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Inspired by the mechanism of visual attentional selection, a wireless optical

communication (WOC) Integrated receiver consisting of a vertical double

junction photodetector (VDJ-PD) and an attentional selection circuit (ASC) is

presented. The whole receiver is fabricated in standard CMOS technology. The

VDJ-PD can realize optical signal detection and wavelength identification. The

attentional selection circuit activates the competition among the two PN

junctions in VDJ-PD to select the signal with significant feature in real-time

while discarding non-significant signals. A higher-order signal modulation

scheme is applied by the proposed receiver to obtain a high transfer rate,

and all data are decoded using color features. The optical testing results show

that parallel and real-time communication of the red and blue light can be

achieved, and the rise time is 4.47 μs. To measure the anti-interference

performance of the receiver, a water tank is used to simulate a harsh

communication environment. Results indicate that the real-time and reliable

communication requirements in a harsh channel condition are satisfied. When

the percentage ratio between the intensity of stray light relative to the light with

maximum intensity is 84%, an accurate information decoding can still be

achieved. Moreover, the whole processing procedure does not require the

participation of ADC, CPU and memory, consequently avoiding the von

Neumann bottleneck.
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1 Introduction

Wireless optical communication (WOC) is a form of optical communication in which

unguided visible, infrared (IR), or ultraviolet (UV) light is used to carry signals and is

considered a viable solution for achieving high-speed and large-capacity communication

links [1–4]. It plays an irreplaceable role and has broad application prospects in

confidentiality [5]; [6], cellular connectivity support, and underwater communication

[7]; [8]; [9]. However, owing to the fact that light travels in a straight line-light path [10],
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the alignment and time-varying fading channels bring a

considerable burden to the system. Especially, the higher-

order signal modulation schemes based on amplitude

modulation, such as PAM4 [11], may encounter significant

challenges in the time-varying channel fading of underwater

channels [12]; [13]. To separate signals of interest from the entire

signals, the optical communication systems based on amplitude

modulation need to perform digital signal processing, such as

analog-to-digital conversion (ADC), quantization, and

comparison [14]. With the increase in the communication

rate and the modulation order [15], the delay of the system

and the power required for data processing rise exponentially.

With the boom of deep learning, data processing models based

on artificial neural networks are applied to the WOC systems

[16]; [17]. However, deep neural network models typically

require a large amount of training data [18]; [19], and the

requirement for real-time is challenging to meet

simultaneously [20]. Besides, most algorithms are only valid

for a certain channel environment, so it is difficult to cope

with complex and variable communication environments.

Therefore, it is of great significance for promoting the

development of the optical communication field to design a

channel-fading-resistant WOC receiver with real-time signal

processing, high transfer rate, low power consumption, and

high anti-interfering ability.

Color is one of the most potent and apparent elements of

visual attributes of all primates, including humans [21]; [22].

The color recognition process of the brain is shown in Figure 1,

the photoreceptor cells located in the retina transform visible

light into nerve impulses [23]. The attention-based neural

networks enhance selectivity and contrast by weakening the

response of nerve impulses near significant color features to

complete color recognition [24]. The fact that the brain can deal

successfully and meaningfully with the information for human

beings to sense changes in their surroundings owes much to the

mechanism of attentional selection [25]. It allows the brain to

select pertinent information relevant to the current behavior

dynamically while suppressing irrelevant distractors [26]. The

human visual system can enhance the selectivity and contrast of

the signals through attention selection, that is, it can achieve

effective feature selection through the relative strength of

signals.

Inspired by the visual attentional selection, the proposed

receiver designed in this paper explores a biologically

plausible framework as shown in Figure 1. The proposed

receiver can select the significant feature of the visible light

under the interference of stray light, and all of the data are

processed and analyzed at a low power level without the

participation of ADC, CPU and memory, overcoming the

von Neumann bottleneck [27]; [28]. The proposed receiver

can be devided into two main functional blocks. The first

block is the vertical double junction photodetector (VDJ-PD)

distinguishing photons of different wavelengths and

converting them into electronic signals. The second block

is the feature-selective module, where the attentional selection

circuit (ASC) emulates the visual attentional selection and

shifts its attention to the most behaviorally-relevant

information in real-time.

