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Abstract

®

CrossMark

In single pixel imaging (SPI) an image is sampled with an orthogonal basis projected by a
programmable optical element like a digital micromirror array or a spatial light modulator. The
reflected or diffracted light is collected by a lens and measured with a photodiode or bucket
detector. In this work we demonstrate that SPI of laser light fields can exhibit cross talk with its
phase when the bucket detector is not sufficiently large (i.e. fast photodiodes) and does not
integrate the full spectrum of each basis element. In that regime, structured phases can emerge
from errors in the optical or light collection system (i.e. misaligned optical elements or
aberrations) and can appear in the reconstructed amplitude image. We show this behavior in
simulations and experiments where the reconstructed amplitude image will exhibit phase
cross-talk if the detector size is smaller than between 50% and 75% of the maximum area
spanned by the projected spectrum of the measurement basis. This is important because
photodiodes with a fast response time have a small effective area.

Supplementary material for this article is available online

Keywords: single pixel imaging, digital holography, crosstalk, spatial light modulator,

imaging artifacts

1. Introduction

Single pixel imaging (SPI) was introduced in 2006 by Duarte
et al [1], where they demonstrated the ability to capture an
image with a single photodetector, in contrast to regular digital
cameras that use CCD or CMOS detectors containing millions
of individual sensors or pixels. Their approach projected an
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image into a digital micromirror array (DMD) that activates
groups of micromirrors representing elements of an ortho-
gonal basis. The reflected light was collected by a lens and
detected by a single photodiode (bucket detector) placed at the
lens’ focal spot. In this way, by sampling all the basis elements
and recording the intensity of each basis element, it is possible
to reconstruct the image. This approach has the advantage that
it enables to obtain images at wavelengths that are outside reg-
ular CCD or CMOS sensors. Furthermore, it was also shown
that compressive sensing could be used to reconstruct an image
by only sampling a subset of the vectors contained in the meas-
urement basis [1-3].

The theoretical foundation for SPI has already been estab-
lished in the 1990s by Klyshko and Shih [4, 5], called Ghost
Imaging, where the spatial correlation between two detected

© 2024 The Author(s). Published by IOP Publishing Ltd
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photons encodes the spatial information of the image. Based
on this, the group of Tajahuerce used computational ghost
imaging (CGI) to measure the amplitude and phase of objects
with holographic techniques [6]. CGI does not require correl-
ated photon pairs due to the use of a SLM that encodes a spa-
tial pattern onto the light field [7]. While the key difference
between SPI and CGI lies in the illumination of the object, for
the purposes of this article, we will treat them as equivalent [7,
8]. Later, similar approaches were used to measure the phase
of laser fields using the same SPI approach of sampling the
field with an orthogonal basis combined with interferometry
[9, 10]. In contrast to the bucket detector approach of SPI, the
intensities are measured at a single point (single pixel in a cam-
era) or selecting the light from a small area with a spatial filter
followed by a photodiode [11, 12].

In a previous work, we examined the influence of the phase
onto the reconstructed amplitude for complex SPI, i.e. meas-
uring the amplitude and phase with interferometry [13].

In this work we investigate the effect of the bucket detector
size on the resulting reconstructed image (amplitude-only),
relative to the area spanned by the Fourier spectrum of the ele-
ments of the sampling basis. This is important because fast
photodiodes can have very small effective areas. The effect
of the photodiode size has been investigated in the context of
signal to noise ratio [14, 15]. Here we look at another funda-
mental aspect of SPI as a function of the detector area. We use a
complete Hadamard basis to sample and reconstruct an image
and show that errors like aberrations caused by phase com-
ponents contained in the field can appear in the reconstructed
image due to cross-talk emerging from incomplete integration
by the bucket detector of the light projected by the elements
of the sampling basis. In particular, we study three cases of
SPI to reconstruct the amplitude: Image encoded in the amp-
litude (constant phase), complex image (image in amplitude
and image in phase) and image encoded in amplitude with
errors in the light collection system (tilted lens, aberrations).

