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Abstract: We propose and experimentally demonstrate on-chip energy-efficient Gray code
generation based on a scalable and compact optical encoder. The operation principle of the
integrated encoder is based on the nonlinear effects in silicon opto-mechanical microring
resonators (MRRs), which could be excited by ultra-low input powers. By adjusting the input
powers with hierarchical power levels, the red-shifts of the MRR transmission spectrum
could be flexibly manipulated. In this case, the output powers of the MRR drop-port and
through-port could be controllable and switchable to generate different codes. Through
tuning the optical encoding powers in a specific rule, 4-bit and 2-bit Gray codes have been
successfully demonstrated. The required power of the proposed 4-bit encoder is as low
as −6 dBm, which is favorable to build energy-efficient optical encoding systems. To the
best of our knowledge, we have realized a nano-mechanical optical encoder with the lowest
required power. Moreover, the encoder structure has great scalability, thus 2N-bit Gray code
could be generated by utilizing 2N-1 add-drop MRRs. With the dominant advantages of
ultra-low power consumption (−6 dBm), compact size (0.08 mm2) and great scalability,
the proposed optical encoder has many significant applications in optical encoding and
communication chips.

Index Terms: Optical encoder, opto-mechanical microring resonator, low-power, great
extendibility.

1. Introduction
Optical logic gates and logic functional devices are fundamental components and long-standing
goals in optical communication systems [1]–[3]. Especially, with advantages of low latency trans-
mission, parallel processing and high stability, reliable optical encoders are key devices to guar-
antee high communication performances in long-haul signal transmissions [4]. To date, optical
encoders have been realized by photonic crystals [5], fractional Talbot effect [6] and point-source
light-emitting diodes [7]. Among the various optical encoders, one important encoding type is
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Gray code which shows the dominant advantages of minimization error and convenience [8].
Moreover, with remarkable features of a cycle and single-step switching, Gray code could effectively
reduce the data operations and economize the system power consumption [9]. Nowadays, Gray
code has attracted widespread attention and is widely used in digital processing systems [10],
such as fiber-optic localization [11], optical communication networks [12] and image processing
[13]. Different optical encoding methods of Gray code have been demonstrated by using discrete
devices, such as utilizing the electro-optic effect in the Mach–Zehnder interferometer [14] and cross
gain modulation (XGM) in semiconductor optical amplifiers (SOAs) [15]. However, the required
powers of most optical encoders are higher than 20 dBm which limit their practical applications.
Recently, to pursue better integration and reliability of optical encoding systems, researchers focus
on silicon-on-insulator (SOI) technology due to its advantages of low-loss and low-cost [16]–[20].
Unfortunately, there are few research efforts on optical Gray code generation by exploiting silicon
devices. In order to break the above limitation, more efficient and low-power mechanisms for optical
Gray code generation are highly desired.

In the past decade, opto-mechanical devices have attracted increasing interests as for the ability
to effectively combine the two significant fields of nanophotonics and nano-mechanics [21], [22].
Especially in the compact opto-mechanical microring resonators (MRRs), the nonlinear effects
(mainly including the opto-mechanical effect and thermo-optic effect) could be significantly acti-
vated by low input powers. Due to the enhanced gradient of the optical field, the opto-mechanical
effect could be effectively excited in the free-hanging MRRs [23], [24]. On the other hand, the
thermo-optic effect is also one key factor to induce the MRR resonance red-shifts [25]. As the
removal of the oxide substrate could effectively decrease the device heatsink, the temperature rise
of the opto-mechanical microring would be much higher. Therefore, the silicon opto-mechanical
devices provide an effective solution for low-power optical processing.

