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Aberrations in the optical components and misalignments in the optical system cause a background phase in the coherent illumination. To reconstruct the object phase, the background phase illuminating the object must be measured and subtracted. For diffraction imaging and in-line holography, the traditional phase retrieval method reconstructs the phase diffracting from clear edges. However, it falls into stagnation when solving a background phase slowly varying in the spatial domain. In this study, we propose to solve the background phase using a modulation-based phase retrieval method. Alternative structured phase modulation (ASPM) can be the phase constraint to avoid stagnation when solving the background phase without clear edges. With ASPM, the background phase in the experiment can be efficiently retrieved when 16 phase patterns are employed. The ASPM acts as a phase grating to concentrate the intensities and provides robustness to noise. Compared to the conventional random phase modulations, the ASPM method had a smaller error value in the reconstruction iterations, which leads to a better reconstruction quality. After measuring and subtracting the background phase, the object phase was retrieved using a coherent diffraction imaging system. A phase plate can be accurately reconstructed under three different background phases.
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INTRODUCTION
Aberrations and misalignments are inevitable in the optical setups of various phase imaging techniques, including interferometric methods [1–5] and diffraction-based methods [6–9]. To measure the complex amplitude, an object is illuminated with a coherent wave. The plane wave [10] or quasi-plane [11, 12] wave is widely used for illumination. With ideal plane-wave illumination, the transmitted wavefront represents the complex amplitude of the object. Typically, in the experiments, there are unavoidable aberrations and misalignments [13–15]. The illumination on the object has an undesirable background phase slowly varying in the spatial domain. The transmitted wavefront is the complex amplitude product of the object and illumination. To acquire the object phase, the background phase must be measured and subtracted.
Various methods have been proposed for the background phase compensation in the interferometric methods, such as off-axis holography techniques [16]. The compensation can be executed numerically during the reconstruction. The background phase can be compensated by generating a virtual phase from the hologram [17, 18] or using polynomial fitting [19, 20]. The aberration compensation can also be mimicked by the computation of a numerical parametric lens [21]. Apart from the numerical method, measuring and subtracting the background phase is a straightforward approach [22]. Complete information on system aberration is calculated from three laterally shifted phase images using spiral phase integration [23]. In angular scanning digital holography setup, pupil aberrations are recovered by utilizing the cross-spectral density between optical fields at various incident angles [24]. For off-axis digital holography, the background phase can be measured directly. The phase of an object is acquired after background elimination [25]. In phase-shifting methods, the background phase is measured directly [26] or eliminated by numerical methods [27]. The aberrations can also be compensated using Zernike polynomials [28].
In diffraction imaging methods, iterative phase retrieval methods are used to retrieve the phase [29, 30]. The basic procedure of the algorithm is the alternating propagation of the estimated wavefront between the planes of interest and the recorded intensity. There is conjugated noise while propagating the intensity. Traditional phase retrieval methods used constraints to eliminate the conjugated noise. The Gerchberg-Saxton (GS) algorithm [31] used the amplitude of the wavefront of interest to be a strong constraint. Then, Fienup modified the GS algorithm by using a loose non-negative constraint [32] or support constraint [33]. A support constraint was widely used as a priori information for phase retrieval [34, 35]. The support region was artificially created by coherently illuminating a finite region of an extended object or a large scene [36]. The wavefront inside the support region was reconstructed iteratively. The noise outside the support region was weakened or abandoned [37].
In a diffraction imaging setup, there is no reference beam while recording the diffracted hologram. The background phase compensation is hard to execute using the aforementioned numerical methods. The background phase needs to be measured. The traditional phase retrieval method performs well when solving the phase diffracting from clear edges. Using simulated data, the phase inside the support region can be rapidly reconstructed [37]. When solving the background phase without clear edges, the reconstruction algorithm stagnates [36]. In the experiment, the intensity data was with environmental noise. The background phase is unsolvable based on its intensity pattern with noise using traditional phase-retrieval methods. Diversities in the diffraction intensities need to be detected adequately for retrieving a smooth background phase [38, 39].
