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Ghost imaging is a novel imaging technique that has various advantages over traditional imaging. However, most of the existing works on this technique do not achieve a better resolution than the diffraction limit. In this work, we presented a ghost imaging system with plasmonic structure illumination microscopy that achieved super-resolution imaging. The resolution reaches three to four times of the diffraction limit with surface plasmon polaritons and structure illumination microscopy theory. Since it can produce super-resolution images, this method has important implications in medical fields, such as in microimaging and endoscopy. We used the gamma–gamma intensity-fluctuation model to simulate the ghost imaging system in an atmospheric turbulence channel. By setting proper values of the transmission distance and refractive-index structure parameter, we obtain the peak signal-to-noise ratio (PSNR) performance and symbol-error rate (SER) performance. Finally, the PSNR and SER are used to evaluate the imaging quality, which provides a theoretical model to research the ghost-imaging algorithm further.
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INTRODUCTION

Ghost imaging is a new quantum imaging technology that advances with the development of quantum technology. It utilizes the properties of quantum entanglement to achieve non-local image transmission [1]. Ghost imaging has various advantages over traditional optics due to the existence of correlation characteristics, such as anti-interference ability, weak optical imaging capability [2–4], and encryption capability. However, since ghost imaging is transmitted through the optical path, the resolution remains limited by optical diffraction conditions.

Ghost imaging has attracted significant attention in the field of image transmission [1–12]. It has been continuously developed in recent years, from entangled photon pair [1] to thermal sources [5], from traditional ghost imaging to computational ghost imaging (CGI) [6]. In addition, many improved methods have been proposed, such as compressed sensing [7] and differential correlation imaging [8]. With the improvement of image quality, super-resolution imaging has always been a focus of research. Ermeydan et al. proposed a millimeter-wave-based compression-sensing super-resolution algorithm [9]. A new compressive imaging approach using a strategy called cake cutting, which optimally reorders the deterministic Hadamard basis, is also reported [10]. Deep learning with computational correlation imaging was combined to achieve super-resolution [11]. These ghost imaging super-resolution methods perform super-resolution imaging at the software level, such as encoding and restoration algorithms; however, they have not been improved from the hardware level. Recently, two colors of light were used for imaging to achieve super-resolution, which refers to two-photon microscope imaging [12].

Plasmonic structure illumination microscopy (PSIM) is a super-resolution imaging technology with great research value. As a combination of structure illumination microscopy (SIM) technology and dynamically controllable surface plasmon polaritons (SPPs) field, it can improve the resolution significantly. It has the advantages of super-resolution, wide field, and fast imaging [13, 14], which has been used in the super-resolution enhancement of Raman spectral signals [15]. Combining the above two technologies, one can design a method for detecting or imaging objects in the micro- or nanoscale.

In this study, we applied PSIM to ghost imaging to achieve super-resolution imaging. The ghost imaging is based on the surface-to-point single image transmission of the CGI. After the process of encoding, transmittance, reception, and reconstruction, the final resolution can reach three to four times of the diffraction limit. This work has great implications in biomedical fields such as microscopic imaging and endoscopy.

The rest of this paper is organized into three sections: The theories of ghost imaging, PSIM, and atmospheric turbulence channel are presented in Theory of Computational Ghost Imaging, Theory of Plasmonic Structure Illumination Microscopy, and Theory of Atmospheric Turbulence Channel Model, respectively. Theory of Ghost Imaging Based on Plasmonic Structure Illumination Microscopy contains the scheme for the ghost imaging system under the gamma–gamma atmospheric turbulence channel. The results of the peak signal-to-noise ratio (PSNR) and symbol-error rate (SER) simulations and the measurement of the performance of proposed scheme are presented in Simulation and Results. The PSNR and SER performance are determined by the refractive-index structure parameter [image: image] and the transmission distance d, as further discussed in Analysis of the Influence under Different Conditions of Transmission Distance and Analysis of the Influence under Different Conditions of Refractive-Index Structure Parameter. The conclusion of this research is presented in Conclusion.



