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Abstract: We demonstrate imaging of complex amplitude objects through digital holography 
with phase-structured illumination and bucket detection. The object is sampled with a set of 
micro-structured phase patterns implemented onto a liquid-crystal spatial light modulator 
while a bucket detector sequentially records the irradiance fluctuations corresponding to the 
interference between object and reference beams. Our reconstruction algorithm retrieves the 
unknown phase information from the full set of photocurrent measurements. Interestingly, the 
sampling functions can be codified onto the reference beam, so they can be nonlocal with 
respect to the object. Finally, we show that the system is well-fitted for transmission of the 
object information through scattering media. 
© 2017 Optical Society of America 
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1. Introduction 

Developing a smart and efficient approach to recover the complex-valued amplitude of the 
diffraction pattern that emerges from an object has been one of the most attractive challenges 
in imaging science since the early times of modern optical microscopy and Zernike’s phase-
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contrast method. Indeed, by means of a variety of techniques, phase imaging can retrieve 
information not directly available through square-law detectors, that is to say, not accessible 
with simple intensity measurements [1–3]. Phase information is essential for studying 
complex-valued objects, including transparent samples, as a myriad of biological specimens 
whose features may only be revealed by phase methods. Among phase imaging methods, 
iterative techniques such as coherent diffraction imaging or ptychography provide improved 
spatial resolution [4] and expanded field of view [5], but oversampling and a non-negligible 
computational effort are required. Digital holography is nowadays a well stablished method 
for simultaneous phase and amplitude imaging [6], with straightforward procedures for the 
reconstruction of complex diffraction patterns. In particular, phase-shifting digital holography 
[7] is an interesting procedure to exploit efficiently the spatial resolution of digital sensors, 
especially with the application of parallel approaches [8–10]. 

On the other hand, over the past few years a number of researchers have focused their 
interest on different innovative computational imaging techniques such as single-pixel 
imaging with microstructured illumination [11]. Imaging techniques with single-pixel 
detectors offer a series of advantages in those applications limited by scarce illumination [12], 
involving vision through scattering media [13,14], or working in spectral ranges where it is 
difficult to employ detectors with a 2D structure [15]. In particular, single-pixel imaging 
benefits from the multiplexing operation (Fellgett’s advantage) in measurements limited by 
noise sources which are independent of the signal. This advantage is therefore more relevant 
in the infrared spectral band. Single-pixel imaging is also well adapted to apply compressive 
sensing algorithms reducing in this way the measurement time [11,16]. 

At the heart of this technique is the fact that the stage of spatial sampling is shifted away 
from the sensor to a set of microstructured spatial masks that are codified onto a 
programmable spatial light modulator. The masks are optically projected onto the sample and 
the whole intensity is collected by a bucket (single-pixel) sensor. Measurements are 
performed sequentially by changing the spatial mask. If many different masks are used, their 
shapes and the intensity signals are combined to retrieve the sample. The resolution of the 
reconstructed image is directly depending on the resolution of the projecting patterns. The 
technique is closely related to ghost imaging, which also uses single-pixel detectors to 
reconstruct images based on the correlation between two signals [17]. In particular it is 
analogous to computational ghost imaging, where a sequence of deterministic random 
patterns is used for sampling the object [18,19]. However, computational ghost imaging 
requires coherent light illumination while conventional single-pixel imaging approaches are 
able to work with totally incoherent light sources. 

Single-pixel imaging has been applied in different optical imaging procedures including, 
among others, microscopy [20–22], polarization imaging [23,24], hyperspectral imaging 
[25,26], ultrasound field mapping [27] or 3D imaging [12]. The integration of single-pixel 
methods with other singular imaging techniques remains a wide field to explore, raising 
expectations on new applications. One of these techniques could be imaging through 
scattering media [28,29]. Imaging techniques based on microstructured illumination and 
single-pixel detection have shown already to be an efficient method to image objects through 
scattering media even in the dynamic case and with objects completely embedded in the 
medium [13,14]. Imaging over scattering media has been also reported in ghost imaging 
[30,31]. In this direction, recently, a simple and straightforward holographic imaging method 
has been proposed to record digital holograms through scattering media [32,33]. 