Modulations can also be used as modulation constraints to achieve successful phase retrieval. With multiple phase modulations, the wavefront can be fully reconstructed without finite support constraints [40]. Using shifting illumination, a large area of the specimen can be reconstructed at high resolution [41–43]. A novel topological modulation provides an effective dynamic range in the recorded intensities [44]. The two-dimensional circular grating array is designed for the simultaneous acquisition of scattering images in all possible directions using a single shot [45]. With a phase-stepping process, phase retrieval can be made with a high signal-to-noise ratio (SNR) with a low dose x-ray illumination [46]. Progress in holographic imaging is made with random phase modulation using metasurface. A reference-free holographic image sensor can be made with a random diffuser [47]. High-precision quantitative phase gradient imaging can be made with a single shot using two coded metasurface layers [48]. With phase modulations, phase retrieval methods can be applied to building a novel wavefront sensor. Traditional wavefront sensor such as the Shack-Hartmann wavefront sensor has a lateral resolution limited by the size of micro-lens [49]. The wavefront sensing is made with a 10-megapixel lateral resolution using random phase modulations (RPM) on a spatial light modulator (SLM) [50]. To reduce the modulation defects on an SLM [51], the alternative structured phase modulations (ASPM) were designed for providing a reliable phase modulation on the SLM and increasing the robustness of data acquisition [52]. The structured phase modulation can also be used to shift the high spatial frequency terms into the diffraction-limited imaging setup, which is an effective approach to enhance the resolution of holographic microscopy [53, 54] or phase-shifting interferometry [55, 56].
In this study, we propose to solve the background phase using a modulation-based phase retrieval method. The ASPM can be the phase constraint to avoid stagnation when solving the background phase slowly varying in the spatial domain. The structured phase modulation patterns consisted of periodic phase bars. Two adjacent patterns were orthogonally placed to form one pair of ASPM patterns. The measured wavefront was perturbed by the ASPM patterns, and the modulated intensities were recorded correspondingly. Then, a modified GS algorithm was performed for reconstruction. The modulated intensities are concentrated by the phase gratings, which makes the method robust to noise. The algorithm rapidly converged in 100 iterations when solving the background phase in an experimental setup. After background phase subtraction, the object phase can be reconstructed accurately. A phase plate was experimentally studied and reconstructed using illumination with three background phases. The RPM patterns in ref. 39 [50] were also evaluated by measuring a phase object in the same experimental setup. The root means square error (RMSE) curves showed that the ASPM method had a smaller error value in the reconstruction iterations, which leads to a better reconstruction quality. The ASPM method is reliable for background subtraction and measuring an object’s phase.
RETRIEVE THE OBJECT PHASE IN A DIFFRACTION IMAGING SYSTEM
A schematic of the diffraction imaging setup used to measure the phase object is shown in Figure 1A. The investigated object had a complex amplitude, where [image: image] and [image: image] represent the amplitude and phase component of the object, respectively, [image: image], [image: image] represent the Cartesian coordinates on the object plane and represent the complex function. When the illumination on the object is a coherent plane wave, it can be expressed as [image: image]. The wavefront emitted from the object is [image: image].
[image: Figure 1]FIGURE 1 | Schematic of the diffraction imaging technique when recording and retrieving. (A) Measuring and reconstructing the object phase with the background phase. (B) Measuring and reconstructing the background phase. [image: image]: modulation or support constraint. (C) Acquiring the object phase with background subtraction.
The illumination has a phase distribution, especially when there are some misalignments and aberrations in the setup. As shown in Figure 1A, the illumination on the object plane is [image: image] where [image: image] and represents the amplitude and phase components of illumination, respectively. The wavefront emitted from the object is [image: image]. After freely propagating at a distance of z1, the complex wavefront [image: image] arriving at the modulation plane can be calculated based on the angular spectrum method (ASM) as follows:
[image: image]
where Prop{·} represents the propagation calculator, [image: image]{·}represents the Fourier transform [image: image], [image: image] represents the coordinates on the modulation plane, and [image: image] represents the wavelength of the illumination. On the modulation plane, modulation or support constraints were applied on [image: image], which is [image: image]. Then, the constrained wavefront was propagated to the recording plane at a distance of z2. The intensity of the propagated wavefront [image: image] was recorded as the intensity constraint. Note that z2 must be larger than zero and the phase terms can be coded into the diffraction intensity [57, 58].
