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[bookmark: _Toc99623233][bookmark: _Toc17990]1 INTRODUCTION
Metamaterials is an artificial composite material composed of sub-wavelength structural units. Usually, a group of small scatterers or aperturals are arranged in a regular array over the entire space region to obtain some special electromagnetic properties, such as super transmission, negative refractive index and perfect absorption properties. The surface structure of a metamaterial is named a metamaterial. As an important part of metamaterial nanocomponents, it can efficiently adjust the phase size, polarization Angle and propagation mode of electromagnetic wave in the transmission process and has been widely used in beam control, super resolution imaging, nonlinear optics and other fields. In addition, compared with traditional three-dimensional metamaterials, metasurface can save a lot of computing space and physical resources. Therefore, the design research of metasurface structure has very important practical significance and application value. In the aspect of designing metasurface structures, traditionally commonly used full-wave numerical simulation methods include Finite Element Method (FEM) and Finite difference time domain method (FDTD). However, a large number of modeling, parameter scanning and optimization processes are required in the design process, which requires relatively high human experience, time and computing resources. Especially in the design of complex structures 
When, the process of modeling and parameter adjustment will be more complicated, usually occupy a lot of simulation time, and the final design result may be only a local optimal structure. Therefore, to quickly obtain the potential correlation between shape structure and spectral response information is the key to achieve efficient design of metasurface structures. In recent years, with the development of various Deep Learning (DL) models and technologies, many optimization methods or genetic algorithms have become popular in the structural design of various devices. For big data, the exhaustive method of deep learning is much more accurate and fast than the artificial tests one by one. Moreover, once the deep learning model is trained, it can usually give the results according to the expected design requirements soon, much faster than most traditional simulation design methods. All these factors can greatly accelerate the design process of device structure. Deep learning has been widely used in computer digital vision, image signal processing, multimedia and natural language processing. At present, the industry has built a variety of mature deep learning network models, among which the most commonly used model is convolutional neural network. Convolutional neural networks, proposed by Le Cun Y et al in 1998, are characterized by convolutional nuclei that demonstrate great capability in processing data with mesh topologies. The concept of Deep Neural Network (DNN) was first proposed in 2006 
Its essence is a perceptron that analyzes the relationship between data features by constructing multiple hidden layers, referring to the operation mode of human brain neural network.


[bookmark: _Toc99623234][bookmark: _Toc2434]2 LITERATURE REVIEW
[bookmark: _Toc17667]2.1 Metasurface
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Figure 1
Research on metamaterials began in the 1960s, and there was no concept of metamaterials at first. Instead, they were referred to as negative index materials or left-handed materials. In 1968, Veselago, a theoretical physicist in the former Soviet Union, analyzed the propagation of electromagnetic waves in media with negative permittivity and permeability by equations, and elaborated the electromagnetic properties when propagating in such materials. He pointed out that the direction of the group velocity of electromagnetic wave is opposite to the direction of the phase velocity, and that the electric field E, wave vector k and magnetic field H satisfy the left-handed helix rule, which is contrary to the propagation characteristics in the traditional materials with positive dielectric constant and permeability. Therefore, he called this material left-handed, which breaks through people's cognition of traditional dielectric materials[1]. However, this was only a theoretical hypothesis at the time, without any experimental test, and for a long time scientists were unable to find left-handed materials that fit the hypothesis. With the deepening of research and technological development, Professor Pendry from Imperial University London realized a material with negative dielectric constant by adjusting the electromagnetic response of the material with artificial structure in 1996 (Figure 1.2(a))[2]. This discovery is groundbreaking and is the first time in human history that a material with a negative dielectric constant has been found. Then, in 1999, Professor Pendry again obtained artificial materials with negative permeability in a certain frequency band through periodic open resonant rings (Figure 1.2(b))[3]. So far, materials with negative permittivity or negative permeability have been discovered. In 2000, inspired by Professor Pendry, Professor Smith from the University of California combined the above two materials and successfully obtained left-handed materials with negative permittivity and permeability (Figure 1.2(c)(d))[4,5]. Since then, metamaterials have come to life and been developed by leaps and bounds. In 2002, Professor Itoh of the University of California in the United States formed LC through high-pass filter 
The transmission line network implements left-handed materials [6]. In 2003, Luo et al from MIT and Professor Pendry theoretically proved that negative refraction and subwavelength imaging can be achieved through metal photonic crystals[7]. In 2004, Sridhar et al. from Northeastern University proved the negative refraction characteristics of microwaves in metal photonic crystal prisms through experimental data[8]. For the convenience of understanding, the development history of left-handed materials is summarized in chronological order in Table 1.1. It can be seen that the development of left-handed materials was slow at the beginning and began to develop rapidly after entering the 21st century. Later, with the continuous progress of theoretical research and machining technology, a large number of researchers found that more functions could be realized by combining metamaterials with Micro Electro Mechanical Systems (MEMS) through micro-nano machining technology. The research of metamaterials has also developed from microwave band to terahertz, infrared and visible wavelengths[9-13]. The research focus of metamaterials has also changed from obtaining double-negative left-handed materials at the very beginning to studying various metamaterial-based applications, such as metamaterial modulator (FIG. 1.3(a)) [14], metamaterial switch (FIG. 1.3(b))[15]. , shadow-body cloak (FIG. 1.3(c))[16], biological supramolecular (FIG. 1.3(d))[17], and metamaterial sensor (FIG. 1.3(e) and (f))[18-23] and so on. Among them, metamaterial sensor has the most research vitality due to its broad market and demand, which will be introduced in detail in this paper. The following will introduce the research progress of metamaterial sensor from three aspects: microwave metamaterial sensor, terahertz metamaterial sensor and infrared metamaterial sensor according to the working frequency of metamaterial.