In this paper, we experimentally demonstrate optical 4-bit and 2-bit Gray code generation based
on the silicon opto-mechanical MRRs. The operation principle of the optical encoder is the nonlinear
effects in the free-hanging microrings, whose transmission spectra could be flexibly manipulated
by low optical powers. In this case, the output powers of the MRR drop-port and through-port
could be switchable and controllable to generate different codes. The experimental results show
that with injecting optical powers as low as −6 dBm, an optical encoder for 4-bit Gray code has
been successfully achieved. To the best of our knowledge, the power consumption of the nano-
mechanical optical encoder is the lowest among the integrated optical encoders. The proposed
scheme provides an optical processing approach for Gray code generation with advantages of
ultra-low power, compact footprint and great scalability, which is competent for practical applications
in on-chip optical communication systems.

2. Operation Principle
The key device of the optical encoder is a silicon opto-mechanical add-drop MRR, as shown in
Fig. 1(a). Half of the oxide substrate underneath the microring is removed, leaving the correspond-
ing MRR arc to be free-hanging. The operation principle of the free-hanging MRR is based on the
multiple nonlinear effects, mainly including the thermo-optic (TO) effect and opto-mechanical effect,
which are analyzed in our previous work [16]. The resonance red-shift of the MRR is proportional
to the input power Pin. Namely, the MRR spectrum could be manipulated by adjusting the input
optical powers.

The drop-port (Port 1) and through-port (Port 2) of the MRR correspond to the high-bit and low-bit
of 2-bit Gray code, respectively. The output powers (Pout) of Port 1 and Port 2 are written as P1 and
P2, respectively. According to the encoding rules in communication systems, two threshold powers
(high threshold power PH and low threshold power PL) are set to determine the output codes of bit
“1” or bit “0”. As shown in Eq. (1), the output code is defined as bit “1” if Pout is higher than PH. In
contrast, if Pout is lower than PL, the output code is defined as bit “0”.

code = 1(Pout > PH ); code = 0(Pout < PL) (1)

Vol. 12, No. 3, June 2020 4500312



IEEE Photonics Journal On-Chip Low-Power Gray Code Generation

Fig. 1. The add-drop free-hanging MRR.

Fig. 2. Tuning process of the opto-mechanical MRR. The input power levels are (a) null, (b) low,
(c) median, and (d) high, respectively.

The initial transmission spectra of the MRR are shown as the blue solid lines in Fig. 2(a) and
the wavelength of the input light is fixed at the MRR initial resonance of λ0. The detailed encoding
process of 2-bit Gray code is described as follows. Firstly (Step 1), the input power at λ0 is set at
the level of “null” (i.e., no input power), hence there are definitely no output powers at Port 2 and
Port 1. In this case, the output 2-bit code of Port 2 and Port 1 is bits “00”, as shown in Fig. 2(a).
Secondly (Step 2), the input power at λ0 is increased to the level of “low” which is not high enough
to affect the MRR (i.e., no resonance red-shift), as shown in Fig. 2(b). The major input power would
transmit to Port 1. Namely, the output power P2 is still lower than PL to maintain Port 2 of bit “0”
while the output power P1 becomes larger than PH to change Port 1 of bit “1”. Therefore, the output
2-bit code turns into bits “01”. Thirdly (Step 3), the light power at λ0 is enhanced to the level of
“median” in order to cause a medium spectrum red-shift, shown as the green lines in Fig. 2(c). In
this case, the input power would be divided into two parts and transmit to the corresponding port.
The two output powers are both higher than PH, namely the output 2-bit code changes to bits “11”.
Finally (Step 4), the light power at λ0 with the level of “high” is injected into the device, the MRR
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TABLE 1

Encoding Rule for the 2-Bit Gray Code

Fig. 3. SEM images of (a) the add-drop opto-mechanical MRR and (b) zoom in coupling region.

would experience a large enough resonance red-shift, shown as the red lines in Fig. 2(d). Thus the
major light power could not couple into the MRR but transmits straight to Port 2. Namely, there is
almost no output power at Port 1. In this case, the output 2-bit code switches to bits “10”. Therefore,
as shown in Table 1, the optical 2-bit Gray code could be generated by injecting resonance powers
in the order of “null”, “low”, “median” and “high”.

