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 9 

Abstract 10 

Single-pixel holography (SPH) is capable of generating holographic images with rich spatial information by employing only a 11 

single-pixel detector. Thanks to the relatively low dark-noise production, high sensitivity, large bandwidth, and cheap price of single-12 

pixel detectors in comparison to pixel-array detectors, SPH is becoming an attractive imaging modality at wavelengths where pixel-array 13 

detectors are not available or prohibitively expensive. Moreover, SPH is particularly advantageous when imaging through scattering 14 

media or in scarce illumination with compressive sensing. In the current practice of SPH, the throughput of the system is mainly limited 15 

by the phase-encoded illumination and the ways to realize phase stepping. In this work, we developed a high-through single-pixel 16 

compressive holography, achieving a space-bandwidth-time product (SBP-T) of 41,667 pixels/s. This result indicates that by using a 17 

single-pixel detector, information of holographic images containing up to 65,536 pixels can be collected within only 3 seconds. The 18 

high-throughput was realized by enabling phase stepping naturally in time and abandoning the need for phase-encoded illumination. We 19 

further show that compressive sensing can be conveniently adapted to significantly reduce the acquisition time. Besides being high 20 

throughput, we also show that this holographic system is scalable to provide either a large field of view (~83 mm2) or a high resolution 21 

(5.8 μm × 4.3 μm). In particular, high-resolution holographic images of a piece of rat tail were presented, exhibiting rich information of 22 

mussel, cortical bone, and cancellous bone. Given that microscopic images of biological tissue has rarely been explored in the current 23 

practice of SPH, we anticipate the developed high-throughput SPH is promising to nourish the development of multi-spectrum imaging 24 

by providing high-quality holographic images for biological tissues. 25 

 26 

Introduction 27 

Pixel-array detectors, such as CCD and CMOS cameras, were commonly used in the traditional imaging scheme. However, these 28 

detectors are only cost-effective and maintain good performance within certain spectrum range. In contrast to pixel-array detectors, 29 

single-pixel detectors have lower dark-noise production, higher sensitivity, faster response time, and a much cheaper price. Moreover, 30 

they have been demonstrated with great performance across almost the entire spectrum range. Therefore, single-pixel imaging (SPI), an 31 

emerging computational method that employs a single-pixel detector at the receiving end, offers great potential for optical imaging at 32 

wavelengths where pixel-array detectors are not available or prohibitively expensive. Instead of acquiring spatial information through 33 

parallel detection, SPI relies on using a spatial light modulator (SLM) to display a series of ordered patterns and then computationally 34 

reconstruct spatial information from a series of measurements. Without compressive sensing, the number of effective pixels in the 35 

reconstructed image equals the number of ordered patterns being displayed. Since the first demonstration called flying-spot camera in 36 

1884 by Nipkow et al. [1, 2], SPI has been later demonstrated with advantages when imaging through scattering media [3-5] or in scarce 37 

illumination with compressive sensing [6, 7]. By employing various coding mechanisms including Hadamard bases [5, 8-20], Fourier 38 

bases [9, 21-23], and random patterns [24], SPI has also been extended and demonstrated with great success in full-color imaging [10], 39 

multispectral imaging [11], and time-resolved imaging [12]. 40 

From the perspective of optical imaging, the successful modeling of complex-valued biological samples with both amplitude and 41 

phase information is of great significance in biophotonics. For example, many thin biological tissues exhibit low scattering and 42 

absorption when interacting with light, leading to low contrast when being directly imaged with a conventional microscope. Even for 43 
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relatively thick tissues whose amplitude images can provide enough contrast, their corresponding phase images always serve as a good 1 

supplement. Since the fast oscillation of the diffracted light prohibits direct measurement of phase information using modern optical 2 

detectors, there is a strong desire to develop an efficacious imaging modality that can provide complex-valued images to study the 3 

microscopic structures of a myriad of biological tissues [25-29]. This capability can also benefit a variety of applications in adaptive 4 

optics [30, 31], surface contour [32, 33], wavefront sensing [34, 35], optical metrology [36-38], and ultrafast optics [39-41]. 5 

To beat down the fast oscillation of the diffracted light to the regime that modern detectors can reach, holographic approaches that 6 

employ additional reference beams become one of the most effective and intuitive ways to retrieve field information [42-44]. Thus, when 7 

combined with this approach, SPI can be further generalized to extract complex-valued information from the sample, naming single-8 

pixel holography (SPH). Back in 2013, Clemente et al. developed a framework for using a liquid-crystal-based SLM and a bucket single 9 

pixel to image phase objects [13]. Later, digital micromirror devices (DMDs) were employed as the dominant devices to increase the 10 

illumination speed. With DMDs, fast fluorescence imaging and phase imaging were simultaneously realized in a compact SPH system 11 

