but this is within the tolerance of the grating couplers). The
reason for this is that the forward fiber is fixed stably and
the light, experiencing a relatively high loss mainly
induced by the grating coupler, is not strong enough to
generate a powerful thermal radiative effect at the back-
ward port. Thus the backward fiber also keeps stable. In
this case, the fiber-chip-fiber system can be regarded as a
lossy linear system and the CW light could transmit to the
backward fiber. Therefore, the fiber-chip-fiber optomecha-
nical system provides a successful design for route-
asymmetrical light transmission.

3 Experimental results

3.1 Route-asymmetrical performance with the backward
suspended length of 1.8 cm

At first, the suspended length of the backward fiber was set

grating coupler

19 pm
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Fig. 1 Structure of the route-asymmetrical system. (a) Schematic illustration of the fiber-chip-fiber optomechanical system consisting of
a silicon straight waveguide and a pair of single-mode fibers; (b) SEM image of the silicon grating coupler
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at 1.8 cm. To investigate the route-asymmetrical behavior
of the optomechanical device, the wavelength and power
of the input CW light were adjusted to 1550 nm and
20 dBm, respectively. When the light was separately
injected from the forward and backward fibers, the output
power was measured as 1.5 and —43.5 dBm, respectively.
Hence, the RATR, defined as the difference (in dB unit)
between the forward transmission power (7f) and the
backward transmission power (7g), was about 45 dB. To
explore the operation bandwidth of this device, we scanned
the input optical wavelength covering the whole C band
and repeated the above measurements. As shown in
Fig. 2(a), most of the RATRs (7x— 7 in dB unit) were
larger than 40 dB when the wavelength ranged from 1536
to 1560 nm, showing a route-asymmetrical working
bandwidth of at least 24 nm.

To further investigate the impact of input power on the
performance of this system, we fixed the optical wave-
length at 1550 nm and varied the input power from 6 to 20
dBm. For the forward transmission, we found that the
output power increased linearly with the input power,
shown as the blue line in Fig. 2(b). For the backward
transmission, the output power also increased linearly
with the input power when the input power was lower than
12 dBm. However, over this threshold, the output power
drastically reduced all the way with increasing the input
power, shown as the red line in Fig. 2(b). Hence, a large
range of input powers to achieve high RATRs was
successfully obtained, with the largest RATR of 45 dB.

3.2 Improved route-asymmetrical performance with
increasing the backward suspended length to 2.0 cm

As the route-asymmetrical performance was dependent on
the displacement of the backward fiber, we increased the
suspended length to 2.0 cm in order to enhance the system
sensibility with a lower power operation. Here the light
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wavelength was fixed at 1550 nm. Figure 3(a) showed the
measured backward and forward transmissions under
different input powers. The maximum RATR increased
to 63 dB, which was larger than the case of Fig. 2(b).

We also investigated the relationships between the fiber
displacements and the input powers for the backward
injection, as shown in Fig. 3(b). For example, when the
backward incident power was 20 dBm, the movable fiber
completely deviated from the grating coupler with a
displacement up to 38um, which was twice the length of
the grating coupler. Figures 3(c)—3(e) presented the
corresponding positions of the movable fiber at different
input powers, which were recorded by a charge coupled
device (CCD) camera. When the input light power was
9 dBm, the generated thermal radiative effect was not
strong enough, and hence the fiber was still accurately
aligned with the grating coupler, as shown in Fig. 3(c). As
the input power was increased to 17 dBm, Fig. 3(d)
showed that the backward fiber obviously moved a long
distance, which led to high light loss. Once the input power
was enhanced to 20 dBm, Fig. 3(e) showed that the
backward fiber completely deviated from the grating
coupler, and the light transmission was cut off.

Considering the displacement magnitude and material
characteristics of the optical fiber, the movement of
backward fiber could be mostly attributed to the thermal
expansion of the fiber [30—32]. When a strong CW light is
injected into the backward fiber, the high power will be
partly scattered by the grating coupler because of the
imperfect coupling between the fiber and the grating
coupler, which could significantly increase the temperature
of the grating coupler. Then the infrared power emitted by
the hot grating is absorbed by the cladding layer of the
backward fiber which makes the lower side of the fiber is
hotter. As a result, the backward fiber would be deformed
due to the thermal nonequilibrium, and thereafter produce
a displacement. In other words, the movement of the
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Fig. 2 Route-asymmetrical performance with a suspended length of 1.8 cm for the backward fiber. (a) Broad bandwidth with an input
light power of 20 dBm. The forward transmission power (7F) and the backward transmission power (75) were shown as the blue and red
curves, respectively. The green line, which was the difference between them, was defined as the RATR (77 —T in dB unit); (b) route-
asymmetrical condition with an input light wavelength of 1550 nm. The forward and backward output powers, as functions of the input