The add-drop opto-mechanical MRR is fabricated on a commercial SOI wafer whose silicon
slab and buried oxide layer are 220 nm and 2 µm respectively. The MRR free-hanging arc is
released by selective etching processing of three steps. Firstly, the whole MRR is transferred to
the photoresist through E-beam lithography (EBL) and then etched downwards for 190 nm by
inductively coupled plasma (ICP). Secondly, half of the MRR was patterned by a second EBL
and etched downwards for another 30 nm to form a corrosion window. In this case, oxide substrate
(SiO2) around above half MRR would be exposed to the air while the other half MRR arc has 30 nm-
thick silicon slab layer to protect this fixed structure from later corrosion of hydrofluoric (HF) acid.
Finally, HF acid solution was utilized to selectively undercut the oxide substrate of the corrosion
window, leaving the corresponding MRR arc to be free-hanging. Fig. 3(a) illustrates the scanning
electron microscope (SEM) image of the opto-mechanical MRR. The MRR radius is 20 µm and the
waveguide width is 450 nm. The zoom-in coupling region of the free-hanging structure is shown
in Fig. 3(b). The effective index of the straight waveguide, the ridge MRR and the free-hanging
MRR at 1550 nm are 2.33, 2.36 and 2.26, respectively. Namely, the waveguide effective index dif-
ferences could be negligible, which benefits the signal transmission and coupling between different
structures.

A low-power amplified spontaneous emission (ASE) source is coupled with a resonance
continuous-wave (CW) light and injected into the silicon device in order to characterize the transmis-
sion spectrum. In the case of no input CW light, the initial MRR transmission spectra with resonance
wavelength λ0 of 1557.596 nm are shown as the pink lines in Fig. 4. The extinction ratios of the
MRR through-port and drop-port are approximately 18 dB and 31 dB, respectively. To investigate
the nonlinear effects in the free-hanging MRR, CW light with different powers are injected into
the microring. With increasing the CW light powers in the order of −10.8 dBm, −7.6 dBm and
−3.9 dBm, the spectrum red-shifts of the MRR [through-port in Fig. 4(a) and drop-port in Fig. 4(b)]
are 0.015 nm (green solid line), 0.036 nm (red dashed line) and 0.08 nm (blue dash-dotted line),
respectively.
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Fig. 4. With injecting different CW light powers, the transmission spectra of (a) MRR through-port and
(b) drop-port, respectively.

Fig. 5. (a) The MRR resonance red-shifts under different input powers. (b) Measured normalized
transmittances of Port 1 (blue dotted line) and Port 2 (red solid line), respectively.

To further investigate the relationship between the resonance red-shifts and input powers, optical
powers ranging from −25 dBm to 0 dBm in steps of 3 dBm are injected into the MRR, as shown
in Fig. 5(a). For example, the red-shift could realize 0.13 nm when the input power is set as
0 dBm. In order to determine the input powers of “low”, “median” and “high”, the port normalized
transmittances have been measured, as shown in Fig. 5(b). As discussed in Table 1, the four power
levels of “null”, “low”, “median” and “high” are used to generate the 2-bit Gray code of “00”, “01”, “11”
and “10”, respectively. Therefore, according to the measured normalized transmittances in Fig. 5(b),
the four power levels could be set to no input (“null”), −12 dBm (“low”), −9 dBm (“median”) and
−5 dBm (“high”), respectively.

3. Experimental Results
3.1 2-bit Gray Code Generation

The experimental configuration is shown in Fig. 6. The wavelength and output power of CW light
emitted from the tunable laser sources (TLS) are fixed at λ0 (i.e., 1557.596 nm). The input powers
at λ0 could be adjusted by a variable optical attenuator (VOA). Finally, power meter 1 and power
meter 2 are used to measure the output powers at Port 1 (the low bit) and Port 2 (the high bit),
respectively. Compared with the threshold powers (i.e., PH and PL), the 2-bit output codes could
be achieved.