A schematic of the retrieval of the object phase is shown in Figure 1A. In the reconstruction process, the phase-retrieval algorithm proceeded between the modulation plane and the recording plane. Using the support or modulation constraint and the recorded intensity constraint [image: image], the wavefront [image: image] was iteratively reconstructed using phase retrieval algorithms. Then, [image: image] was retrieved by numerically propagating [image: image] back to the object plane.
The background phase must be measured and subtracted from [image: image] and the object phase can be reconstructed. In diffraction imaging, [image: image] was retrieved from [image: image]. After propagating [image: image] to [image: image] and [image: image], the object [image: image] and illumination [image: image] terms were convoluted with the additional terms, as shown in Eq. 1. [image: image] could not be eliminated using a linear operation on [image: image]. The operation commonly used in in-line holography is [image: image]. With the linear operation on the diffraction intensity, the reconstruction was performed with an enhancement of the object outline, instead of acquiring the object phase. The same is true for diffraction imaging. For proper reconstruction of [image: image], the background [image: image] also must be measured and reconstructed, as shown in Figure 1B. The investigated object can then be calculated as [image: image]. In this study, the illumination background [image: image] was reconstructed using the ASPM method.
RETRIEVING A BACKGROUND PHASE USING THE ALTERNATIVE STRUCTURED PHASE MODULATION METHOD
Reconstruct a Complex Wavefront Using the Alternative Structured Phase Modulation Method
A schematic of the ASPM method is shown in Figure 2A. A phase object was illuminated as [image: image]. Then, the emitted complex wavefront was freely propagated to a liquid crystal on silicon (LCoS), which is a reflective phase-only spatial light modulator. The ASPM patterns were uploaded to the LCoS for phase modulation. The intensities of the modulated wavefronts were recorded using a CMOS sensor. Multiple modulations and intensities were the modulation and intensity constraints for the reconstruction iterations. A modified GS algorithm was used for phase retrieval.
[image: Figure 2]FIGURE 2 | (A) Schematic of diffraction imaging using the ASPM method. (B) Uploaded ASPM patterns on the LCoS and corresponding modulated intensities. (C) Flowchart of the iterations using ASPM method. [image: image]: the first ASPM modulation pattern. [image: image] : the first modulated intensity; k: number of iterations; p: number of modulations; M: total number of the constraints; mod{·} is the operator to calculate the remainder after division; t: the preferable value of the calculation error; K: a set maximum number of iterations.
As shown in Figure 2(and, an ASPM pattern is composed of bars and forms a structured phase modulation [image: image] when uploaded on a phase-only LCOS. The modulated phase with phase bars is a binary-phase grating. For the ASPM in the x-direction, the normalized transmission function of the modulation is expressed as follows:
[image: image]
where [image: image] represents the modulated phase, [image: image] represents the period of the phase grating, [image: image] represents the convolution operation, and s represents the shift factor after one modulation. For the ASPM in the x-direction, the amplitude and phase terms of the object were modulated in the x-direction. The modulation constraints were applied in the x-direction. To measure an object that covers the x- and y-directions, structured phase modulation was alternatively applied in both directions. After one modulation, the modulated wavefront [image: image] was propagated to the camera plane at a distance of z2. The modulated wavefront after propagation is as follows:
[image: image]
The intensity [image: image] is the intensity constraint recorded by the camera. As the modulation is a phase grating, the modulated wavefront is transmitted on the diffraction orders of the grating. Based on the principle of diffraction gratings, the diffraction angle [image: image] can be calculated from the period of the grating [image: image], which is [image: image], where m is an integer representing the diffraction orders. The first order containing most of the diffraction energy is considered, and m is set to one. If the physical size of [image: image] is [image: image], the size of [image: image] after propagation is diffracted as [image: image]. The physical size of the camera [image: image] should be sufficiently large to capture the modulated intensity.