powers, were fitted as the blue and red curves, respectively
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Fig. 3 Route-asymmetrical performance when the suspended length of the backward fiber was increased to 2.0 cm. (a) Higher measured
RATRs; (b) measured displacements of the backward fiber under different input powers; (c)—(e) position images of the backward fiber
under the input power of (¢) 9 dBm, (d) 17 dBm and (e) 20 dBm. With increasing the input power, the backward fiber gradually moved
away from the grating coupler, which was marked as the red region. In (c), (d) and (e), one fiber was the actual object, while the other was

its virtual image

backward fiber might be caused by the thermal radiative
effect which was the leading factor in a conversion process
between different energies (from the original scattered light
energy to the final mechanical energy of the backward
fiber).

In the future, the operation power of the proposed device
could be reduced by designing an improved system which
could more efficiently realize energy conversion from the
scattered light power to the mechanical energy. At first, we
could increase the suspended length of the backward fiber
to enhance the system sensitivity. In this case, devices with
less operation power could achieve the same route-
asymmetrical performances. Second, we could use other
materials or structures which could be more sensitive to the
thermal radiative effect instead of the fibers. For example,
we could fabricate the on-chip counterpart of the proposed
device so as to reduce the weight of the movable part. Once
we have designed the movable backward part with a
compact and light material, i.e., SOI cantilever waveguide
instead of the backward fiber, the required optical power
will be greatly reduced. Furthermore, as the proposed
device is independent of the laser wavelength, the route-
asymmetrical bandwidth can be greatly increased by
designing a grating coupler with a larger bandwidth
[33,34].

3.3 Route-asymmetrical performance of 10 Gbit/s
modulation signal

To verify whether this proposed device can work well with
digital modulation signals, we carried out an experiment,
as shown in Fig. 4. A CW light of 10 dBm power, emitted
from a tunable laser source (TLS), was modulated by
cascaded Mach-Zehnder modulators (MZMs). Meanwhile,
a bit pattern generator (BPG) appropriately drove the
MZMs to produce 10 Gbit/s NRZ-OOK signals. Then, a
high-power erbium-doped fiber amplifier (HP-EDFA) was
used to pump the modulated NRZ signals, and then a
variable optical attenuator (VOA) was used to adjust the
injection power. The polarization controller 2 (PC2) was
required, since the silicon waveguide operated only in the
transverse electrical (TE) mode. A communication signal
analyzer (CSA) was used to record the temporal wave-
forms.

The suspended length of the backward fiber and the
optical wavelength were fixed at 2.0 cm and 1550 nm,
respectively. With input powers of 10, 12, 17 and 20 dBm
respectively, Figs. 5(al)—(d1) showed that the correspond-
ing waveform amplitudes in the time domain of the
forward transmission increased accordingly. However, the
waveforms of the backward transmission gradually
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Fig. 4 Experimental setup with 10 Gbit/s NRZ signals. The components of the apparatus were labeled as follows: TLS, tunable laser
source; PC, polarization controller; MZM, Mach-Zehnder modulator; BPG, bit pattern generator; HP-EDFA, high-power erbium-doped
fiber amplifier; VOA, variable optical attenuator; CSA, communication signal analyzer

disappeared, as shown in Figs. 5(a2)—(d2).

Figure 6 presented the measured output average power
of'the NRZ signals as a function of the input average power
in both the forward and backward transmissions. When the
input power was increased to 20 dBm, the RATR reached
its maximum value of 56 dB. These results demonstrated
that this device was also effective for high-speed digital
modulation signals with high route-asymmetrical perfor-
mance.

The essential reason for this could be traced, as the
optomechanical effect was a low-frequency mechanical
oscillation which could not respond to the high-speed
optical signals. Obviously, the forward light transmission
was always unobstructed. However, when a strong enough
light was injected at high speed into the backward fiber,
there was a significant average power of high-frequency
acting at the backward grating coupler, which was

forward transmission

P;;=10 dBm

P;;=12 dBm
P,=17 dBm
P;;=20 dBm

(dn

equivalent to continuous excitation. In this case, the
backward fiber deviated away from the grating coupler and
cut off the light. Hence, the proposed device can also work
well with high-speed digital signals.