The histogram of the measured results is shown in Fig. 7. The output powers of the two ports
are shown as the blue cuboids (Port 2) and the red cuboids (Port 1), respectively. In order to
more intuitively illustrate the encoding results, the vertical coordinates are expressed by microwatt
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Fig. 6. Schematic diagram of the experimental setup. The components of the apparatus are labeled as
follows: TLS, tunable laser source; VOA, variable optical attenuator; and PC, polarization controller.

Fig. 7. Experimental encoding results of 2-bit Gray code with injecting powers in the order of “null”,
“low”, “median”, and “high”.

(µW). The two threshold powers of PH (green cuboids) and PL (purple cuboids) are set as 2.5 µW
(−26 dBm) and 1.25 µW (−29 dBm), respectively.

The detailed encoding process and results are described as follows. Firstly (Step 1), when there
is no input power at λ0 (i.e., power level of “null”), there are definitely no output powers at the
two ports of the MRR. In this case, the output 2-bit Gray code is bits “00”. Secondly (Step 2),
the light power at λ0 is set at −12 dBm (i.e., power level of “low”) which is not strong enough to
affect the MRR. The measured output powers are −33.5 dBm (Port 2) and −21.5 dBm (Port 1)
to generate bits “01”. Thirdly (Step 3), the light power at λ0 is increased to −9 dBm (i.e., power
level of “median”) in order to induce a medium red-shift. In this case, the output powers of the two
ports are −21.6 dBm (Port 2) and −23 dBm (Port 1), respectively. Thus the output code changes
to bits “11”. Finally (Step 4), the light power at λ0 is enhanced to −5 dBm (i.e., the power level of
“high”) so as to cause a large enough red-shift of the MRR. The output powers of the two ports
are −15 dBm (Port 2) and -34 dBm (Port 1), respectively. In this case, the output code turns into
bits “10”. Table 2 summarizes the measured output powers of λ0 with the above four steps. With
injecting light powers at λ0 in the order of “null” (no power), “low” (−12 dBm), “median” (−9 dBm)
and “high” (−5 dBm), an optical encoder to generate 2-bit Gray code with low-power has been
successfully built.

3.2 4-bit Gray Code Generation

As one opto-mechanical MRR (or one resonance) could generate 2-bit Gray code, multi-bit Gray
code encoder could be realized by multi-MRRs (or multi-resonances). As shown in Fig. 8, there
are three cascaded opto-mechanical MRRs (i.e., R1, R2 and R3). The resonance λ1 of R1 and
the resonance λ2 of R2 in the encoding key region are utilized to generate 4-bit Gray code. The
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TABLE 2

Measured Output Powers and Encoding Results under Different Input Powers

Fig. 8. Cascaded MRR structure for 4-bit Gray code generation.

resonance of R3 in the demultiplexing region is around λ2 in order to demultiplex the two resonant
wavelengths. In this case, the output bits of Port 2 and Port 1 which corresponds to the 2nd-bit
and 1st-bit are determined by the powers of the resonance λ1. On the other hand, the 4th-bit and
3rd-bit corresponding to Port 4 and Port 3 are controlled by the powers of λ2.

The encoding rule of the 4-bit Gray code with sixteen steps is shown in Table 3. The resonant
powers of λ1 and λ2 are utilized to generate the lower two bits (2nd-bit and 1st-bit) and the higher
two bits (4th-bit and 3rd-bit), respectively. As discussed in the 2-bit encoder, with injecting the
optical power of λ1 in an order of “null”, “low”, “median” and “high”, the corresponding lower two
bits (2nd-bit and 1st-bit) are “00”, “01”, “11” and “10” respectively, shown as the first four steps
(steps 1–4). Then, the powers of λ1 are decreased in the opposite order of “high”, “median”, “low”
and “null” (steps 5–8), which accordingly generate the lower two bits of “10”, “11”, “01” and “00”,
respectively. In the next eight steps (steps 9–16), the variation rule of λ1 is the same as the first eight
steps (steps 1–8). On the other hand, the powers of λ2 are also increased in the order of “null”,
“low”, “median” and “high”, but each power state lasts four steps. Therefore, by simultaneously
manipulating the powers of λ1 and λ2 in a specific rule, 4-bit Gray code could be achieved.