[image: image]
A modified GS algorithm was used for the ASPM method. A flowchart of the algorithm is presented in Figure 2C. The algorithm alternately propagates the estimated wavefront between the modulation and intensity planes. Conjugate noise was eliminated by the constraints on the two planes. An initial random estimate of the measured wavefront [image: image] was first modulated by the ASPM [image: image]. The modulation-constrained wavefront, [image: image], was propagated to the intensity plane. Then, the propagated wavefront [image: image] was intensity-constrained by replacing its amplitude with the recorded intensity I0. The intensity-constrained wavefront [image: image] was back-propagated to the modulation plane and refresh the modulation-constrained wavefront [image: image]. Demodulation was applied as [image: image] to acquire the estimated wavefront [image: image], which is the input for the next iteration and correction. M pairs of modulations and intensity constraints were sequentially applied to the estimates. In the kth iteration, the pth pair of constraints were applied. p is decided as [image: image], where mod{·} calculates the remainder after division.
After one iteration, the conjugated terms were suppressed with constraints. After k iterations, the refreshed estimated wavefront [image: image] was closer to the ground truth of the [image: image]. The iterations could be terminated if the calculation error between two iterations is preferable or the maximum number of iterations is achieved. The error evaluation is performed on the phase component using the root mean square error (RMSE):
[image: image]
In the ASPM method, the multiple phase modulations are made by shifting and rotating the phase grating perpendicular to the optical axis. There is significant variance in the captured intensities from the modulations. The diversities in the multiple intensities provide sufficient constraints for good convergence of iterations. More constraints result in a solution closer to the ground truth.
Simulation of Retrieving a Background Phase Using the Alternative Structured Phase Modulation Method
A simulation was performed for retrieving a background phase using the ASPM method. A 200×200-pixel concave wavefront was measured as the ground truth, as shown in Figure 3A. The phase component had a maximum value of 0.5 [image: image] rad, and the amplitude component had a uniform value of one. The illuminating wavelength was 532 nm. The measured wavefront was modulated using the ASPM method and then numerically propagated at a distance of 20 mm. The numerical propagation was calculated using the angular spectrum method (ASM) in the discrete form:
[image: image]
where [image: image], [image: image] and [image: image], [image: image] are the indices of the samples in spatial domain and Fourier domain. [image: image] and [image: image] are the size of the wavefront, [image: image]. [image: image] represents the sampling period of the numerical calculation, [image: image]. DFT{·} and IDFT{·} are the two-dimensional discrete Fourier transform and inverse discrete Fourier transform.
[image: Figure 3]FIGURE 3 | (A) Ground truth of the wavefront and reconstructed phase and amplitude components using the ASPM, HIO, and GS methods. (B) The logarithm of the RMSE of the ASPM, GS, and HIO methods with 1000 iterations. log(RMSE): logarithm of the RMSE of the calculated phase and the ground truth.
The concave smooth wavefront in Figure 3A was modulated with eight groups of ASPM patterns. The period of each group of the ASPM patterns was from 2 to 16 pixels, with a duty ratio of 50%. After the modulation in both the x- and y- directions, the pattern was shifted with one pixel. A modified GS algorithm was then used to work with the constraints for reconstruction. The logarithm of the RMSE between the ground truth and the calculated phase during the iterations is shown in Figure 4. A total of 1000 iterations were performed during the reconstruction process. When there are 2 or 4 modulations, the reconstruction cannot be made. There are three unknowns in the phase retrieval problem, which are the phase of the diffracted wavefront, phase and amplitude of the measured wavefront. At least three pairs of modulations in x- and y- directions are needed for reconstruction. As the number of modulations increases from 6, the concave smooth phase can be reconstructed successfully. Structured phase patterns are modulation constraints. The corresponding recorded modulated intensities were the intensity constraints. Multiple modulations provide sufficient constraints for noise elimination. The convergence of the iterations and the accuracy of the reconstruction are increased with the number of modulations. In the following simulations and experiments, 16 modulations are used for a good result.