THEORY


Theory of Computational Ghost Imaging

Ghost imaging is a new type of imaging technique; it can acquire the target image information non-locally by calculating the intensity correlation function between the reference light and the detection light. It is also known as correlated imaging or two-photon imaging. Unlike classical optical imaging, ghost imaging can be independent of the light speed. This is an important feature of ghost imaging, which distinguishes quantum optics from classical theory.

Traditional ghost imaging requires two optical paths. The requirement will cause some operational problems, such as experimental difficulties and large space occupation. To solve these problems, Shapiro proposed CGI [16], which was further improved by Bromberg et al. [17]. Instead of rotating the ground glass, they applied a spatial light modulator to simplify the two light paths into one. Then, Duarte successfully realized CGI with the digital micromirror device (DMD) [18]. The schematic of CGI is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Schematic of computational ghost imaging system, which consists of laser digital micromirror device (DMD) and bucket detector.


The two most important devices in CGI are the digital micromirror device (DMD) and the bucket detector [19]. The device modulates the light from the laser by loading a series of random modulation matrices φi (x, y) onto the DMD. Then, the light is transmitted through the object T (x, y) and detected by the bucket detector (only the total light intensity of the transmitted object is detected, without any resolution). The total intensity Ri, where i refers to the sample number, is calculated as

[image: image]

After sampling N times, the modulation matrix and the value from the bucket detector are correlated. Finally, the image of the object is reconstructed. The correlation function CCGI (x, y) is expressed as [20]:

[image: image]

Here, 〈R〉 is the average value of light intensity.



Theory of Plasmonic Structure Illumination Microscopy

The plasmonic structure illumination microscopy technology is a proposed far-field super-resolution microimaging technology that has been gaining attention in recent years. It has the characteristics of wide field, super-resolution, and fast imaging; therefore, it is of great research value with excessive application prospects. The development of PSIM was inspired by two technologies, namely, surface plasmon polaritons and structure light imaging. Both can improve the imaging resolution; however, the principle of improving the resolution is different. For instance, to improve the resolution, the former breaks through the diffraction limit by the wavelength of SPPs, while the latter uses the high-frequency information through the structure algorithm. Therefore, combining the two techniques can further improve the resolution of the imaging.


Theory and Excite Method of Surface Plasmon Polaritons

SPPs are a type of collective oscillation electromagnetic mode formed by the resonance of photons and free electrons in a metal surface—that is, it is a mixed excited state formed by the coupling of electrons and photons [21]. SPPs are a surface wave propagating along the metal surface, and its field strength decays exponentially in the direction perpendicular to the surface. Due to the characteristics of breaking the diffraction limit, near-field enhancement, and surface localization, SPPs has a wide application prospect in optical imaging, super-resolution nano-lithography, micro–nanophotonics, information processing, biomedical, and other fields [22]. As a result, it has attracted much attention in the past decade.

SPPs are the electromagnetic field generated by the resonance coupling: when light waves are incident on the interface between metal and other media, the oscillation frequency of the electrons is consistent with the frequency of the incident light waves; then, resonance occurs and forms a special surface electromagnetic mode that strengthens the incident field by several orders of magnitude. SPPs is a mixed mode of surface electromagnetic waves and free-electron oscillations generated by the interaction between light and metal on the metal surface, as shown in Figure 2. The wavelength of the light passing through the SPPs is smaller than that of the incident light.


[image: Figure 2]
FIGURE 2. Schematic for surface plasmon polaritons (SPPs) at the metal–dielectric interface.