Fig. 9 shows the SEM image of the cascaded opto-mechanical MRRs for 4-bit Gray code
generation. The radii of the MRRs and the waveguide widths are around 20 µm and 450 nm,
respectively. The 4-bit Gray code corresponds to the output bits of Port 1 (the drop port of R1,
1st-bit), Port 2 (the through port of R3, 2nd-bit), Port 3 (the drop port of R2, 3rd-bit) and Port 4
(the drop port of R3, 4th-bit), respectively. The encoding key region (R1 and R2) and demultiplexing
region (R3) are shown as the two white boxes.

The device measured transmission spectra are shown in Fig. 10. The blue line in Fig. 10(a)
and the red line in Fig. 10(b) are the drop transmissions of R1 (i.e., Port 1) and R2 (i.e., Port 3),
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TABLE 3

Encoding Rule for 4-Bit Gray Code

Fig. 9. SEM image of the 4-bit Gray code encoder.

respectively. It can be seen that the resonances λ1 and λ2 are around 1557.425 nm and 1555.62 nm
respectively, which are absolutely separated. The extinction ratios of the two spectra are both larger
than 30 dB. The transmission spectrum of Port 2 is shown in Fig. 10(c). The two notch wavelengths
of the green curve are around 1555.62 nm and 1557.425 nm, and the corresponding extinction
ratios are 26 dB and 16 dB. The drop transmission of R3 is also measured which demonstrates the
resonant wavelength of R2 and R3 are aligned around 1555.62 nm.

The experimental results of the 4-bit Gray code are shown in Fig. 11. The blue cone, red cone,
yellow cone and green cone represent the output powers of Port 4, Port 3, Port 2 and Port 1,
respectively. The two threshold powers denoted by the pink cone and grey cone are set as 3.5 µW
(PH) and 1.75 µW (PL). The four input power levels of “null”, “low”, “median” and “high” are chosen
as null, −13 dBm, −10 dBm and −6 dBm, respectively. Firstly, when there is no input power of λ2
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Fig. 10. The measured transmission spectra of (a) Port 1, (b) Port 3, and (c) Port 2, respectively.

Fig. 11. The output powers of the four ports when the input powers of λ2 are fixed at (a) null,
(b) −13 dBm, (c) −10 dBm, and (d) −6 dBm, respectively. The pink and grey cones represent the
threshold powers of PH and PL, respectively.
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TABLE 4