[image: Figure 4]FIGURE 4 | The logarithm of the RMSE of the ASPM method using 2 to 16 modulations.
With 16 modulations, The ASPM pattern was shifted eight times in both the x- and y-directions. As shown in Figure 3B, during the first 100 iterations, the algorithm converges rapidly, which shows the efficiency of the ASPM method for error elimination. After 300 iterations, the algorithm converges to the final result. Compared to the ground truth, the RM phase component reached approximately 0.84 [image: image] after 300 iterations. The RMSE on the amplitude component is approximately 0.65 [image: image]. In Figure 3B, the RMSE value of the ASPM is oscillatory. There are some residual errors in different iterations or using different constraints. As 16 modulations are sequentially used for reconstruction, the RMSE values oscillate at a period of 16.
The classical GS and hybrid-input-output (HIO) [13] algorithms were also used to measure the concave wavefront. The measured wavefront was the same as that in the ASPM method. To apply the GS and HIO method, the wavefront was constrained with a support region, which was a round central pass filter with a radius of 80 pixels. In the GS algorithm, the wavefront inside the support region was completely passed, and outside the region was blocked. In the HIO algorithm, the wavefront inside the support region was completely passed and outside the region was suppressed by a factor of 0.07 in every iteration. Both the GS and HIO algorithms failed to solve the background phase [image: image]. Compared to the efficient ASPM method, the convergence of the GS and HIO algorithms was marginal in this simulation, as shown in Figure 3B. The HIO algorithms performed better than the GS algorithm on the simulated intensity data. However, in the experiment, the intensity data were recorded with inevitable noise, which may lead to a failure when using the classical method for reconstructing the background wavefront.
In the classical GS and HIO method, the recording and retrieving can be described by Eqs. 7, 8. There is a support region C on the measured complex wavefront [image: image]. P is the propagation operator. After free propagation, one intensity pattern I is recorded. The retrieval is made by solving the optimization problem and searching for an optimal solution [image: image] that minimize the error, as shown in Eq. 8. The GS method is based on alternatively propagating the estimation [image: image] between the support C and intensity plane I. For a rough measured phase, there is effective diversity in the diffraction intensity during propagation. The conjugated noise falls out of the support region. In every propagation, the estimation is closer to the optimal solution with an effective support constraint. For a smooth background phase, there is insufficient diversity during the propagation. Support C fails to constrain the estimation in the iterations, which leads to low convergence or stagnation.
[image: image]
[image: image]
In the ASPM method, the recording and retrieving can be described by Eqs. 9, 10. The measured complex wavefront [image: image] is modulated by [image: image] and then be recorded as [image: image] after propagation. Multiple modulations and recordings provide redundant constraints to solve the optimization problem. As the recorded intensities vary with modulations, there is sufficient diversity for reconstruction. The smooth background phase can be retrieved with good convergence.
[image: image]
[image: image]
EXPERIMENTS ON RECONSTRUCTING AN OBJECT PHASE USING THE ALTERNATIVE STRUCTURED PHASE MODULATION
Calibrating the Phase Modulation of a Spatial Light Modulator
In the ASPM method, the designed phase patterns are the modulation constraints in the reconstruction iterations. The modulated phase is a priori information for eliminating conjugated terms. Quantitative phase modulation is required for successful reconstruction. In addition, the ASPM method requires multiple modulations and measurements to guarantee the convergence of the algorithm and robustness to noise. Phase calibration of the LCoS modulation benefits the acquisition of good experimental results.
In this study, phase modulations were made using an LCoS (Holoeye GAEA-2-vis). LCoS is a pixelated digital device that can quantitatively modulate the phase. Owing to the limited manufacturing process and nonlinear optical response of the liquid crystal [59], the LCoS must be calibrated before being used. Many calibration methods have been proposed [60–62]. In this study, the LCoS was calibrated using an efficient and convenient self-referenced calibration method [63, 64]. Using a blazed-grating pattern [65], the phase modulation was measured with an accuracy of 0.06 [image: image] in the setup of diffraction imaging. The modulation curves before and after calibration are shown in Figure 5A. Using the cubic polynomial fitting method, the phase modulation of the LCoS can be predicted with an error less than the measurement error, as shown in Figure 5B. The modulated phase [image: image] related to the uploaded grayscale g can be predicted using cubic polynomial fitting as follows:
[image: image]
[image: Figure 5]FIGURE 5 | (A) Modulation curves of the LCoS before and after calibration and curve using the cubic polynomial fitting method. (B) Residuals of the fitted curve.