Some approaches have been reported regarding single-pixel imaging or compressive 
sensing in the field of digital holography. In optical scanning holography [34–36], as a time-
varying Fresnel zone plate is displayed onto each point of the object scene, a photodetector 
collects all the diffracted light. Once the object is scanned, the hologram can be obtained 
through an electronic process. With a different perspective, other digital holography 
approaches offer insight about the relation between holography recording and compressive 

                                                                                                     Vol. 25, No. 5 | 6 Mar 2017 | OPTICS EXPRESS 4977 



sampling procedures [37–39]. On the other hand, our group reported a system based on 
single-pixel detection for recording digital holograms with a reduced number of 
measurements [40], where the object was sampled with intensity Hadamard patterns, not with 
phase-codified functions. A computational ghost holography technique has also been reported 
[41] but sampling the object with random speckle patterns. In spite of the expected capability 
of phase masks to enhance the signal-to-noise ratio of photocurrent measurements, they have 
not been previously reported in single-pixel digital holography since they require either phase 
sensitive measurements or differential detection. 

In this paper, we present a new method for retrieving the complex information of an 
object by combining phase-structured illumination with single-pixel detection techniques and 
phase-shifting digital holography. Our approach benefits both from the enthralling properties 
of single-pixel imaging techniques and the flexibility and efficiency of phase-shifting 
holography, providing several advantages. Firstly, by using microstructured sampling patterns 
which are encoded in phase, our system would be expected to benefit from an enhancement 
by a factor of 2 in the signal-to-noise ratio when compared to the widely adopted amplitude 
modulation schemes. Actually, improvements in the signal-to-noise ratio for phase-encoded 
Hadamard patterns have been already reported in the terahertz domain and in laser ultrasonic 
applications [15,42]. Second, we can codify the phase steps necessary to apply phase-shifting 
techniques and the phase sampling patterns in the same spatial light modulator (SLM). This 
simplifies the optical system when comparing to previous approaches, as only one phase 
modulator is used. Third, we employ a very simple Michelson configuration, more stable than 
previous interferometric setups used for single-pixel digital holography. Finally, we take 
advantage of the fact that single-pixel imaging barely depends on the optical system existing 
after the object, which allows the transmission of the object information through turbid 
media. 

The remaining of the paper is structured as follows. Section 2 recalls the main features of 
single-pixel imaging. Section 3 presents the principles of our new approach for complex-
value encoded single-pixel phase imaging, with an experimental implementation shown in 
Section 4. Proof-of-concept results are presented in Section 5. Finally, we address some 
concluding remarks. 

2. Single-pixel imaging 

Unlike other conventional approaches using a 2D sensor, in single-pixel imaging, a simple 
photodiode collects the light intensity codifying the information of interest, while the 2D 
spatial sampling is introduced elsewhere in the system. Typically, the data to be recorded are 
the photocurrent fluctuations corresponding to sampling the scene with different micro-
structured patterns, which are implemented sequentially onto an SLM. 

In short, single-pixel imaging seeks the optical reconstruction of an intensity object ( ),t r


 

through the projection of a set of sampling patterns ( ),im r


 with i = 1,2,…,N, and the 

recording of the resulting values of total irradiance. In the conventional implementation, the 
sampling functions are real and positive. Also, binary patterns are preferred. In this way, they 
can be easily implemented using a fast digital micromirror device (DMD). Concerning the 
type of measurement patterns, various sampling functions can be employed. For instance, 
raster-scan style masks stem from the well-known raster-scan technique in which single 
spatial pixels are measured sequentially. Random masks can also be used, in which each 
pattern has a random distribution of binary values [43]. In our approach, we use Hadamard 
patterns, which are easily implemented and provide minimum variance least-squares 
estimation of the unknown variables [15]. Hadamard patterns are generated from the 
Hadamard-Walsh functions, representing modulation in both horizontal and vertical 
directions. As an example, Hadamard masks for a 2 × 2 pixels image are shown in Fig. 1, 
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where the white color represents the + 1 value, and the black zones the −1 value (or the phase 
0 and π, respectively). 

 

Fig. 1. Hadamard masks for a 2 × 2 dimension. 

In the experiment, Ii, the irradiance transmitted through the sample for the sampling 
pattern i, is recorded with a single-pixel detector after the output light beam has been 
concentrated on it. In mathematical terms, the integrated intensity can be written as 

 
2 2( ) ( ) .i iI t r m r d r∝ 

  
 (1) 

Subsequently, the partial variations of the irradiance through the object are reconstructed 
through the linear superposition of the sampling functions weighted with the recorded 
photocurrents; i.e, 

 
2

( ) ( ).i ii
t r I m r= 

 (2) 

Although recording and reconstruction is a time-consuming process, single-pixel cameras 
are well adapted for compressed sensing [16,44,45]. Compressive sensing techniques merge 
the sampling with the compression process, instead of recording a considerable amount of 
information which would be mostly discarded afterwards. Also, adaptive compressive sensing 
or complementary detection using a balanced detector can be used to speed up the sensing 
stage [46,47]. In this way, it has been demonstrated operation at frame rates of the order of 
tens of frames per second, though with low spatial resolution. 