Encoding Results for 4-bit Gray Code

TABLE 5

Performance Comparisons of Optical Encoders Using Nonlinear Effects

(Pin(λ2) = “null”), the output 4-bit Gray codes are shown in Fig. 11(a). Because Pin(λ2) = null, the
4th-bit and 3rd-bit are certainly “00”. As the input power of λ1 varies in an order of null, −13 dBm,
−10 dBm and −6 dBm, the 2nd-bit and 1st-bit are “00”, “01”, “11” and “10”, respectively. Thus
the corresponding output 4-bit Gray codes are “0000”, “0001”, “0011” and “0010”, respectively.
Secondly, the input power of λ2 is enhanced to −13 dBm (Pin(λ2) = “low”). In this case, the
generated 4-bit Gray codes are illustrated in Fig. 11(b). The 3rd-bit is changed to bit “1” while the
4th-bit maintains bit “0”. When the input power Pin(λ1) is adjusted to −6 dBm, −10 dBm, −13 dBm
and null in order, the 2nd-bit and 1st-bit are tuned as “10”, “11”, “01” and “00”, respectively. In this
case, the 4-bit Gray codes are “0110”, “0111”, “0101” and “0100”. Thirdly, we increase the input
power of λ2 to −10 dBm (Pin(λ2) = “median”), so the 4th-bit and 3rd-bit are both changed to bit “1”.
The corresponding 4-bit Gray code is shown in Fig. 11(c). It can be seen that the output 4-bit Gray
codes vary as “1100”, “1101”, “1111” and “1110” with adjusting Pin(λ1) of null, −13 dBm, −10 dBm
and −6 dBm, respectively. Finally, Fig. 11(d) shows the output 4-bit Gray codes when Pin(λ2) is
fixed at −6 dBm (Pin(λ2) = “high”). As Pin(λ1) is tuned as −6 dBm, −10 dBm, −13 dBm and null in
order, the corresponding 4-bit Gray codes are “1010”, “1011”, “1001” and “1000”, respectively. The
measured output powers of the four ports are shown in Table 4. Therefore, 4-bit Gray codes have
been experimentally achieved and the encoding rule is concise and regular.

Table 5 presents the experimental demonstrations of optical encoders using different nonlinear
effects. The required encoding powers of most schemes are higher than 20 dBm, which limit
their practical applications in optical communication systems. In contrast, by utilizing the nonlinear
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Fig. 12. The scalable topological structure of 2N-bit Gray code encoder.

effects in the opto-mechanical MRRs, the highest required power to generate 4-bit Gray code is
as low as −6 dBm which is significant to build on-chip optical encoding systems with low-power
consumption.

It should be noted that the proposed encoder is significant in optical multi-bit encoding chips
with a competitive feature of the scalable topological structure, as shown in Fig. 12. The device
basic unit is a group of two add-drop opto-mechanical MRRs with the same resonant wavelength.
According to the encoding principle in Fig. 2, each unit could generate 2-bit Gray code. Therefore,
2N-bit Gray code could be achieved by combining N basic units (corresponding to 2N-1 MRRs)
with different resonant wavelengths of λ1, λ2, …λn. For example, by using Unit 1 (λ1) and Unit
2 (λ2), we have demonstrated 4-bit Gray code generation based on three cascaded MRRs. The
major technical and engineering challenge of the scalable encoder is the wavelength alignment of
each basic unit, which could be solved by the electrodes. Once one MRR of each basic unit is
fabricated with electrodes, the two MRR resonances of every unit could be precisely aligned for
2-bit code generation. Another technical challenge is the crosstalk between different basic units,
which could be also easily eliminated by optimizing the resonance intervals between different units.
If the resonant peaks of λ1, λ2, …λn do not overlap, the device crosstalk could be negligible.

In the future, the performance of the optical encoder could be improved by the following as-
pects. Firstly, the lengths of the free-hanging waveguides and the separation heights between the
free-hanging arc and the oxide substrate could be optimized, in order to realize a much stronger
opto-mechanical effect. Accordingly, the required powers would be reduced. Secondly, the coupling
gaps between the MRRs and the straight waveguides could be finely designed to achieve higher Q
factors. In this case, lower powers are required to excite the nonlinear effects in the opto-mechanical
MRRs. Finally, by employing better fabrication technology and post-processing methods (e.g.,
thermal oxidation), the transmission loss of the MRRs could be significantly reduced [30] and then
the required powers could be significantly decreased.

5. Conclusion
In conclusion, we have experimentally demonstrated an optical encoder for 4-bit and 2-bit Gray
codes based on the nonlinear effects in silicon opto-mechanical MRRs. With the highest required
powers as low as −6 dBm, three cascaded opto-mechanical MRRs are competent to generate 4-bit
Gray code. Moreover, 2N-bit Gray code could be realized by utilizing 2N-1 add-drop MRRs. The
scalable nano-mechanical optical encoder is significant to build on-chip low-power encoding and
communication systems.
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