[bookmark: _Toc3858]2.2 Deep Learning
Deep Learning As an important new technology in the development of machine learning algorithmTechnique, which draws on the working mode of human brain neurons, through the construction of multiple hidden layers of the feature model, benefitA certain amount of training data and information is used to understand and learn the characteristic relationship contained in these training data.The main structure of deep learning is neural network, and the basic unit of neural network is neuron.figure2.As shown, the earliest prototype of neural network is the perceptron model(perceptron model), also known as a single layer Neural network(monolayer neural network), by computational scientists Rosenblatt in 1958 Put forward in the year, while this is the earliest origin of deep learning.
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                             Figure 2

2.3 Deep learning applications to metasurface
The introduction of deep learning into the design process of terahertz metasurface is a relatively new research direction, and many researchers at home and abroad have made exploration in this field. Recently, Professor Liu Yongmin et al. proposed to learn to design chiral metamaterial structures by building a bidirectional neural network structure. As shown in Figure 3, the metamaterial designed by them has two arms with arm lengths L1 and L2, and two dielectric layers of different thicknesses are added to build a fully reflective metamaterial at the bottom of the metal substrate [24]. For this metamaterial, they constructed a bidirectional neural network structure whose input parameters are several parameters of the structure, such as arm length, cross Angle and medium thickness, while the reflection coefficient, representing the optical response, serves as the output. The forward network constructed by this method has the ability to predict the spectral response corresponding to different structural parameters, while the reverse network can design appropriate structural parameters according to the required spectral response.
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Figure 3

Christian C.Nadell et al. from Duke University accelerated the design of all-medium metasurface by constructing neural networks [25]. They designed a silicon cylinder, and found through pre-simulation that silicon cylinders with different radii and heights can produce different optical responses. To obtain the expected optical responses, a lot of structural design and simulation work needs to be repeated from conventional methods. Therefore, the researchers chose to construct a deep neural network to learn the relationship between the structure parameters of the silicon cylinder and its spectral response. They took the radius, height, radius period ratio and height period ratio of the silicon cylinder as the input, and the transmittance spectrum representing the spectral response as the output. Each set of data is composed of the structural parameters of four silicon cylinders within a period. The network firstly connects the input parameters to nine fully connected layers, and then directly outputs the corresponding prediction spectrum after passing through the deconvolution layer and the convolutional layer. The network they built can accurately predict the corresponding spectral characteristics through the input parameters, so as to quickly screen the predicted spectrum and get the desired optical response. In addition to the above research work, many other researchers have made exploration and research in this direction. These papers prove the great potential of deep learning application in the direction of terahertz metasurface design, and also provide many valuable references for the work of this paper.