However, the incident beams cannot be directly coupled to form the SPPs on the metal surface. According to the dispersion equation of the SPPs on the semi-infinite metal–dielectric interface [23], in the range of visible and near-infrared wavelengths, the wave vector of the SPPs is larger than that of the light in free space. Therefore, to excite SPPs effectively, the wave vector of the excitation beam must be compensated to match the wave vector of the SPP. The wave vector matching is the key condition for SPPs excitation. Commonly used excitation methods for SPPs are the prism coupling method, near field scattering excitation method, tight focus excitation method, and grating excitation method, which are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Common excitation methods for surface plasmon polaritons (SPPs). (A) Prism-coupled excitation; (B) Near-field scattering excitation; (C) Tight focus excitation; (D) Grating excitation.


Prism coupling method [24] is a simple and effective method with the advantages of low loss and high coupling accuracy. It is widely used in the field of biophotonics sensing. However, the size of the system is too large to be applied to optical integrated devices. The method of near-field scattering excitation [25] can realize the excitation of SPPs without being restricted by the wave vector matching conditions. The principle of the tight focus coupling is that a high numerical aperture microscope objective is utilized to increase the incident angle of the excitation beam. If the maximum incident angle is greater than the total reflection angle, SPPs can be excited on the metal surface by part of the light field satisfying the excitation condition [26]. Because it can be integrated with traditional microscopy systems and the metal film can be replaced at any time, it is widely used in imaging. The method of grating coupling excitation adds an additional grating vector to the wave vector in free space. This method excites SPPs with high efficiency, and the compact structure allows the grating to be applied to photoelectric surface plasma devices [27]. In this study, the grating excitation method with a slit array is used to excite SPPs.

The SPPs waves propagating along the interface between metal and air can be generated by exciting the grating. When the z-direction is defined to be perpendicular to the air–metal interface, the z-component of the SPPs wave at distance r along the x–y plane can be expressed as [28–30]

[image: image]

where ω is the angular frequency of the incident beam, ϕSPP is the phase of the SPPs wave, and kSPP is the SPPs wave vector.

According to Equation (3), two counter-propagating SPP waves are generated through exciting two independent parallel gratings and interfere with each other in the middle area to form an SPPs standing wave. When the distance between the two gratings is 2r, the expression of SPPs standing wave is [31]

[image: image]

where E0 = ESPP exp (−r/2LSPP) exp [i (kSPPr − ωt)], and ϕSPP1 and ϕSPP2 are the phases of the two SPPs waves, respectively. From Equation (4), the electric field intensity of the SPPs standing wave at the center of the structure depends on the phase difference of the two SPPs waves. However, the phase difference of the SPPs wave is related to the phase difference of the incident beam. When two gratings are illuminated by two beams with the same polarization directions, respectively, the phase difference between two SPPs waves can be expressed as

[image: image]

where ϕ1 and ϕ2 are the phases of the two excitating beams, respectively. It can be seen from Equation (5) that the SPPs standing wave can be dynamically moved by adjusting the phase of the incident beams. In addition, because two SPPs wave propagate in the opposite directions and with the same field strength, the transverse electric field components from two SPPs waves will counteract. The light intensity of the standing wave can be expressed as

[image: image]

Therefore, based on the characteristics of the breaks, diffraction limit, field enhancement, and flexible movement, the SPPs standing wave can be combined with SIM technology to improve the resolution of imaging further.



Principles of Structure Illumination Microscopy

SIM is a far-field super-resolution optical imaging technology. By employing specific structured light as the illuminating light, it can obtain high-frequency information and break the diffraction limit. Structure illumination imaging technology was first realized by adding a sinusoidal grating in the illumination light path [32], and the piezoelectric ceramic controller was used to move the grating to achieve the phase shift of the structured light; however, this mechanical moving device reduced the stability of the system. In the later stage, the spatial light modulator [33–35] and digital micromirror device [36], which can be controlled dynamically, are used instead of the grating to realize structured light illumination. Structured light illumination has the ability of tomographic imaging; it uses the moire fringes formed by the frequency components of structured light and sample to improve the resolution. By irradiating the object with the structure light modulated by space, encoding the high-frequency information of the object field space, and extracting the high-frequency information by calculation, the resolution can be increased to twice the diffraction limit frequency. Note that the imaging resolution value and the structure light wave vector are positively correlated; therefore, increasing the structure light wave vector improves the system's ability to receive high-frequency information, which also improves the spatial resolution of the imaging.