[17]. People also explored several modifications to boost the performance of SPH, including choosing appropriate orders of various 12 

illumination patterns for compressive sensing [9, 45] and developing common-path interference for robustness [15-18]. Table 1 13 

summarizes the performance of SPI [5, 9-12, 21] and SPH [13-20, 22, 23] reported in the literature. As systems of SPI were developed 14 

in the early years, liquid-crystal-based SLMs were usually employed. Although being slow in the refresh rate, these SLMs can 15 

simultaneously modulate lots of pixels independently, allowing 256 × 256 = 65,536 pixels in the reconstructed images to be frequently 16 

obtained [9]. Moreover, these systems were generally designed to image macroscopic objects with a relatively large field of view (FOV). 17 

As a comparison, systems of SPH systems prefer using DMDs with fast refresh rates [17-20, 22, 23]. However, DMDs support only 18 

binary-amplitude modulation so that phase stepping inherent in holography has to be realized at the cost of available pixels through Lee 19 

hologram [46] or superpixel method [47]. As a result, it is conspicuous that the number of pixels in the reconstructed images with SPH 20 

(the largest one is 128 × 128 = 16,384 [13, 17, 18]) is normally smaller than that with SPI. For a convenient and straightforward 21 

comparison of SPH systems, some key parameters were highlighted in blue with asterisks. For example, the best lateral resolution was 22 

reported by Shin et al. as 0.4 μm × 0.4 μm [18], while the largest FOV was reported by Hu et al. as 11.7 mm × 11.7 mm [22]. Since there 23 

always exists a trade-off among imaging speed, FOV, and lateral resolution, it is inappropriate to compare the performance according to 24 

only one performance index. A figure-of-merit parameter, defined as the space-bandwidth-time product (SBP-T) [48, 49], can be used 25 

for a fair comparison of SPI/SPH, which represents the throughput of the system. Mathematically, SBP-T is computed as the number of 26 

pixels in the reconstructed image divided by the total acquisition time consumed, accounting for the information collected per unit time. 27 

For SPH, an additional factor of 2 is multiplied in the consideration for both the amplitude and the phase. By going through Tab. 1, the 28 

largest SBP-T that has been achieved with SPH before this work was 14,667 [23]. 29 

 30 

Table. 1 List of the parameters in both single-pixel imaging and single-pixel holography. 31 

 Ref. 

Illumination device Modulation pattern 
Total 

acquisition 
time 

(s) 

Resolution 

(μm) 
FOV 

(mm) 
SBP-T 

(pixels/s) 
Biological 
sample?  

Pixel 
size 

(μm) 

Refresh 
time 

(ms) 
Number of pixels  Measurements 

Single-pixel 
imaging 

[10] NA 1.54 256×128=32768 32768 50.46 ≈780 200×100 650 No 

[21] NA 150 245×245=60025 120052 18007.8 ≈653 160 3.3 No 

[11] 13.68 20 64×64=4096 4096 81.9 ≈703 45 50 No 

[9] 
(large FOV) 

13.68 0.5 256×256=65536 131072 65.6 ≈781 ≈200 1000 No 

[9] 
(high resolution) 

5.4 200 256×256=65536 131072 26216 5.47 1.4 2.5 No 

[12] 13.68 1000 64×64=4096 4096 4096 NA NA 1 No 

[5] NA 0.05 32×32=1024 1024 0.0512 NA NA 20000 No 



Single-pixel 
holography 

[13] 19 ≈13.89 128×128=16384* 16384 ≈227.6 19 2.4 144 No 

[14] 20 ≈16.67 64×64=4096 4096 ≈68.3 160 10.2 120 No 

[19] 13.68 ≈0.0455 64×64=4096 16384 ≈0.7447 ≈52.5 3.4 11000 No 

[20] 13.68 0.5 64×64=4096 16384 8.192 ≈52.5 3.4 1000 Yes* 

[17] 
(large FOV) 

13.68 0.05 128×128=16384* 49152 2.5 ≈82 ≈10.5 13333.4 No 

[17] 
(high resolution) 