FIGURE 1
The functional diagram of the proposed receiver inspired by visual attentional selection. The optical receiver proposed in this paper can realize
the synchronous reception of the red and blue light and the adaptive selection of real-time salient features, and has the autonomy and selectivity
similar to that of human beings [29].
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2 Design of wireless optical
communication receiver

2.1 Vertical double junction photodetector

For semiconductors, silicon is an indirect bandgap

semiconductor [30]. When the light with a certain wavelength

is incident into the silicon, it absorbs energy and leads to the

generation of electron–hole pairs. The number of photons

generated in an illuminated semiconductor per second per

unit area or photon flux φ(x, λ) by incident light of intensity I

(x, λ) is given by:

φ x, λ( ) � I x, λ( )
E λ( ) � λI x, λ( )

hc
. (1)

where E is the photon energy, h is Planck’s constant. And the

number of photons generated per second per unit volume is

known as Optical Generation Rate, G (x, λ), is given by:

G x, λ( ) � −dφ x, λ( )
dx

� λα λ( )
hc

I0e
−α λ( )x. (2)

where α(λ) is the optical absorption coefficient, I0 is the intensity

factors.

According to Lambert-Beer’s law [31], the optical absorption

coefficient determines the penetration depth of light in silicon,

which is strongly wavelength dependent [32]. Based on the

differences in the penetration depth for various wavelengths

of light, a VDJ-PD with different junction depth is designed

for theWOC receiver. The VDJ-PD is implemented in the TSMC

0.18 μm standard CMOS technology, and it does not require

FIGURE 2
The cross section of the VDJ-PD. (A) Pimp/Nwell/Deep Nwell/Psub; (B) Pimp/Deep Nwell/Psub.

FIGURE 3
Quantum efficiency of the VDJ-PD.
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additional wavelength-selective filters [33] allowing the proposed

cell to be further miniaturized and integrated. The cross section

of the proposed VDJ-PD is shown in Figure 2A. The shallow

Pimp/Nwell junction and Psub/Deep Nwell junction are

constituted by stacking vertically Pimp, Nwell, Deep Nwell,

and Psub layers in turn. The junction depth corresponds to

the silicon’s penetration depth of blue and red light [34]. The

photocurrent IBlue and IRed related to the wavelength of the

incident light can be obtained by collecting the

photogenerated carriers at different depths with the diodes

applied with a negative voltage bias. Meanwhile, a guard ring

is placed around the VDJ-PD to reduce the interferences caused

by the stray current of the subsequent circuits or substrate.

Silvaco technology computer-aided design (TCAD)

simulations are used to verify the characteristics of the

proposed VDJ-PD, and its quantum efficiency is shown in

Figure 3. The figure shows that the PD is sensitive to red and

blue light, whose center wavelengths are 650 nm and 450 nm. In

addition, the transit time of carriers is accelerated with the

participation of Nwell layer, so the quantum efficiency of the

deep Psub/Deep Nwell junction in the proposed VDJ-PD

increases by 26% compared with the Pimp/Deep Nwell/Psub

VDJ-PD shown in Figure 2B.

2.2 Attentional selection circuit

In all primates, attention is a critical factor in the regulation

of behavior and neurocognitive functioning. The attentional

selection works throughout the brain and participates in

almost every stage from sensory processing to decision-

making and cognition. The silicon-based MOS transistors

operating in the sub-threshold state have the work function to

model biological processes, so they can achieve a physical process

to cell membrane current regulation of biological neurons with

low power consumption [35]; [36]. Based on the characteristic, a

double-branch ASC for color feature selection is proposed, and

its structure is shown in Figure 4. The circuit is essentially a two-

layer attentional selection neural network, and it can perform

data processing at the data position without the participation of

other digital signal processing modules and memory,

consequently avoiding the von Neumann bottleneck.