Because the structured light illumination frequency and source image frequency are both limited by the system's diffraction limit frequency, the output of the system is expressed as [37]:

[image: image]

where I0 is the average intensity, φ is the initial phase, and k0 is the fringe spatial frequency (reciprocal of the fringe period). D (k) represents the information recorded by the CCD, where DN is the low-frequency information, which reflects the outline of the object; DN− and DN+ are high-frequency information, which reflect the details of the object.

The SIM system obtains the mixed information of low- and high-frequency information beyond the diffraction limit. To recover the image, the low-frequency and two high-frequency information should be separated first, and then, the high-frequency information should be moved back to the corresponding position and fused with the low-frequency information. Finally, the super-resolution image can be recovered using a deconvolution operation [38]. Due to the need for separating the spectrum components, the phase is evidently the most appropriate modulation parameter. The reconstruction of SIM with three different initial phases are expressed as [39]:

[image: image]

After the reconstruction of the SIM algorithm, the maximum spatial frequency of the system can reach twice the diffraction limit. However, it is only scanning in a single direction that may lead to information leakage. Generally, SIM reconstruction will be carried out again in the intersection direction to realize the information reconstruction of the whole plane. Finally, the resolution will be doubled.



Basic Principles of Plasmonic Structure Illumination Microscopy

PSIM, combining SIM technology with SPPs, can resolve the resolution of traditional SIM without the help of non-linear effects. The resolution is increased from two times the traditional diffraction limit frequency to three to four times. The SPPs interference fringes are stable standing wave field generated by the interference of two SPPs waves propagating in opposite directions. The fringe period depends on the SPPs wavelength. Because the SPPs wavelength can be much smaller than the wavelength of free space light, the period of the SPPs interference fringes is much smaller than the diffraction limit. Therefore, it can be used as a structured light field that breaks through the diffraction limit and applied to the SIM imaging system. Consequently, as a new type of super-resolution wide-field microscopic imaging technology, PSIM combining the advantages of SIM and SPPs can further improve the imaging resolution [33–35, 40–43]. The design of horizontal and vertical excitation modes on the excitation medium can meet the imaging requirements of SIM in the plane space so that SPPs and SIM can be combined to achieve better super-resolution imaging effects.

The wavelength of the SPPs can be calculated as [31]:

[image: image]

where λ0 is the wavelength of the excitation source, ε0 is the dielectric constants of the air, and [image: image] is the real part of the dielectric constants of metal.

According to Equation (9), we can calculate the wavelengths of the SPPs. The SPPs are obtained by utilizing various metals and material. Then, by the SIM system, we can finally improve the resolution, as well as obtain the enhancement on spatial resolution. The results of enhancement in different materials and light source wavelengths are given in Table 1; Ag and Al2O3 are used in this work. The enhancement on spatial resolution is 3.86 times.


Table 1. Multiple of plasmonic structure illumination microscopy (PSIM) and diffraction limit of silver in different materials and wavelengths.

[image: Table 1]




Theory of Ghost Imaging Based on Plasmonic Structure Illumination Microscopy

The super-resolution ghost imaging based on plasmonic structure illumination microscopy is abbreviated as PSIM-GI. The system schematic is shown in Figure 4. The light from the light source is radiated to the DMD through the lens, filter, and 4f system. After being modulated by the structured light algorithm, it is radiated to the object platform composed of the metal film, which excites SPPs and irradiates to the detection object. After passing through the object, the light is converged by the objective lens, irradiated to the DMD for correlation modulation and emission. Finally, the light is received by the bucket detector. After demodulating and reconstructing the information received by the bucket detector, the super-resolution object image is finally obtained.