13.68 0.05 128×128=16384* 49152 2.5 ≈12.5 ≈1.6 13333.4 No 

[18] 13.68 0.1 128×128=16384* 49152 4.9 ≈0.4* ≈0.052 6666.8 No 

[15] 20 100 16×16=256 1024 102.4 476.3 7.62 5 No 

[22] 10.8 0.0562 81×81=6561 26244 1.5 144 11.7* 8896.8 No 

[16] 13.68 0.0455 64×64=4096 16384 ≈0.7447 109.5 7 11000 No 

[23] 13.68 0.0455 103×103=10609 31827 ≈1.448 68.4 7 14666.6 No 

This work 

(large FOV) 
13.68 0.048 256×256=65536* 65536 3.14 58.0×43.1 14.9×11.1* 41666.6* No 

This work 

(high resolution) 
13.68 0.048 256×256=65536* 65536 3.14 5.8×4.3 1.5×1.1 41666.6* Yes* 

The key parameters that represent the most advanced indexes in SPH before and after this work were are highlighted with asterisks in blue and red, respectively. 1 
NA: not applicable 2 

 3 

Two major factors limit the throughput of SPH in current practice: (1) the phase stepping inherent in holography required a few 4 

patterns being displayed for each order, thus inevitably slowing down the imaging process; (2) both the Lee hologram and the superpixel 5 

method were realized at the cost of independent pixels, therefore reducing the number of effective pixels in the reconstructed image. In 6 

this work, we overturn this practice by developing high-throughput SPH. Instead of actively performing phase shifting, a beat frequency 7 

is introduced between the signal beam and the reference beam, thereby realizing phase stepping naturally in time by exploiting the 8 

framework of heterodyne holography. Moreover, instead of generating phase patterns with DMDs by scarifying pixels, we show both 9 

theoretically and experimentally that non-orthogonal binary-amplitude Hadamard patterns can be used for holographic reconstruction as 10 

well. Thus, by directly projecting the desired amplitude patterns to the sample, the developed high-throughput SPH can achieve an SBP-11 

T of 41,667 pixels/s, which is about three times larger than the largest one reported in the literature [23]. It is worth noting that this value 12 

was achieved using a single-pixel detector. Moreover, the number of pixels in the reconstructed image can be up to 256 × 256=65,536, 13 

which is about four times larger than the largest one reported with SPH before. The developed holographic system can be adapted for 14 

different application scenarios by functioning under different operational modes. For example, we can operate under large-FOV mode 15 

(14.9 mm × 11.1 mm) to monitor the environment [9, 10, 21] or switch to high-resolution mode (5.8 μm × 4.3 μm) to scrutinize 16 

microstructures [18, 20]. In the microscopic world, one of the most imperative tasks is to image biological tissue. Unfortunately, however, 17 

to date, applying SPI/SPH to imaging microscopic structures in biological tissue has been barely reported, mainly due to the limited 18 

performance of the imaging system and the relatively low scattering contrast of biological samples. Until very recently, González et al. 19 

employed SPH to image the wing of an insect with a lateral resolution of 52.5 μm [20]. This regrettable situation considerably hinders 20 

SPI/SPH from being widely adopted in biophotonics. Here, we bridge the gap by imaging a piece of rat tail and revealing its rich 21 

structures with SPH. The FOV and the lateral resolution of the corresponding figure are 1.5 mm × 1.1 mm and 5.8 μm × 4.3 μm, 22 

respectively. This work constitutes an important step towards future high-throughput image modalities using a single-pixel and shows 23 

great promise of applying SPI/SPH to image microscopic structures of biological tissue. 24 

 25 

Principle of high-throughput single-pixel holography 26 



We first describe the operating principle of the high-throughput SPH. Mathematically, the sample to be imaged is described by a 1 

complex function 𝑂(𝑟) = 𝐴(𝑟)𝑒𝑖𝜙(�⃑�), where 𝐴(𝑟) represents the spatially-varying transmissivity and 𝜙(�⃑�) denotes the accumulated 2 

phase during light propagation. SPI relies on the fact that 𝑂(𝑟) can be decomposed using a set of orthogonal Hadamard bases 𝐻𝑛(�⃑�) 3 

that only contains the values of “+1” and “-1”  4 𝑂(𝑟) = 𝐴(𝑟)𝑒𝑖𝜙(�⃑�) = 1√𝑁 ∑ 𝑎𝑛𝑒𝑖𝜑𝑛𝐻𝑛(�⃑�)𝑛                                   (1)  5 

where 1 √𝑁⁄  is the normalization constant. By exploiting the orthogonality of Hadamard bases, the complex-valued coefficient 6 𝑎𝑛𝑒𝑖𝜑𝑛 can be obtained by taking the spatial summation of all the transmitted field over the sample surface S when 𝐻𝑛(�⃑�) is projected: 7 𝑎𝑛𝑒𝑖𝜑𝑛 = 1√𝑁 ∫ 𝑂(�⃑�)𝐻𝑛(�⃑�) 𝑑𝑆1𝑆                                       (2) 8 