The current of the VDJ-PD, IBlue and IRed, serves as inputs to

the first layer of the attentional selection network. In the first

layer, VBlue and VRed, the evaluation node, are used as inputs to

the second layer network. For different input currents, such as

IRed = I and IBlue = I + ΔI, the node voltage VBlue increases, and

since the Source voltage of the transistor follows the change of the

Gate voltage, the common node voltage Vcom1 also increases until

IBlue equals to the Drain current of the transistor M11. With the

increase of Vcom1, IRedmismatches the Drain current of transistor

M21, so the voltage of VRed decreases and gradually approaches

0 V to maintain the balance. Finally, only the evaluation node of

the branch corresponding to the attentional focus is not 0 V. To

improve the accuracy and resolution of the circuit, a cascode

topology is selected for transistors M11, M13, M21, and M23 to

increase the circuit’s gain, and M11 and M21 have as high as

possible aspect ratio. Following the processing of the first layer

network, VBlue and VRed correlate positively with the

photoreceptor’s current. In the second layer of the proposed

network, the input transistors MB and MR are operated in the

subthreshold region. And the Drain currents increase

exponentially with the increasing VGS, thus making the circuit

extremely sensitive to the variation of inputs. The tail current

FIGURE 4
The double-branch attentional selection circuit. A higher-order signal modulation scheme can be achieved with the participation of the first
layer and the second layer, and the second layer of the attentional selection network can further analysis the signals.
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transistor Minhibition2 mediates global inhibition through the

common node Vcom2. For the assumed current input of the

first layer neural network (IRed < IBlue), the voltage of the

evaluation node VBlue is stronger than VRed, and the branch

corresponding to the MB gets most of the current from

Minhibition2, making the voltage of the common node Vcom2

increase. The Source voltage of the input transistors follows

the Gate voltage change, so Vcom2 also increases. Since all

input transistors share a common Source, the responses of

another branch are suppressed until it is turned off. Finally,

only the branch with the maximum input can remain active, and

its output voltage is equal to the circuit’s supply voltage.

The DC post-simulation results of the ASC are shown in

Figure 5. Where IBlue = 10μA, and IRed gradually increases

from 8 μA to 12 μA. It can be seen that the output voltage

variation tendency of the first layer is the same as that of the

second layer. When the difference in the input currents is

large, the circuit only pays attention to the branch with the

maximum input. As IBlue approaches IRed, the ASC adjusts its

attention according to the inputs in real-time, and its voltage

output is positively correlated with current inputs. The

current resolution of ASC is defined as the minimum

current difference that the circuit can recognize. It can be

concluded that the current resolution is about 0.14 μA from

the post-simulation results. The circuit can switch from the

adjustment state to the steady state with an absolute winner

once the input difference is outside the resolution. Moreover,

the second layer of the attentional selection network can

further optimize the resolution and output waveform of the

first layer network. Compared with the first layer, the

resolution of the circuit is improved at least an order of

magnitude. The circuit can reduce the power consumption

by closing the branch of the loser, and the transient response

time of the circuit to the current change is 2.13 ns, which can

meet the real-time requirement of wireless optical

communication. The performance comparison between the

proposed ASC and other MAX selection circuits is shown in

Table 1. It can be seen that the ASC designed in this paper has

apparent advantages in resolution and transient response

time, which makes it possible to recognize red and blue

light with high efficiency, real-time and low power

consumption.

3 Experiments and test results

Fabricated in the TSMC 0.18 μm standard CMOS

technology, the micrograph is shown in Figure 6A. The

proposed WOC receiver, including pads, occupies an area of

1500 μm × 700 μm, whereas the core area of the ASC chip is only

0.0396 mm2 (300 μm × 132 μm), and the VDJ-PD with guard

ring is 600 μm in diameter. All the pads of the chip were marked

in the figure, and the chip was mounted on a test Printed Circuit

Board (PCB) using bonding wires, as shown in Figure 6B.

The schematic of the testing setup to measure the optical

characteristics is illustrated in Figure 7A. The blue laser (PL,

450B) and red laser (HL, 6501 MG) are used as the experimental

light source, whose central wavelengths are 450 nm and 658 nm.