2.4 Neural network type
2.5.1 Convolutional neural network (CNN)
Convolutional neural network (CNN As a common type of neural network, it is widely used in tasks Computing some matrix data or structured data is not only widely used in visual processing and image in recent years Graphics field, in the text data field and natural language field have shown a very significant role in solving the big The problem of quantity. CNN The processing of details in the image is very powerful, and can identify various kinds of images Identical shapes, such as circles, squares, or twisted lines[26]And even for face recognition Relatively high accuracy, this advantage makes it occupy an important role in the field of artificial intelligence The status of. And, compared to the visual patterns of previous computers,CNN Trained network model Each feature in the image can be extracted smoothly, and the input image does not need any preprocessing or other Operation.As a common feedforward neural network,CNN It usually consists of multiple convolution layers to extract together Characteristic information. Generally, the more layers, the higher the degree of refinement of processing images, usually using a few simple The convolutional layer can recognize some simple image tasks, such as recognizing traditional handwritten digits, while the multi-layer volumeProduct structure can process and recognize some complex objects[27]. Convolution layer as CNN The first layer is also Is the most important layer, can add pooling layer and other convolution layer to increase the network model image Data processing ability, for the input image feature information extraction will be more comprehensive and accurate, but at the same time The complexity of the whole structure increases, and training becomes slower and more demanding. One of the first simple convolutional neural networks for example Le Net-5 It is made up of Yann Le Cun in 1998 It was put forward in 2000[28].Le Net As a common convolutional neural network, it can write characters by handWhat is the text more accurately identified, and the various shapes of the writing font with low pixels extracted in the convolution layer Collect information, and then transmit the information to the next layer. But Le Net-5 The number of network layers is relatively simple,As a result, it lacks the ability to recognize some letter shapes, which can lead to some mistakes, especially for people When there's a lot of information about faces. Today, the more complex the network is for processing diverse images Better results, and some convolutional neural networks already have 30 Above the floor, and there are others Mixed layer, but the basic building blocks of the convolution kernel remain the same.Le Net-5 The specific architecture is shown below 2-9As shown:Convolution layer as CNN The characteristic part and the important part, is the first level to extract the graphic feature, the whole This is where the network structure uses the most computing time. As for the feature detection part of the convolution layer, in The whole network structure has a huge role, you can check in the receptive field, search for some features Reliability and existence of information. Convolution layer division
3 Part, including data image input, filter And the extracted feature map.Pooling layer is also known as downsampling, which can reduce the dimension of extracted feature data and reduce the overall output The amount of data. Unlike the convolution layer, the pooling layer uses only one filter This filter does not have any weight. Pooling mode is mainly divided into the following two types:
(1) Maximum pooling: The filter selects the largest pixel value in the input data to transmit to the next group Close. In general, this method is used more frequently than the average pooling below.
(2) Averaging pooling: Averaging pooling involves calculating the average of each patch of the feature map, which may result Some feature data is lost, but it also reduces complexity, speeds up feature extraction, and reduces overfitting.In the same case.Full connection layer: After receiving the extracted feature information, the full connection layer will undergo a dimension reduction processing before Transfer to the output layer. So in a fully connected network all the nodes are connected to the upper and lower nodes, the lower nodes The point will summarize the features printed earlier. Typically in a network model, the nodes of the fully connected layer.There are more dots than any other layer.