Equation (2) indicates that the successful operation of SPH requires sequentially projecting Hadamard-encoded illumination and 9 

measuring the corresponding transmitted field on the single pixel. However, DMDs with fast refresh rates can only generate Hadamard-10 

like patterns �̃�𝑛(𝑟)  with the values of “+1” and “0”. Since a series of �̃�𝑛(�⃑�)  do not form orthogonal bases, the mathematical 11 

relationship in Eqs. (1) and (2) does not hold. To modulate phase using DMDs, previous works employed either Lee hologram or 12 

superpixel method at the cost of available pixels [17-20], thereby limiting the throughput. Fortunately, we show in the following that 13 

generating phase patterns is not necessary for SPH. As shown in Fig. 1, 𝐻𝑛(�⃑�)  and �̃�𝑛(�⃑�)  are closely related through 𝐻𝑛(�⃑�) =14 2�̃�𝑛(�⃑�) − �̃�1(�⃑�) or �̃�𝑛(𝑟) = (𝐻𝑛(𝑟) − 𝐻1(𝑟)) 2⁄ . Here, �̃�1(�⃑�) is the first order of Hadamard-like patterns, which refers to a term of 15 

direct current. Thus, Eq. (2) can be rewritten as 16 𝑎𝑛𝑒𝑖𝜑𝑛 = 2√𝑁 ∫ 𝑂(�⃑�)�̃�𝑛(�⃑�) 𝑑𝑆1𝑆 − 1√𝑁 ∫ 𝑂(𝑟)�̃�1(�⃑�) 𝑑𝑆1𝑆= 2�̃�𝑛𝑒𝑖�̃�𝑛 − �̃�1𝑒𝑖�̃�1                               (3) 17 

Here, �̃�𝑛𝑒𝑖�̃�𝑛 is the spatial summation of all the transmitted field over the sample S when �̃�𝑛(�⃑�) is projected. This equation 18 

indicates that the complex-valued coefficient 𝑎𝑛𝑒𝑖𝜑𝑛  can be determined by sequentially displaying Hadamard-like patterns �̃�𝑛(𝑟) as 19 

well, without the need to illuminate Hadamard bases 𝐻𝑛(𝑟) . To measure the transmitted complex field, both the common-path 20 

interferometry and the Mach-Zander interferometry were employed in previous works [13-20, 22, 23]. In these systems, phase stepping 21 

was realized by either directly inserting a phase plate [13-15] or exploiting combined superpixels [16-20, 22, 23]. Given the current 22 

bottleneck of the imaging speed is limited by the refresh rate of the illumination rather than the bandwidth of the detector, we propose 23 

to implement heterodyne holography to realize phase stepping naturally in time. As shown in Fig. 1, the heterodyne signal oscillates as 24 �̃�𝑛cos(2𝜋∆𝑓𝑡 + �̃�𝑛), where a beat frequency ∆𝑓 is introduced between the signal beam and the reference beam. By performing a series 25 

of measurement to the beating signal, both the amplitude 𝑎𝑛 and the initial phase 𝜑𝑛 can be uniquely determined (detailed in the 26 

Supplement). The major advantage of implementing this scheme for holography is that only one Hadamard pattern is displayed for each 27 

order as phase stepping is realized naturally in time, thus significantly saving acquisition time and pixel numbers. 28 

 29 
Fig. 1 Principle diagram of the high-throughput single-pixel compressive holography. A complex-valued object 𝑂(𝑟) = 𝐴(𝑟)𝑒𝑖𝜙(𝑟) can be expressed as 30 

the superposition of a complete set of orthogonal Hadamard basis 𝐻𝑛(𝑟) with corresponding coefficients. To retrieve these coefficients, one can illuminate the 31 
object with a series of Hadamard-like patterns 𝐻𝑛(𝑟)  (with components “0” and “1”) generated by the DMD. To implement heterodyne holography, a beat 32 



frequency ∆𝑓 is introduced between the signal beam and the reference beam, enabling a time-varying signal that can be measured by the photodiode. The simple 1 
linear transformation between 𝐻𝑛(𝑟) and 𝐻𝑛(𝑟) allows the reconstruction of holographic images with pure amplitude patterns. DMD: digital micromirror device; 2 
BS: beam splitter; PD: photodiode. 3 