Measuring the object phase with background subtraction.
A phase plate was experimentally studied using the ASPM method. The setup was illuminated at 532 nm wavelength. The polarization of the laser was adjusted by a λ⁄2 wave plate. The illumination was experimentally adjusted to be collimated but it was still not a perfect plane wave. The interferogram of the illumination was measured using a shear interferometer (Thorlabs, SI254), as shown in Figure 6A. The fringe pattern shows that the illumination [image: image] had a background phase. A phase plate was measured as the object. The intensity pattern of the diffracted wavefront from the object is shown in Figure 6E. The diffracted wavefront was modulated using the ASPM method to reconstruct the phase of the object. The ASPM patterns were uploaded to the calibrated LCoS (Holoeye GAEA-2, 3.a 8 [image: image]) at 60 Hz refreshing rate. As the LCoS is a birefringent device and the polarization of the incident beam has a great impact on the modulation [66, 67]. The illumination was filtered by a linear polarizer to match the long display axis of the LCoS. The intensities of the modulated wavefront were captured with a CMOS camera (QHY 163, pixel size 3.8 [image: image]) with 0.01 s exposure time. The period of the ASPM patterns was set to 40 pixels, and the modulated phase was [image: image]. After modulation in both directions, the pattern was shifted by five pixels for the next modulation. Sixteen modulations and captures were made for measuring a wavefront. Sixteen modulations and captures can be made in 0.27 s. Two of the modulation patterns and captured intensities are shown in Figures 6F–I.
[image: Figure 6]FIGURE 6 | Measuring a phase object using illumination with background phase. (A) The fringe pattern on a shearing interferometer (Thorlabs SI254) for measuring the background wavefront. (B) Schematic of the illumination with a background phase. (C) Schematic of a coherent diffraction imaging setup. (D) Picture of the object, a phase plate. (E) Diffraction pattern of the measured object. (F,H): Two of the ASPM patterns in x- and y- direction. (G,F): Captured intensities of the modulated wavefront. (J) The curve of the RMSE between the calculated wavefronts of adjacent iterations. (K) The reconstructed phase of the object with distortion in the illumination.
The complex wavefront [image: image] on the modulation plane was reconstructed using the ASPM method. The RMSEs of the adjacent iterations are shown in Figure 6J. The algorithm converged rapidly in 400 iterations and reached the final result after approximately 800 iterations. The complex wavefront [image: image] emitted from the phase object was calculated by back-propagating [image: image] to the object plane. As shown in Figure 6K, the phase can be distinguished as a character of ‘1911’, which is the founding year of Tsinghua University. However, the wavefront [image: image] is the multiple products of [image: image] and [image: image], [image: image].The phase of [image: image] does not represent the object phase. The phase term of illumination [image: image] must be measured and subtracted.
Using the ASPM method, illumination [image: image] was measured individually during the experiment. As shown in Figure 7A, the phase of [image: image] indicates that the illumination on the object was slightly oblique and nonuniform in the experiment. The RMSE values during the reconstruction iterations are shown in Figure 7B. The ASPM method has good convergence in solving the background phase using the experimental data with noise. To calculate [image: image], the illumination [image: image] must be subtracted from the measured [image: image]. The phase of the object after subtraction is shown in Figure 7D. The average phase difference of the character was measured to be approximately 2.9 rad, which matched the designed value of the phase plate.
[image: Figure 7]FIGURE 7 | (A) Reconstructed phase of the illumination in the experiment using the ASPM method. (B) RMSE during reconstruction. (C) The reconstructed phase of the object with an illumination background. (D) Object phase with background subtraction.