3. Complex-value encoded single-pixel phase imaging 

Here, we consider the extension of the above procedures to phase measurements with 
coherent light. A holographic single-pixel detection arrangement, consisting of a compact 
phase-shifting Michelson interferometer, is proposed. The system combines the phase-
shifting interferometer with a single-pixel detection arrangement with complex-value encoded 
illumination, which is one step further from previous single-pixel digital holography 
approaches. In the measurement procedure, binary phase Hadamard masks with phase values 
0 and π are displayed onto the object by means of a spatial light modulator. The interference 
pattern produced by the coherent sum of light coming from the object and from a reference 
beam is integrated by a photodiode. In order to obtain a complete reconstruction, several 
measurements are performed for each Hadamard pattern with a different global phase-shift 
between the object and the reference beams. If the object ( )t r


 is sampled with complex-

valued patterns ( )im r


and a phase-shift φ is introduced in the reference arm, with an 

amplitude distribution ( ),R r


 then the irradiance measurement Ii corresponding to each 

interference pattern can be expressed as 

 
2 2

, ( ) ( ) ( ) .j
i iI t r m r e R r d rϕ

ϕ ∝ +
   

 (3) 

Four photocurrent values are then registered for each sampling pattern, one for each phase-
shift (φ = 0, π/2, π and 3π/2). In essence, the measurement process can be understood as the 
projection of the object scene in the basis of 2D functions defined by the phase Hadamard 
patterns, by means of a phase-shifting process. For each sampling pattern, the complex 
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coefficient associated to the pattern can be obtained from the phase-shifted photocurrents as 
follows: 

 ( ) ( ),0 , ,3 /2 , / 2

1
,

4i i i i iy I I j I I
R π π π = − + −   (4) 

where the amplitude of the reference wave has been considered as a constant. This expression 
represents the extension of the standard phase-shifting algorithm for spatial light distributions 
in conventional digital holography [7] to integrated intensities in single-pixel digital 
holography [40]. The complex amplitude distribution of the object is retrieved through the 
linear superposition: 

 ( ) ( ).i ii
t r y m r= 

 (5) 

The object reconstruction can be interpreted as the superposition of the basis functions, 
the phase Hadamard patterns, weighted by their corresponding complex coefficients, which 
are calculated from the phase-shifting algorithm in Eq. (4). In fact, the measurement process 
performed by using Eqs. (3) and (4) can be understood as a change of basis which is later 
reversed by using Eq. (5). We would like to emphasize that in contrast with conventional 
single-pixel imaging techniques, the coefficients associated to the Hadamard patterns are 
complex values. It is also worth remarking that substituting Eq. (4) into Eq. (5) provides an 
alternative insight of our imaging procedure and a different way to process the recorded 
information. In this new approach, single-pixel imaging techniques can be first applied to 
obtain the spatial distribution of each phase-shifted interferogram separately. Afterwards, the 
complex object is obtained by applying conventional phase-shifting algorithm to the 
computed interferograms, instead of calculating a single multiplexed reconstruction with 
complex coefficients. 

It is important to note that the 2D complex amplitude distribution reconstructed by Eq. (5) 
corresponds to that located at the plane sampled by the Hadamard phase patterns. For 
simplicity, in this work we consider that the phase patterns are specifically projected onto the 
object plane and, therefore, the object distribution is reconstructed directly, as an image 
hologram in conventional holographic imaging, without any need of considering light 
propagation. However, by projecting the Hadamard phase patterns onto a different plane, we 
would be able to measure the complex amplitude distribution of different Fresnel diffraction 
patterns by single-pixel detection. As in conventional Fresnel holography, in this case, the 
retrieved distribution should be propagated with the diffraction formula to find the object 
distribution. 