 4 

Experimental setup 5 

The experimental setup is schematically shown in Fig. 2. As a demonstration of principle, a long-coherence solid-state 6 

semiconductor laser (MSL-FN-532-100mW) that operates at 532 nm was used as the light source. After passing through a polarizing 7 

beam splitter (PBS), the light source was divided into a signal beam and a reference beam. A half-wave plate was placed in front of the 8 

PBS to adjust the intensity ratio of the two beams. To maximize the visibility of the fringes and achieve a good signal-to-noise ratio 9 

during experiments, the desired intensity ratio that reaches the single-pixel detector is 50:50. Heterodyne holography was realized by 10 

using two acousto-optic modulators (AOMs), which were controlled by a function generator. In this setup, AOM1 in the reference beam 11 

shifted optical frequency by 50 MHz + 31,250 Hz, while AOM2 in the signal beam shifted optical frequency by 50 MHz - 31,250 Hz. 12 

Thus, the beat frequency of these two beams is 62,500 Hz, indicating a temporal period of 16 μs. After frequency modulation, both 13 

beams were expanded by a pair of lenses with 7.5-mm and 250-mm focal lengths. The signal beam was then diffracted by a DMD 14 

(V7001 DLP7000&DLPC410) to achieve binary-amplitude modulation. This DMD has 768×1024 pixels with 13.68-μm pixel size and 15 

22-kHz refresh rate. Since the DMD diffracts light like a two-dimensional shining grating, the optimum incident and diffracted angles 16 

are calculated to be 17.92° and 41.92° (detailed in the supplement). A 4f system that consists of two lenses (scalable due to different 17 

operational modes) then imaged the surface of the DMD onto the sample. After interacting with the sample, the signal beam was 18 

combined with the reference beam through a beam splitter. It is worth mentioning that since the DMD slightly altered the polarization 19 

after modulation, a quarter-wave plate (not shown in the figure) was inserted in the reference beam to maximize the interference visibility. 20 

Using a lens with 150-mm focal length, the combined light was then collected by a photodiode, which was then digitized by a data 21 

acquisition card (USB-6251, National Instrument) with a sampling rate of 1.25 Ms/s (not shown in the figure). Considering the 48-μs 22 

refresh time of the DMD and the 62,500-Hz beating frequency, 3 beating cycles last for each Hadamard pattern and 20 data points were 23 

acquired within one cycle.  24 

 25 

 26 
Fig. 2 Experiment setup of the high-throughput single-pixel compressive holography system. A series of Hadamard-like patterns were generated and 27 

projected to the sample. HWP1-3: half-wave plate; M1-3: mirror; PBS: polarization beam splitter; AOM1-2: acousto-optic modulators that cause a frequency shift 28 
to the light passing through; L1-7, lenses (𝑓1 = 𝑓3 = 7.5 mm, 𝑓2 = 𝑓4 = 250 mm, 𝑓7 = 150 mm, 𝑓5 and 𝑓6 is scalable to be adapted for various demands); 29 
DMD: digital micromirror device that provides amplitude modulation with “0” and “1”; BS: beam splitter; PD: photodiode. The upper inset shows the detailed 30 
procedure of how a double-channel function generation generates a beating frequency to drive the AOMs (an electronic power amplifier is omitted here).  31 

 32 

For different imaging applications, the FOV and the lateral resolution can be adjusted by either choosing the appropriate lens pair 33 

in the 4f system or selecting different binning strategies of the pixels. As a concrete example, the two lenses in the 4f system shown in 34 

Fig. 2 have the same focal length of 125 mm, indicating that Hadamard patterns displayed by the DMD were 1:1 imaged onto the surface 35 

of the sample. In this condition, if we make full use of the active area by adopting the strategy of binning 3 × 3 pixels into 256 × 256 36 

superpixels, this system is expected to have a large FOV of 14.9 mm × 11.1 mm with a lateral resolution of 58.0 μm × 43.1 μm (large-37 



FOV mode). The difference in the FOV and lateral resolution along different directions is caused by the 45°-tilted arrangement of the 1 