2.5.2 Generate adversarial network
Generate adversarial network (GAN) is another popular neural network model, which can be seen in the picture Learn its features and patterns, and then generate new images with the same features as the original, such as by training handwriting Font to generate new handwriting, or train face image to generate a new face.GAN The population is divided into two Network model structures, one is a generator, the other is a discriminator, and they are trained to compete with each other High training effect. Once the generator part produces a new image, but it can be easily recognized by the discriminator If it turns out to be a false image, that means the generator and discriminator have not been trained to achieve a good equilibrium. Usually As the number of iterations increases, the generator will produce more realistic results.Each training iteration is performed by placing a set of feature vectors
Passed as input to the generator. Random noise is passed through the generator to generate fake samples, and then the generator's input The fake sample is transferred to the discriminator network as input, and the real sample is input to the discriminator network.The discriminator classifies the examples as "true" or "false."Generator network is a feedforward neural network, the input is random noise or sample data, and then Learning over time to produce plausible fake data, it uses feedback from the discriminator to gradually change Good output, when the two reach a more balanced state, the discriminator will be difficult to distinguish between true and false. Passmeter Calculate the generator's loss function, and you can use the generator's loss function to represent the generator in fraud identification The ability of the machine[29]The input to the discriminator may come from two sources: training sets (such as real photos of faces or real recordings Sound), generators (such as generated synthetic faces or forged recordings). When training a discriminator, it is usually not trained Instead of practicing the generator, keep the weight of the generator the same and use it to generate negative samples for the discriminator. Use combinationAppropriate functions (such as cross entropy losses) calculate discriminator losses, and can also update discriminators by back propagation Weight of [30].In essence, this process is the same as training any other type of binary classifier, with That was mentioned before CNN Something similar. Due to the application requirements of various aspects,GAN The algorithm has been derived from a variety of structure types, commonly used Deep convolution generative adversarial network (Deep Convolutional Generative Adversarial Networks,DCGAN)[31], conditional generation adversarial network (Conditional Generative Adversarial Networks,CGAN)[32], loop generation adversarial network (Cycle Generative Adversarial Networks Cycle GAN)[33],Self-attention generation adversarial network (Self-Attention  Generative  Adversarial  Networks,SAGAN)[34]Etc.
2.5.3 SAGAN
[bookmark: _GoBack]Ordinary GAN Although the network can generate similar images, but the details of the image generation is difficult Therefore, deep convolutional networks are introduced to increase the attention to details in some generated images. So It makes the picture a little bit more detailed, but because of the convolutional network it's very easy to get into a local maximum because of the receptive field In addition, the expansion of receptive field requires the use of a large amount of data computing power to compensate, so when it comes to generating areas When it comes to large images, there are all kinds of deficiencies[35]. For example, for cat and dog images, we need to pay attention toThere's a lot of detail, the legs or the eyes of cats and dogs and so on, and if there's a little bit of distortion, it's obvious The feeling is that the image generation is not very good, at a glance can tell the truth. So the key question is ordinary The size of the convolution kernel of phi will be limited to a small local region feature when the convolution is computed for the upper part .Hou, will ignore some influencing factors in the following part, so the final generated image for some details .I didn't handle it very well.When the number of parameters is too large and the amount of computation is too large, some traditional processing methods include using deeper convolutional networks.Or directly use the full connection layer to obtain global information. Then a new one was proposed GAN Network, i.e. SAGAN
. It adds, in the process of generating the image Attention Mechanism to enlarge the sense of convolution layer[36].The wild, ultimately solved before some view of the limitations of the above mentioned problems.

2.5.4 CGAN
CGAN described as a deep learning method with some conditional parameters. A surname[37-40].As you can see,Network structure by putting tag informationy Unified input into generator network and discriminator network to produce corresponding.The result. In the generative network, the input is noise data x  and label data y. It was in the authentication network is the image (where x Usually represents a real image)X and tag y.CGAN to introduce the corresponding label Information can enable GAN the convergence rate of, and eventually the performance of the generated adversarial network will become better[41]. In network training, add a label information as a guide to the images expected to be generated in the generator, which can be in the network the collation specifies the approximate range of the generator to generate, which will eventually generate the image guided by the desired target.