In the experiment, the illumination was expanded, and a schematic of the phase profile of the illumination is shown in Figure 8A. The phase plate was measured experimentally using three sections of illumination. After modulations and captures using the central section of the illumination, the next sections at an interval of 250 pixels were used to illuminate the object. Using the ASPM method, the wavefronts of the three illumination sections were reconstructed. The background phases of the illumination sections are shown in Figure 8B. After subtracting the phase under illumination, the phase of the object was measured under the three illumination sections. The phase profiles before and after subtraction are shown in Figures 8C, D. The phase values along the dotted line in Figures 8C, D are plotted in Figures 9A, B. Before the subtraction, the phase was visually distinguished, but difficult to evaluate quantitatively. The strong background phases destroyed the investigated phase from the object. The phase profile of the reconstructed wavefront could not represent the object phase. After subtraction, the phase values along the line were quantitatively evaluated. The measured phase values under different illuminations matched well.
[image: Figure 8]FIGURE 8 | Measuring the phase object using three sections of the illumination. (A) Schematic of the illumination in the experiment. (B) The reconstructed phase of different sections of the illumination. (C) Reconstructed object phase without background subtraction. (D) Reconstructed object phase with background subtraction. (E) Reconstructed object amplitude with background subtraction.
[image: Figure 9]FIGURE 9 | (A) Measured phase along the line of the object without background subtraction. (B) Measured phase along the line with background subtraction.
Evaluation of the Alternative Structured Phase Modulation and RPM Methods
The ASPM and RPM methods were experimentally evaluated. Sixteen ASPM patterns with a period of 40 pixels were used for modulation. For comparison, sixteen RPM patterns with a pitch size of 40 pixels were used for modulation. One of the RPM and ASPM patterns is shown in Figures 10A, B. Using the setup in Figures 6A, C phase object illuminated with a background phase was studied using the ASPM and RPM methods, respectively. Using the two methods, the phase of the background and object can be iteratively reconstructed, as shown in Figures 10C–H. The RMSEs curves of the two methods during iterations are shown in Figures 10I, J, which shows that the ASPM method has a smaller error during the reconstruction for a background phase and object phase. Compared to the RPM method, the ASPM method has a better reconstruction quality for the background phase and object phase.
[image: Figure 10]FIGURE 10 | Evaluation of the ASPM and RPM methods. (A) One of the sixteen RPM patterns. (B) One of the sixteen ASPM patterns. (C–E) Reconstructed background phase, object phase without background subtraction, and object phase with background subtraction using RPM method. (F–H) Reconstructed background phase, object phase without background subtraction, and object phase with background subtraction using the ASPM method. (I) RMSE in the background reconstruction using the ASPM and RPM methods. (J) RMSE in the object phase reconstruction using the ASPM and RPM methods.
In the proposed method, the spatial light modulator is used for phase modulation. SLM is a digitalized device and has a limited modulation bandwidth. The phases in the RPM are randomly distributed in a high spatial complexity, which makes the RPM hard to be accurately modulated using an available SLM. The phases in the ASPM are the same in one direction and vary periodically in the other direction. Compared to the RPM, the ASPM have lower complexity and is friendly for SLM modulation. Besides, there us environmental noise during the experiment. The ASPM patterns act as the phase gratings and concentrate the modulated intensities, which provides robustness to noise.
CONCLUSION
In this study, the ASPM method was used to retrieve the background phase in the illumination. Three statics background phases were reconstructed in a diffraction imaging setup, which is difficult to use in traditional phase-retrieval methods. A phase plate was investigated under three background illuminations, and the object phase was reconstructed. The ASPM method can retrieve the complex wavefront gathered from a lens set. With the ASPM method, various wavefront sensing techniques can be used for quantitative phase imaging. The method is also capable of measuring an object with a phase slowly varying in the spatial domain. The background phases in various types of imaging setups, such as in-line holography, can be retrieved and compensated using the ASPM method. In this work, the modulations were made with an SLM working at a 60 Hz refreshing rate. Sixteen acquisitions for measuring a background phase can be made in 0.27 s. The acquisition time can be reduced by using a faster modulation device, such as ferroelectric SLM.
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