DMD, which is described in detail in the supplement. The operation of the imaging system can also be altered into a high-resolution 2 

mode for microscopy by employing two lenses with 300-mm and 30-mm focal lengths in the 4f system. Since Hadamard patterns were 3 

shrunk by 10 times, the lateral resolution becomes 5.8 μm × 4.3 μm at the cost of the FOV. Nonetheless, since we fixed the highest order 4 

of Hadamard patterns to be 256 × 256 during experiments (limited by the available RAM of the DMD), the throughput of the holographic 5 

system remains the same for different modes.  6 

 7 

Result 8 

To examine the performance of the holographic system, a standard positive 1951-USAF resolution test target (Thorlabs R3L3S1P) 9 

was used as the sample. Firstly, the system was operated under the large-FOV mode. Both strategies of using 768 × 768 pixels with 3 × 10 

3 binning and 512 × 512 pixels with 2 × 2 binning are applied to verify the performance and scalability of the system. For the first 11 

binning strategy, the FOV and the lateral resolution are reported above. Thus, element 4 of group 3 (44.25-μm width) in the resolution 12 

target is the finest structure that can be identified. During experiments, 65,536 Hadamard-like patterns were sequentially displayed and 13 

the total imaging process only took 3 seconds. Figures 3(a) and (b) show the reconstructed complex-valued images for groups 2 to 4 of 14 

the resolution target, including both the amplitude and phase. As shown in the upper inset of Fig. 3(a), the amplitude image with a smaller 15 

FOV to magnify element 4 of group 3 is captured by a conventional microscope. For visualization purposes, the corresponding one-16 

dimensional (1D) profile denoted by the red bracket within the resolution target is shown in the inset below, exhibiting three well-17 

separated narrow dips (vertical lines), one wide dip (horizontal line), and one narrow dip (bottom area of “4”). This result demonstrates 18 

that the resolution achieved by using our system meets theoretical expectations. Although the contrast of the phase imaging is not as 19 

good as its amplitude companion possibly due to insufficient SNR, similar structures belong to element 4 of group 3 can be observed as 20 

well. Corresponding 1D profile of phase image at the same position is also provided in the inset. Regarding the second binning strategy, 21 

the FOV and lateral resolution shrink to 9.9 mm × 7.4 mm and 38.7 μm × 28.8 μm, and the corresponding imaging results were provided 22 

in the supplement. 23 

 24 
Fig. 3 Performance of the high-throughput SPH in large FOV mode. A standard positive 1951-USAF resolution test target (Thorlabs R3L3S1P) is used as 25 

a testing sample. 3 × 3 pixels binning strategy was adopted for 768 × 768 pixels, leading to 256 × 256 superpixels. (a) Reconstructed amplitude image of the 26 
resolution target. The upper inset: the image captured by conventional microscopy; the lower inset: the corresponding one-dimensional (1D) profile of element 4 27 
of group 3. (b) Reconstructed phase image of the resolution test target. The corresponding 1D profile is shown in the inset  28 

 29 

To further facilitate the imaging process, compressive sensing can be used. To be consistent with the general significance of natural 30 

scenes, several orderings of Hadamard bases have been demonstrated previously. Depending on the uniqueness of each sample, these 31 

orderings exhibit slightly different performance [45, 50]. In this work, we chose to use a square sampling path (detailed in the 32 

supplement). Figure 4 shows the reconstructed amplitude and phase imaging using a different sampling ratio (SR), defined as the ratio 33 

between the number of measurements used for reconstruction and the number of pixels in the reconstructed image. For the series of 34 

amplitude images in Figs. 4(a), most of the structures in group 3 are still identifiable, even when the SR was decreased to 6.25%. 35 

Moreover, since a smaller SR is usually accompanied by a higher contrast-to-noise ratio (CNR), the amplitude image reconstructed with 36 



12.5% SR look even better than those reconstructed with 50%. However, when the sampling ratio was further reduced to 3.125%, 1 

artifacts emerge so that no clear lines can be identified. Nonetheless, this observation confirms that by properly selecting the SR, 2 

compressive sensing can greatly shorten the acquisition time without sacrificing too much imaging quality. The series of phase images 3 

reconstructed with various SRs are shown in Figs. 4(b). As long as the SR ≥ 12.5%, the quality of the phase images is still acceptable. 4 

 5 
Fig. 4 Reconstruction of holographic images for the resolution target with compressive sensing. The amplitude and wrapped phase images are 6 

reconstructed with different sampling ratios of 50%, 25%, 12.5%, 6.25%, 3.125%. 7 