Note that in our interferometric optical system, the difference between sampling the object 
with micro-structured light patterns, commonly named active imaging, or imaging the object 
at the plane where the sampling patterns are codified, passive imaging, is not relevant as both 
situations will provide indistinguishable input diffraction patterns. Interestingly, a similar 
result is obtained when the sampling phase patterns are projected not in the object path of the 
interferometer but in the reference path. In particular, let us consider that the set of Hadamard 
phase patterns are projected in the reference path but at the same distance from the light 
detector than the object. In this case, it can be shown that the integrated interference between 
the light diffracted by the object and the modulated reference beam is 

 
2 2

, ( ) ( ) ( ) ,j
i iI t r e m r R r d rϕ

ϕ ∝ +
   

 (6) 

which provides the same photocurrent measurements as Eq. (3). This property allows us to 
design a very compact single-pixel holographic setup, as both the Hadamard phase patterns 
codifying the 2D sampling masks and the constant phases used to apply phase-shifting 
algorithms can be displayed at the same time in a single SLM located at the reference arm of 
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the interferometer. This provides high flexibility to the system, as the modulating device 
remains now in the reference beam, leaving the object beam unperturbed. Furthermore, our 
system is then well adapted to employ a stable Michelson interferometer architecture. 

One of the capabilities of our phase-encoded imaging method concerns the transmission 
of the object information through scattering media, and it is based on an interesting property 
of single-pixel cameras [13,14]. In this context, image reconstruction can be explained by the 
high correlation between the spatial sampling patterns displayed over the object and the 
photocurrent values recorded by a photodiode. In particular, for our system, the high 
correlation between the phase Hadamard patterns displayed by the SLM and the integrated 
photocurrent value at the interferometer output is the key point to obtain the final complex 
image. And satisfyingly, this correlation does not change when a scattering medium is 
interposed before the detector because, although the light is spatially spread, the intensity 
arriving to the photodetector is still proportional to that obtained without the diffuser. As 
shown experimentally below, hologram reconstruction is possible with single-pixel 
techniques even when a scattering media is located in front of the detector. 

4. Experimental set-up 

The experimental set-up based on a Michelson interferometer is shown in Fig. 2. The light 
source was a 532 nm fiber-coupled solid state laser (Oxxius OXX-532-50-COL-SLM). We 
have employed a liquid crystal on silicon SLM (Hamamatsu X10468-4), with a resolution of 
792 × 600 pixels, and a pixel pitch of 20 µm. The detector was the Thorlabs photodiode 
DET36A/M. 

 

Fig. 2. Experimental set-up. 

For recording a hologram, the SLM displayed a composite phase pattern encoding 
simultaneously a) a Hadamard phase pattern, b) the relative phase between reference and 
object beam for phase shifting, and c) the correction of the optical aberrations previously 
measured in the system, mainly due to the curvature of the modulator’s backplane. Hadamard 
patterns were codified as binary phase masks, with 0 and π values, but the resultant phase 
modulation was wrapped, restricted to the interval from 0 to 2π. In these experiments, we 
have dealt with an image resolution of 64 × 64 pixels, corresponding to a total amount of 
4096 sampling patterns for a standard single-pixel reconstruction. In the SLM, we represented 
the measurement patterns by using 8 × 8 SLM pixels for each sampling pixel. We applied the 
usual 4-step phase-shifting technique for each one of the patterns displayed, in order to obtain 
the complex coefficient corresponding to each basis function from the photocurrent value 
recorded for each phase-shift. 
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In our single-pixel measurements, object and SLM were placed at the same distance from 
the detector and, as a consequence, the retrieved image represents what in conventional 
digital holography is called an image plane hologram. Thus, light propagation from the final 
hologram to the object plane does not need to be considered to obtain the image. The 
reconstruction algorithm for obtaining the hologram consisted of the superposition of a 
limited number of Hadamard patterns, as shown in Eq. (5), using the coefficients computed 
with Eq. (4) as weighting factors. In our procedure, no convex minimization algorithms have 
been applied, since the partial set of Hadamard patterns employed for sampling, 
corresponding to low Hadamard “frequencies”, has provided a proper object reconstruction. 
The information provided by the photocurrent coefficients of these low Hadamard 
“frequencies” is enough for reconstructing the main features of the images. The interpretation 
of frequency in this context is related to the number of changes of sign in the Hadamard 
matrices [48], that is to say, the amount of changes of phase in the vertical or horizontal 
dimensions in the sampling patterns. 