[image: Figure 4]
FIGURE 4. Schematic of ghost imaging based on plasmonic structure illumination microscopy (PSIM-GI) system.


The correlation function of PSIM-GI can be written as:

[image: image]

[image: image]

where {T} is the fusion of high- and low-frequency information in the image by the SIM algorithm.



Theory of Atmospheric Turbulence Channel Model

The ghost imaging system propagates by light and is inevitably affected by atmospheric turbulence when it is transmitted in the atmosphere. It is of great practical significance to study the influence of atmospheric turbulence on the error performance of the ghost imaging system. The atmospheric turbulence occurs because of the changes in the upper atmosphere's pressure and temperature, which are influenced by wind and other factors, which causes the intensity fluctuations of the received signal. In a ghost imaging system, the total intensity of the transmission image is received by the bucket detector, so the phase of each pixel in the image is not a concern. Therefore, we apply the intensity distribution model to simulate turbulence. The gamma–gamma model is a classical model to describe light-intensity distribution. It is suitable for a broad range of turbulences (from weak to strong). In addition, both large- and small-scale intensity fluctuations can be described by a gamma–gamma distribution. The gamma–gamma distribution is given as [44].

[image: image]

where I refers to the intensity of the channel output, under the intensity of the channel output value being 1.

[image: image]

[image: image]

In Equation (14), k = 2π/λ is the optical wave number, λ is the wavelength, d is the transmission distance, and [image: image] is the refractive-index structure parameter that describes the degree of atmospheric refractive-index fluctuation.

According to the H–V model of International Telecommunication Union (ITU)-R, the relationship between [image: image] and altitude h can be expressed in Equation (15) [45, 46].

[image: image]

In Equation (15), the conditions are set as follows: the root mean square on the vertical path vRMS = {11, 21, 31} and the refractive-index structure parameter near the ground plane [image: image]. When h is lower than 4,000 m, we find that [image: image] is approximately invariant with vRMS; in this case, [image: image] is considered constant. The values of [image: image] under different degrees of the turbulence are as follows:

[image: image] = 10−17 [image: image] for weak turbulence

= 10−15 [image: image] for moderate turbulence

= 10−13 [image: image] for strong turbulence

When gamma–gamma turbulence is added, the received light intensity formula, in Equation (1), of ghost imaging becomes:

[image: image]

where ϑi (x, y) is multiplicative noise with a gamma–gamma distribution.




SIMULATION AND RESULTS

We simulated the PSIM-GI system according to the above principles. We used PSNR and symbol-error rate (SER) to measure the quality of the reconstructed image and the error performance of the system.

PSNR is the most common objective evaluation index that is an objective evaluation indicator for image quality. PSNR is typically used for comparison of the maximum of the signal to the background noise. The larger the PSNR value, the less the distortion, and the better the quality of the image. PSNR can be calculated using the following equations

[image: image]

[image: image]

Here, MSE is the mean square error between the compared image and the original image, and [image: image], indicating the maximum value of the image's color; for grayscale images, k is 8 bits.

SER is also an indicator of the accuracy and reliability of a transmission system. It is defined by the percentage of misclassified symbols [47] expressed as

[image: image]

In this article, Equation (19) is specified as

[image: image]

NOUTxy−INxy is the number of input and output pixels with a nonzero difference; n is the difference between pixels. When the difference between output and input is less than n, we define output to be equal to the input. c*r is the total number of pixels.