 8 

Having demonstrated operating at large-FOV mode, we then switched to the high-resolution mode by changing the lens pair in the 9 

4f system. The strategy of using 768 × 768 pixels with 3 × 3 binning is also applied to guarantee light delivery. It is estimated that the 10 

FOV and the lateral resolution are 1.5 mm × 1.1 mm and 5.8 μm × 4.3 μm, respectively, which make this holographic system well suited 11 

for imaging biological samples. We then examined its performance by imaging the resolution target, as shown in Fig. 5(a). For 12 

visualization purposes, the 1D profile of element 6 of group 6 (4.386-μm width, denoted with a black bracket) is plotted in the lower 13 

inset. One wide dip and three separated narrow dips can be identified, which is consistent with the same structure measured by a 14 

conventional microscope (the upper inset). Then, we proceed to image biological tissue. Figure 5(b) shows the image of a slice of stained 15 

tissue from a rat tail, captured using a bright-field microscope. In this image, several different types of tissue such as mussel, cortical 16 

bone, and cancellous bone are marked. Figures 5(c), (d), and (e) show a series of reconstructed holographic images for different parts of 17 

the stained tissue, indicated by three labeled diamond-shaped boxes in Fig. 5(b). For each part, 65,536 Hadamard patterns were 18 

sequentially displayed and the data acquisition took about 3 seconds. It is conspicuous that all three amplitude images show lots of 19 

intricate details and are in good agreement with the one in Fig. 5(b), manifesting great distinctions among different types of tissue. For 20 

stained tissue, the reconstructed phase images are analogous to their amplitude companions. Nonetheless, these phase images still 21 

supplement with additional information, with some examples encircled in red. These images demonstrate that the developed high-22 

throughput SPH is capable of revealing delicate microscopic structures of biological tissue. 23 



 1 
Fig. 5 Performance of the high-throughput SPH in high-resolution mode. (a) Reconstructed amplitude image of a resolution target. The upper inset: the 2 

image of the resolution target (containing groups 6 and 7) captured by a conventional microscope; the lower inset: the corresponding one-dimensional (1D) profile 3 
of element 6 of group 6. (b) The image of a slice of stained tissue from rat tail, captured using a conventional microscope. Three diamond-shaped boxes represent 4 
the area being measured by the holographic system. (c)-(e) The reconstructed amplitude and phase images for different parts of the stained tissue.  5 

 6 

We also applied compressive sensing for imaging biological tissue. As a typical example, we targeted the area that corresponds to 7 

that in Fig. 5(e). The reconstructed amplitude and phase images using various SRs are illustrated in Figs. 6(a) and (b), respectively. In 8 

general, for both amplitude and phase images, the smaller the SR, the less detailed structures can be visualized. These images demonstrate 9 

the effectiveness of compressive sensing with small SRs when dealing with biological samples that contain rich detailed information. 10 

 11 
Fig. 6 Reconstruction of holographic images for the piece of rat tail with compressive sensing. The amplitude and wrapped phase images are reconstructed 12 

with different sampling ratios of 50%, 25%, 12.5%, 6.25%, 3.125%. 13 

 14 

Discussion 15 

In this work, the highest Hadamard patterns being displayed is 65,536, restricting the number of pixels in the reconstructed image 16 



to be 256 × 256. Such a crucial factor is limited by the finite on-board memory of the DMD (64 Gbits), leading to insufficient usage of 1 

its 1024 × 768 independent micromirrors. Thereofre, expanding the on-board memory of the DMD is the key to further increase the 2 

number of pixels in the reconstructed image. Moreover, given finite laser power and inevitable energy loss of the holographic system, 3 

we noticed that light delivered to the sample is not strong and the measured signal contrast is just around the edge when retrieving 4 

coefficients for high orders. Taking the high-resolution mode as an example, the light intensity being projected onto the biological tissue 5 

is only 6 mW/cm2, which is about 33 times below the ANSI safety limit (200 mW/cm2). These values also explain why a 3 × 3 binning 6 

was adopted for 768 × 768 pixels to boost light delivery to biological tissue during the experiments. Therefore, to adapt high-order 7 

Hadamard patterns, future works will focus on increasing the laser power and minimizing energy loss of the holographic system. As a 8 

final remark, we note that although only two operational modes, i.e., large-FOV and high-resolution modes, were demonstrated, the 9 

imaging parameters of this single-pixel holographic system are scalable to other values, either by choosing different pair of lenses in the 10 