3.4 Reflectivity

As the reflectivity was an important performance index for
practical devices", Fig. 7 showed the measured reflectivity
of the forward port (Rr) and backward port (Rg) as a
function of the input powers when the input wavelength
was 1550 and 1545 nm respectively. The forward
reflectivity (red lines in Fig. 7) was approximately constant
and lower than 0.5% when the input power varied from 8
to 22 dBm. However, the backward reflectivity (blue lines
in Fig. 7) increased with the input power and finally tended
to be steady around 1.3%. The reason lay in that with the

backward transmission

Fig. 5 Time domain waveforms of the NRZ signals under various input powers. In forward transmission, the output NRZ signals with
input powers of (al) 10 dBm, (b1) 12 dBm, (c1) 17 dBm and (d1) 20 dBm. In backward transmission, the output signals with input powers
of (a2) 10 dBm, (b2) 12 dBm, (c2) 17 dBm and (d2) 20 dBm in backward propagation. The scales of time coordinate and the power
amplitude of the output signal were 100 ps/div and 500 pw/div, respectively

1) https://en.wikipedia.org/wiki/Reflectance#Reflectivity
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Fig. 6 RATRs of the NRZ signal. The RATRs of the forward and
backward transmissions were plotted as the blue and red curves,
respectively
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Fig. 7 Reflectivity of the forward port (Rf) and backward port
(Rp) under different input powers and wavelengths

movement of the backward fiber, less light coupled into the
gratings which resulted in more optical power reflection.
After the fiber moved to the farthest position and turned to
be steady, the backward reflectivity stopped increasing and
remained unchanged at a level of lower than 1.5%.
Therefore, the reflectivity of this route-asymmetrical
device was acceptable for practical applications.

According to above measured results, it is clear to see
that the thermal radiative effect has a high value of
practical application. It should be noted that our scheme
can be incorporated into other integrated photonic circuits
to realize advanced functional modules, by replacing the
silicon straight waveguide with other functional wave-
guides to build a unidirectional functional module.

Our scheme is a semi-integration structure, but the
powerful thermal radiative force is promising to be used in
complete on-chip devices in the future. For example, the
switching function of the backward fiber could be instead

Front. Optoelectron. 2016, 9(3): 489-496

of a movable cantilever waveguide in SOI platform whose
buried oxide layer is etched. In this design, by controlling
the on-off state of the movable waveguide in different
transmission directions, on-chip route-asymmetrical light
transmission could be realized based on the thermal
radiative effect. In addition, as the whole device is
fabricated on the SOI wafer, it could be packaged in a
closed environment to avoid some unfavorable factors
(such as the vibrational fluctuations) as possible.

3.5 Practical applications for optical limiters or switches

Besides the application of route-asymmetrical transmis-
sion, our scheme could be used as a power limiter in linear
optics that converts specific kinds of inputs to specific
kinds of outputs [35,36]. The suspended fiber and the
grating coupler could be engineered to limit the input
power below a certain threshold in order to avoid the
nonlinear optical effects in linear optical chips. Moreover,
this scheme can still be used as an optical switch with ultra-
low loss by employing a control light of strong power and
grating coupler of ultra-low loss, such as the grating of
0.58-dB loss [33]. In this case, the wavelength of the
control light should be out of the working bandwidth of the
grating coupler in order to introduce strong thermal
radiative effect, while the signal light is within the
bandwidth of the grating coupler and could efficiently
couple into the device. Once the transmission link is
required to cut off the signals, we only need to increase the
power of the control light. In this way, an optical
mechanical switch of ultra-low loss could be built.

4 Conclusions

We have experimentally demonstrated a route-asymme-
trical light transmission in a fiber-chip-fiber optomechani-
cal system based on the thermal radiative effect. The
scheme is effective at achieving a broad operation
bandwidth of at least 24 nm and an ultra-high RATR up
to 63 dB. This route-asymmetrical device has been
demonstrated effectively with not only the CW light but
also 10 Gbit/s OOK digital signals. Moreover, this research
may have significant applications in all-optical systems,
such as the optical limiters and ultra-low loss switches. Our
findings of fiber optomechanical effect may motivate the
applications of on-chip optomechanical system.
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