Simulation and Results of PSIM-GI

The finite difference time domain (FDTD) method is utilized to simulate the excitation of the SPPs. The diagram of the SPP excitation is shown in Figure 5: the simulation area is indicated by (A); the silver film with the thickness of 120 nm is indicated by (B); two slits etched on the silver film are indicated by (D); and the layer of Al2O3 with thickness of 50 nm is indicated by (C). Two excitation sources with horizontally polarization directions and wavelength of 633 nm are indicated by (E). The excitation sources are used to illuminate two slits normally from the front side, respectively. An SPP standing wave is generated by the interference of two counter-propagating SPPs at the center of the structure. A linear monitor at 20 nm above the silver surface with length of 3 μm is used to obtain the electromagnetic field distribution of the SPP standing wave. The intensity distribution of the SPP standing wave from −1.5 to 1.5 μm is shown in Figure 6. It can be calculated that the full width at half maximum (FWHM) of the standing wave is 133 nm, which demonstrated that the wavelength of the SPPs is shorter than the excitation sources. The SIM uses a dynamically controllable DMD instead of the grating to generate horizontal and vertical modulation fringes, as shown in Figure 7A. The modulated structured light irradiates and modulates the object, encodes the high-frequency information of the object in the spatial domain, and uses the moire fringes formed by the structured light frequency and object frequency components to improve the resolution and achieve structure illumination microscopy imaging. The light passing through the object after modulation is shown in Figure 7B. The schematic diagram of the wave vector space of imaging is shown in Figure 8A. The object that we used in this study is a grayscale image of negative-stained 2019-nCoV particles [48], as shown in Figure 8B. Then, high-frequency information is calculated and extracted to achieve super-resolution imaging. Finally, super-resolution imaging is achieved. The resolution is increased to three to four times of the diffraction limit frequency.


[image: Figure 5]
FIGURE 5. The diagram of surface plasmon polaritons (SPPs) excitation by two slits structure: (A) simulation area, (B) Ag film, (C) layer of Al2O3, (D) slits, (E) excitation sources, and (F) linear monitor.



[image: Figure 6]
FIGURE 6. The electromagnetic field distribution of the surface plasmon polariton (SPP) standing wave.



[image: Figure 7]
FIGURE 7. (A) Structure illumination microscopy (SIM) modulation fringes. (B) Modulated object image.



[image: Figure 8]
FIGURE 8. (A) Schematic of imaged wave vector space. (B) Object. (C) Ghost imaging (GI) with plasmonic structure illumination microscopy (PSIM). (D) GI without PSIM.


As shown in Figure 4, the light after passing through the PSIM system enters the GI system, that is, the light is modulated on the DMD, and the emitted light is finally received by the bucket detector. The image is restored after demodulation and reconstruction, as shown in Figure 8C. For comparison, we present the results without PSIM (reference system), as shown in Figure 8D; more results after ghost imaging system without PSIM are shown in Tables 2, 3. Then, the reconstructed image is analyzed, and PSNR and SER indexes are calculated to measure the reconstructed image. The PSNR is 30.09. When n is 17–23, SER is 10−3; when n is 24–26, SER is 10−4; when n is >27, SER is almost 0.


Table 2. Imaging effects for different transmission distances (in meters).

[image: Table 2]


Table 3. Imaging effects for different values of the refractive-index structure parameter [image: image].

[image: Table 3]

The relationship between the PSNR and the SER of a PSIM-GI system with turbulence is shown in Figure 9. N of the system is set to full pixel numbers of the image to eliminate the inherent error of the ghost imaging. Changing the refractive-index structure parameter [image: image] and transmission distance d, the value of PSNR and SER under different situations are recorded. We selected the value of PSNR closest to the integer and calculated the corresponding SER to obtain the graph of PSNR and SER. Figure 9 shows that SER decreases with increasing PSNR. For PSNR values between 22 and 27 dB, the SER remains high (> 10−2). When the PSNR is >27 dB, the SER decreases sharply. The SER decreases by one order of magnitude, while the PSNR only increases by 3 dB, and it has dropped below 10−3 when the PSNR is over 30 dB.


[image: Figure 9]
FIGURE 9. Symbol-error rate (SER) performance of ghost imaging based on plasmonic structure illumination microscopy (PSIM-GI) with turbulence.




Analysis of the Influence Under Different Conditions of Transmission Distance

When analyzing the influence of transmission distances, the refractive-index structure parameter [image: image] is taken as 10−14, 10−15, and 10−16; the distance between the transmitter and the receiver d is set to a series of values according to the different values of [image: image]; N is set to the full pixel numbers of the image. The results of ghost imaging at different d are presented in Table 2.