4f system (physically) or using different pixel binning strategy of the DMD (digitally).   11 

 12 

Conclusion 13 

In this work, we developed high-throughput SPH and imaged biological tissue with high resolution. To realize phase stepping, we 14 

creatively introduced heterodyne holography into SPH by using two acousto-optic devices with slightly different modulation frequencies, 15 

which dramatically increases the amount of information collected per second. For many imaging indicators, such as FOV, lateral 16 

resolution, number of pixels, and SBP-T, the developed holographic system here is among the top of the existing systems of SPH (see 17 

Tab. 1). Moreover, the throughput of our system reaches an SBP-T of 41,667 pixels/s, thus being at least three times larger than the 18 

largest one reported in literature [23]. Experimentally, we demonstrated the performance of this holographic system under large-FOV 19 

mode and high-resolution mode, by successfully imaging a standard resolution target and a piece of biological tissue (rat tail). The 20 

imaging results of rat tail show that SPH serves as an effective imaging tool for studying biological tissue that typically requires high 21 

resolution and good SNR. We envision that the developed high-throughput SPH is promising to promote multi-spectrum imaging by 22 

providing high-resolution complex-valued images for a variety of biological tissues within a broad spectrum range. 23 

 24 
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Figures

Figure 1

<p>Principle diagram of the high-throughput single-pixel compressive holography. A complex-valued
object ()=()() can be expressed as the superposition of a complete set of orthogonal
Hadamard basis () with corresponding coe�cients. To retrieve these coe�cients, one can illuminate
the 31 object with a series of Hadamard-like patterns () (with components &ldquo;0&rdquo; and
&ldquo;1&rdquo;) generated by the DMD. To implement heterodyne holography, a beat frequency &Delta;
is introduced between the signal beam and the reference beam, enabling a time-varying signal that can
be measured by the photodiode. The simple 1 linear transformation between () and () allows the
reconstruction of holographic images with pure amplitude patterns. DMD: digital micromirror device; 2
BS: beam splitter; PD: photodiode.</p>



Figure 2

Experiment setup of the high-throughput single-pixel compressive holography system. A series of
Hadamard-like patterns were generated and projected to the sample. HWP1-3: half-wave plate; M1-3:
mirror; PBS: polarization beam splitter; AOM1-2: acousto-optic modulators that cause a frequency shift to
the light passing through; L1-7, lenses (1=3=7.5 mm, 2=4=250 mm, 7=150 mm, 5 and 6 is scalable
to be adapted for various demands); DMD: digital micromirror device that provides amplitude modulation
with “0” and “1”; BS: beam splitter; PD: photodiode. The upper inset shows the detailed procedure of how
a double-channel function generation generates a beating frequency to drive the AOMs (an electronic
power ampli�er is omitted here).



Figure 3

Performance of the high-throughput SPH in large FOV mode. A standard positive 1951-USAF resolution
test target (Thorlabs R3L3S1P) is used as a testing sample. 3 × 3 pixels binning strategy was adopted for
768 × 768 pixels, leading to 256 × 256 superpixels. (a) Reconstructed amplitude image of the resolution
target. The upper inset: the image captured by conventional microscopy; the lower inset: the
corresponding one-dimensional (1D) pro�le of element 4 of group 3. (b) Reconstructed phase image of
the resolution test target. The corresponding 1D pro�le is shown in the inset

Figure 4



Reconstruction of holographic images for the resolution target with compressive sensing. The amplitude
and wrapped phase images are reconstructed with different sampling ratios of 50%, 25%, 12.5%, 6.25%,
3.125%.

Figure 5

Performance of the high-throughput SPH in high-resolution mode. (a) Reconstructed amplitude image of
a resolution target. The upper inset: the image of the resolution target (containing groups 6 and 7)
captured by a conventional microscope; the lower inset: the corresponding one-dimensional (1D) pro�le
of element 6 of group 6. (b) The image of a slice of stained tissue from rat tail, captured using a
conventional microscope. Three diamond-shaped boxes represent the area being measured by the
holographic system. (c)-(e) The reconstructed amplitude and phase images for different parts of the
stained tissue.



Figure 6

Reconstruction of holographic images for the piece of rat tail with compressive sensing. The amplitude
and wrapped phase images are reconstructed with different sampling ratios of 50%, 25%, 12.5%, 6.25%,
3.125%.
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