The experimental setup is shown in Figure 7B. To prove that the

proposed WOC receiver has an excellent anti-interference

capacity, a water tank is used to simulate a harsh

communication channel, such as signal attenuation and

interference. The stabilized voltage supply is used to provide

DC voltage for the ASC. The final results are displayed on the

Digital oscilloscope (DS6104, Rigol).

FIGURE 5
DC response of the ASC. It can be seen that ASC can achieve
attentional concentration and distraction, and compared with the
first layer, the resolution of the circuit is improved at least an order
of magnitude. For the first layer, there can be double
attentional focuses when the inputs are close.

TABLE 1 Performance comparison between the proposed ASC and other MAX selection circuits.

Fabrication process Supply voltage (V) Response time (ns) Resolution (μA) Power
consumption (μW)

130 1.2 5.06 3.89 133.9 [37]

130 2.5 39 1.85 216 [38]

130 2.5 4.47 1.55 287.1 [39]

180 3.3 2.13 0.14 155.1 This work
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3.1 Steady-state optical measurements

To confirm the characteristic of the proposed WOC receiver,

steady-state optical measurements were carried out. The VDJ-PD

is subjected to random light illumination (blue, red) at the test

point, and the change of incident light and the corresponding

output results are shown in Figure 8. The light intensity of red

and blue light at the laser’s surface is about 120 mW/cm2

measured by optical power meter (PM100D, Thorlabs). Due

to the optical attenuation caused by the water tank, the light

intensity of blue and red light irradiated on the photoreceptor is

about 80 mW/cm2 and 60 mW/cm2, respectively. Note that the

cell is able to accurately recognize the blue and red light and the

corresponding branch output 3.3V. Moreover, the corresponding

values of the output voltage (VBlue, VRed) can be transformed into

the binary format as the color labels, which can interpret and

define the color of visible light received by the PD. From the

experimental results, the WOC receiver can suppress the

redundant signals and interference caused by stray light, thus

reducing the negative impact on wireless optical communication

caused by the spectral overlap of the VDJ-PD and the difficulties

of subsequent signal processing.

3.2 Dynamic optical measurements

Dynamic recognition measurements were carried out to

evaluate the WOC receiver’s dynamic optical characteristics

FIGURE 6
The channel-fading-resistant WOC receiver. (A) The
micrograph of the receiver; (B) The test PCB of the receiver.

FIGURE 7
The testing setup of the proposed receiver cell. (A) The schematic of testing setup; (B) The experimental setup of the proposed cell. The
underwater channel, the most challenging channels for data communications, is selected to evaluate the channel-fading-resistant ability of the
optical receiver, and the water tank is used to simulate the harsh communication channel.
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and attentional sensitivity. During the dynamic test, a square

wave signal as the driving voltage of the laser light is modulated

with the digital function generator (AFG 3022, Tektronix) to

obtain the periodical visible light. When the driving voltage is

high, a sufficiently strong light at 70 mW/cm2 is illuminated on

the surface of the VDJ-PD, while when the driving voltage is low,

the VDJ-PD does not respond to the incident light. The driving

voltage of the laser and the cell’s output results are shown in

Figure 9A and Figure 9B. Note that the proposed WOC receiver

can achieve the color feature selection and focus it’s attention on

the branch with the most prominent visible light feature in real-

time, completing the optical communication of visible light. The

achievable rise time is 4.47 μs. However, compared with blue light

at 10 kHz, there is a significant delay in the recognition results of

the red light with the same frequency. This may be due to the fact

that the red light is absorbed in the deep junction Deep Nwell/

Psub of the VDJ-PD, which is vulnerable to bandwidth

limitations by the photoresponse time of the PD, mainly

determined by the slow carrier dynamics in the substrate [40];

[41]. Nevertheless, the proposed WOC receiver designed in this

paper is compatible with the standard CMOS fabrication process.

The monolithic integration of PD and ASC is of great importance

for the WOC systems with low power consumption and

complexity, real-time and miniaturization.