When [image: image], the imaging performance significantly changes from fine to coarse, while the value of d changes from 10 to 150 m. Similar trends in imaging performance are observed for [image: image] with d ranging from 30 to 500 m and for [image: image] with d ranging from 100 to 500 m. PSNR and SER performance with d are shown in Figure 10.


[image: Figure 10]
FIGURE 10. Symbol-error rate (SER) and peak signal-to-noise ratio (PSNR) curves for various transmission distances. (A) SER performance of PSIM-GI in d at [image: image] = 10−14. (B) PSNR performance of PSIM-GI in d at [image: image] = 10−14 (C) SER performance of PSIM-GI in d at [image: image] = 10−15. (D) SER performance of PSIM-GI in d at [image: image] = 10−15. (E) SER performance of PSIM-GI in d at [image: image] = 10−16. (F) SER performance of PSIM-GI in d at [image: image] = 10−16.


Notably, PSNR declines and SER increases with increasing d. Both tend to stabilize when d increases to a specific value, which varies with [image: image].



Analysis of the Influence Under Different Conditions of Refractive-Index Structure Parameter

Similarly, when analyzing the influence of [image: image], the transmission distance d is set to 10, 100, and 500 m, respectively; [image: image] is set to a series of values according to the different values of d; N is also set to 100%. Imaging effects for different d are presented in Table 3.

When d = 10 m, the imaging performance significantly changes from fine to coarse while the range of [image: image] changes from 1 × 10−14 to 9 × 10−13. Similar trends in imaging performance are observed for d = 100 m with [image: image] ranging from 1 × 10−16 to 9 × 10−15 and for d = 500 m with [image: image] ranging from 1 × 10−17 to 9 × 10−16. PSNR and SER performance with varying [image: image] are shown in Figure 11.


[image: Figure 11]
FIGURE 11. Symbol-error rate (SER) and peak signal-to-noise ratio (PSNR) curves for different values of the refractive-index structure parameter. (A) SER performance of PSIM-GI in [image: image] at d = 10. (B) PSNR performance of PSIM-GI in [image: image] at d = 10. (C) SER performance of PSIM-GI in [image: image] at d = 100. (D) PSNR performance of PSIM-GI in [image: image] at d = 100. (E) SER performance of PSIM-GI in [image: image] at d = 500. (F) PSNR performance of PSIM-GI in [image: image] at d = 500.


The trend in Figure 11 is the same as Figure 10: PSNR declines and SER increases with increasing [image: image]. Both tend to stabilize when [image: image] increases to a specific value that varies with d.




CONCLUSION

In this study, plasmonic structure illumination microscopy is applied io ghost imaging, and a PIM-GI imaging method is proposed. Using SPPs and SIM to enhance the resolution, super-resolution imaging is achieved. Using the FDTD software, two pairs of orthogonal slits are designed on the surface of the silver film to realize the excitation of SPPs. The SIM and GI algorithms are used to encode, transmit, receive, reconstruct, and finally obtain a clear image. The final resolution can reach three to four times the diffraction limit. The PSNR and SER of the PSIM-GI system are also calculated to measure the quality of the reconstructed image and simultaneously meet the sharpness of actual needs. The method proposed in this study has great research and application value in biomedical fields such as microimaging and endoscopy.

Furthermore, the influence of gamma–gamma turbulence to ghost imaging has also been simulated and analyzed. The intensity influence is mediated by two key parameters; they are refractive-index structure parameter [image: image] and transmission distance d. According to results and analyses, both these parameters are negatively correlated with PSNR and positively correlated with SER. When [image: image] or d increases sufficiently, the PSNR and SER nearly become constants and remain stable. This work provides a basis for a theoretical model and reference for a practical ghost-imaging system transmitting through an atmospheric turbulence channel.
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