2.5.5 DCGAN
Be in GAN further introduction CNN.CNN it has excellent features for the image take the ability to blend in GAN better quality pictures will be output later[42]. Major improvements in the structure of the network model Part of it was introduced in the authentication network CNN[43] .Convolutional layer to process the picture; In generative networks, all are used deconvolution process to produce the picture, so the number of nodes increases as the number of layers increases, in the case of the picture from one dimension the data is deconvolved to 3 dimensional data.
DCGAN Is equivalent to a convolutional neural network, but the output of the model discriminator can only is 0 or 1, is similar to a binary model, unlike a true convolutional neural network can output it other types. Usually choose .Softmax as the final activation function, where the identification result is 1 The representative image is True, the identification came back 0 That means the image is false[44].
[bookmark: _Toc99623237]
3 METHOD：Prediction based on Convolutional Neural Network
In our research, we study optical structures (either made of basic metal rods or open rings, or some other fancy shape). Compared to the former, the latter structure is often more difficult to parameterize. The structure of the former can be expressed only by setting a few geometric parameters. So, being able to convert our object into a two-dimensional image is a great solution.
The traditional scheme is actually based on algorithms to optimize the parameters of optical structure, but some software companies integrate these algorithms into the software. People need to set their own parameters according to the physical principle, and then find the optimal parameters. But the advantage of deep learning is that you can get the optimal structure through network training.
The original scheme here is the model based on the fully connected neural network, but for the dimension of image analysis performance, the convolutional neural network is better than the fully connected neural network training results. Of course, this conclusion is a large number of scholars and experts in the process of scientific research activities to come out. So, I'm going to train my metasurface with a model of convolutional neural networks.
Before the training, the first step is to collect a large number of data sets, and in the course of my research, my data sets come from two sources, one is the two-dimensional image of the metasurface, and the other is the optical response of these structures obtained from simulation software. The structure image of the metasurface and its corresponding optical response results are used to train the model to find the relationship between the two.
After the training is completed, we test the corresponding relationship results obtained, and then take the image of the metasurface structure as the input of the test data set. After the input, the neural network can predict its corresponding optical response. Finally, by comparing the predicted value with the actual value, we can evaluate the performance of the neural network model. Our ultimate goal is to obtain a neural network model that can accurately predict the optical response of metasurface structures, so as to replace the optimization method of simulation software and improve work efficiency.
[image: ]
Figure 4
[bookmark: _Toc99623238]4 RESULTS
Use the two-dimensional image of the metasurface and its corresponding optical response as the dataset. The resolution of the image is 32 * 32, and the structural image of the dataset is in free format. To complete the production of graphics, commercial mathematical software MATLAB can be used, which can randomly generate several rectangles of any shape on the canvas. Then use the optical module of Comsol simulation software to simulate the structural diagram and obtain its response results. Preliminary production of 12000 sets of structural images and corresponding optical response data, 10000 sets of data for model training, and 2000 sets of data for model testing.
We try to visualize the entire training process of the monitoring model as much as possible, and test, analyze, compare, and verify the test results.
Overall, throughout the entire training process, we need to ensure that the loss values of the predicted results converge, that is, when using the training dataset to train our designed model, we need to ensure that the loss values of the convolutional neural network model can converge. This is one of the keys to proving that the training effect reaches a stable state. Of course, we also need to pay attention to other factors, such as the number of neurons, network layers, size of convolutional kernels, learning rate, etc. Finally, when the model parameters are determined, we use the mathematical software MATLAB again to draw the curve of the value of the neural network loss function changing with the number of training iterations. Generally speaking, the value of the loss function will gradually decrease to a very small value.
Finally, in order to ensure the accuracy of the experimental results, it is necessary to randomly select several metasurface structure samples from the test dataset used for optical response prediction after the model training is completed, and compare them with the actual values. A table is drawn to demonstrate the effectiveness of the model prediction.
[bookmark: _Toc99623239]5 EVALUATION
The picture below is the Project Planning Gantt chart, which can be used as a schedule to plan and monitor the progress of our work. 
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Figure 5
Although this paper has made some progress and achievements in the application of deep learning to design metasurface structures, there are still many problems to be solved due to limited personal skills:
(1) In terms of structural spectral response prediction, due to the influence of training data set, although the prediction accuracy is relatively high, it can only be predicted under the set simulation conditions of the data set. Subsequently, spectral responses under multiple simulation conditions can be integrated into deep learning training to achieve spectral prediction under different conditions.

(2) In the aspect of reverse structure design, the accuracy of generating network needs to be improved, and other network structures can be used to further structure design. For parameter extraction of image generation, we can try to extract the specification parameters of complex structure by other methods, or we can also use the way of programming metasurface to reconstruct the surface structure in simulation software as the practical application of design.
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