To further analyze the anti-interference capacity of the

WOC receiver, the red laser is driven by a DC voltage source,

and the blue laser is driven by a square-wave voltage signal

provided by the digital function generator. When the driving

voltage is high, the intensity of blue light is much higher than

that of red light. Conversely, when the driving voltage is low,

the intensity of red light is much higher than that of blue light.

The blue and red light alternately became the single-color light

with the maximum intensity. In addition, the intensity of the

red light increases gradually with increasing its driving

voltage. Figure 9C illustrates the final intensity of the red

and blue light and the corresponding output results. Note that

the receiver can achieve accurate blue light communication

with the interference of red light, and the maximum intensity

ratio of the blue light to the red light is 84%. Experimental

results demonstrate that the proposed receiver has a strong

anti-interference ability, and the ASC can suppress the

response of stray light and effectively enhance the response

FIGURE 8
The steady-state optical measurements of the proposed receiver. The receiver is able to accurately recognize the blue and red light, and the
corresponding outputs can be used as the color label of the visible light.
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of signal light adaptively, thus ensuring that the proposed

receiver can adapt to complex and variable channel

environments.

Unlike the traditional optical communication coding mode,

the optical receiver designed in this paper takes color as the data

discrimination basis and uses a higher-order signal modulation

scheme. Its coding mode is shown in Figure 9D. The receiver

encodes the visible light information simultaneously in parallel,

which can increase the information transmission ratio and

further improve efficiency in the data processing.

Theoretically, when blue or red light communication is

performed, the value of (VBlue, VRed) is equal to (VOUT1,

VOUT2). If the two values are not equal, data retransmission

can be selected to ensure the accuracy of the optical receiver. To

improve the optical receiver’s data transmission rate and

considerable anti-interference capacity, the red and blue light

synchronous communication can be chosen at (VBlue, VRed)

=(1,1). The optical receiver takes the relative strength of red

and blue light as the basis of date judgment, and the second layer

attention selection network performs data recognition with

higher resolution on the data, and more refinement can be

achieved. Taking relative strength as the basis of date

judgment can avoid data error codes caused by different

attenuation degrees of multiple amplitude signals in the

channel environment to a certain extent. Moreover, inspired

by the brain’s visual parallel data processing, the receiver realizes

a higher-order signal modulation scheme, which can increase the

information transfer rate and improve data processing efficiency.

As a unique visual feature, color has a compelling classification

feature. In the future generation of wireless optical

communication, color may be a more effective visual feature.

4 Conclusion

Based on the TSMC 0.18 μm standard CMOS technology, a

channel-fading-resistant WOC receiver inspired by the

mechanisms of visual attentional selection in the human

FIGURE 9
Dynamic recognition measurements of the color recognition unit. (A) Blue light: 10 kHz; (B) Red light: 10 kHz; (C) The red and blue light
measurements; (D) The color coding of the cell. It can be seen that the receiver can shift its attention according to the change of green light. For
further confirmation, it can recognize the on-off lights in different periods, and the results show the periodic changes of color connected with the
incident light. When (VBlue, VRed)=(1,1), the optical receiver takes color as the data discrimination basis to achieve a higher-order signal
modulation scheme.
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cortex is present in the paper. The proposed receiver is a

monolithic integration of the VDJ-PD and the ASC. The

detection and wavelength recognition is performed with the

VDJ-PD in unit pixel, which leads to a more compact and

efficient implementation. The proposed optical receiver can

identify the red and blue light under a bad channel

environment, and the rise time is 4.47 μs. The receiver has a

strong anti-interference ability by taking relative strength as the

basis of date judgment, and when the stray light’s light intensity

reaches 84% of the signal light, an accurate information decoding

can still be achieved. When the environment changes, it can

quickly adjust its attention in real-time to cope with the complex

channel environment. Moreover, the proposed optical receiver

escapes from the limitation that would meet within the

traditional von Neumann structure and has considerable

advantages of high anti-interfering ability, miniaturization, low

power consumption, and real-time, which shed new light on the

development of the wireless visible light communication. In the

future, it may be extended to WOC systems based on multiple

color features.
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