5. Experimental results 

Firstly, we show the result of the reconstruction of an amplitude transparency, the logo of our 
university, attached to a mirror. The object and the SLM are located at the same distance from 
the detector in the object and reference arms, respectively, of the interferometer, as shown in 
Fig. 2. In this configuration, phase-encoding is performed in the reference beam. In Fig. 3 
(right), we show the image corresponding to the reconstruction of the object amplitude after 
recording the hologram with our single-pixel system. We use Hadamard phase functions with 
a resolution of 64 × 64 pixels and, therefore, this is the maximum resolution of the final 
image. However, to speed the process, we send only a 40% of the total number of Hadamard 
functions. We also present an image of the object plane recorded directly by a conventional 
2D sensor (Fig. 3, left), an Allied Stingray camera, F-145B, with a pixel size of 6.45 µm. The 
resolution of this image has been adjusted to 64 × 64 pixels. 

 

Fig. 3. Conventional direct imaging (left) and single-pixel hologram reconstruction (right) of 
an amplitude object. 

Next, we present results showing the reconstruction of a phase-object. For this 
experiment, the set-up has been slightly modified in order to display a phase object in the 
SLM. Now, in addition to the phase information mentioned above (backplane curvature 
correction, sampling patterns and phase shifts), the SLM also displays our phase object, an 8-
bit phase image of the Universitat Jaume I logo. The roles of reference and object arms have 
been exchanged in the set-up, and just a mirror lies in the position where the object is placed 
in Fig. 2. Thus, in this specific case, phase-encoded patterns are modulated in the object 
beam. 
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Fig. 4. 64 × 64 pixel original image (left) and single-pixel hologram reconstruction (right) of a 
phase object displayed onto the SLM. 

Figure 4 (right) shows the reconstructed phase with our single-pixel system, obtained with 
the phase-shifting algorithm. Just 20% of the Hadamard functions corresponding to an image 
resolution of 64 × 64 pixels have been used. For comparison, in Fig. 4 (left), the original 
phase image, with a resolution of 64 × 64 pixels is shown. With the reconstruction of the 
phase object displayed in the SLM, the capability of the system for retrieving phase 
information through a digital holography single-pixel procedure with phase-encoded 
sampling patterns is demonstrated. 

We have also tested the capability of our system to transmit object information through a 
scattering medium. To this end, we have performed a similar experiment to the first one but 
this time we have inserted a diffuser, a rough solid plastic, placed approximately 10 cm 
before the detector, as shown in Fig. 5. 

 

Fig. 5. Experimental set-up for phase imaging through a diffuser. 

Figure 6 (right) shows the amplitude reconstruction of the image through our single-pixel 
camera, with a quality comparable to the image without diffuser. Also in Fig. 6 (left) we show 
the image obtained with a conventional camera, where no feature of the UJI logo can be 
identified. The possible differences between single-pixel reconstructions without or through 
the diffuser, comparing Fig. 3 and Fig. 6, may be originated by the reduction in light intensity 
reaching the detector in the latter case. For the results both without or with diffuser, it is 
worth mentioning that the accuracy expected is lower than the original 64 × 64 pixels, 
because just a fraction of the sampling patterns corresponding to that resolution have been 
used. 
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Fig. 6. Conventional direct imaging (left) and single-pixel hologram reconstruction (right) of 
an amplitude object, through a diffuser. 

Some difficulties have appeared in the experimental implementation of our approach, 
mainly related to stability issues, which have been fixed with the use of a SLM with reduced 
phase flickering. In fact, when a high number of sampling patterns were used and several 
intensities were measured for averaging, the time needed for retrieving a holographic image 
was in the order of minutes. For minimizing these issues, a fast measurement process, by 
using other kinds of modulation devices, such as ferroelectric liquid crystal displays or digital 
micromirror devices, could be considered. 

6. Conclusions 

Recent results on single-pixel digital holography concerning the reconstruction of the 
amplitude and phase of an object by using complex-encoded masks together with phase-
shifting techniques have been presented. We have designed a compact system where the 
micro-structured illumination sampling the object has been codified in phase, improving light 
efficiency. Experimental results show the feasibility of the method and the advantages of 
using phase-codification and single-pixel imaging. The versatility of the system is high, with 
just one modulation device, which is placed not in the object but in the reference arm of the 
interferometer. The diffraction pattern to be recorded with our single-pixel holographic 
system can be selected by adjusting the plane where sampling patterns are displayed. This 
selection can be done by simply shifting the position of the SLM, where the Hadamard phase 
patterns are displayed, to the required plane. Our results also include the holographic 
reconstruction of images with a scattering medium located before the detector, thanks to the 
properties of single-pixel detection techniques, with a quality comparable to those obtained 
when the scattering medium is absent. 
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