2. SPI

Let’s consider a complex field u that is represented by a vector
with N components. An image of the complex field will only
include the intensity and the resulting image is represented by
a vector x o< |u|?. The image |u|? is sampled by an orthogonal
basis @ (N x N matrix), where the orthogonal (1 x N) vectors
®, (I € [1,N]) are the rows of that matrix. The projections of
the image in each orthogonal basis element are y = ® u, where
y is the vector of the integrated measured intensity for each
vector that makes the orthogonal basis.

Most SPI implementations use the Hadamard basis ® = H
because it spans the full effective area of the programmable
optical element (i.e. it contains no zeros), in contrast to the
canonical basis represented by the identity matrix / (® = I).
The Hadamard matrix has the following property HH' = H> =
NI. Many experiments divide the Hadamard matrix into a pos-
itive part and a negative part H=H" — H™, so that H* =
(H+1)/2 and H- = —(H — 1)/2 (both binary matrices con-
taining zeros and ones). By combining the two corresponding

measurement vectors y* and y~, respectively, the acquired
signal reads: y = y™ —y~. The image is then reconstructed
with x = Hy = HHu = Nu.

3. Field and basis encoding

Lets define the discrete complex light field at the surface of
a SLM (or DMD) with spatial coordinates (X, Y): u(X,Y) =
A(X,Y)exp (i¢ (X,Y)). The field is resized into a v/N x /N
square grid made of N superpixels. The same resizing proced-
ure is done for the 1-d positive and negative vector elements
of the bases <I>[jE where / € [1,N] denotes the /th measurement
vector of the basis. In this way, the projection of the field on the
basis element ® & is encoded with @ (X, Y) ® u(X, Y), where
© is the element-wise multiplication. Since that new field is
also encoded in the same area of the SLM, it is also a function
of the same spatial coordinates.

The light diffracted (or reflected) by the new encoded field
can be collected by a lens (focal length f) focusing it on a pho-
todiode (bucket detector) that integrates the intensity of each
basis element. The focal plane coordinates are given by the
spatial frequencies (kx,ky) due to the Fourier transform rela-
tion between the surface of the SLM and the focal plane. The
focused pattern for a positive/negative basis element is the 2-
dimensional Fourier transform of the field projected at the sur-
face of the SLM is:

F{ (X ouX,n)},

= // dxdy @ (X, Y)u(X,Y)
AX,AY

exp (—2mi (kxX + kyY)) . (D)

JF denotes the 2 dimensional Fourier transform that is applied
by the focusing lens with their respective frequency compon-
ents ky = X/\fand k, = Y/\f. AX and AY represent the size
of the square aperture at the SLM in X and Y, respectively.
The projected intensity pattern I(ky, ky) at the focus is pro-
portional to: | F{®F (X, ) © u(X,Y) by sy]? -
The photodiode integrates the signal over the Fourier spectrum
kx, ky, yielding the measured intensity as y,i :

Vi ://dkxdky\]-‘{cpli XouX )}, P @

Writing the Fourier transforms explicitly:

it ://de dky[/ dx dY @7 (X, Y)u(X,Y)
AX,AY
-exp (—2mi(kxX + kyY))

/ dX'dY'®;F (X', Y ) u* (X, Y")
AX,AY

-exp (2mi (kxX' + kyY’))] . (3)

Notice, that the expression between the brackets is propor-
tional to the intensity I(ky,ky) depending only on the spatial
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frequencies. The spatial integrals of the Fourier transform that
represent the field at the focus and its complex conjugate are
done independently, so we use two sets of spatial coordin-
ates (X,Y) and (X’,Y’) for the focused field and its com-
plex conjugate, respectively. Reordering and using u(X,Y) =
A(X,Y)exp (i (X,Y)) yields:

y,i=// dXdX’// dvdy’ & (X,7) (X, Y’)
AX AY

'A(Xa Y)A(X/’Y/)exp (l(¢ (X7 Y) - ¢(X/7Y/)))

//dkxdky exp(—27ri(kX(X—X’)+kY(Y— Y/))) .
)

Ideally, the photodiode will collect the full spectrum, so that
there is no power loss.

Evaluating the frequency integrals (dk) over the full spec-
trum yields:

//H dkydky 6727ri(kx(X7X’)+ky(ny’)) =4 (X*X/, Y— Y/) ,
- &)

where § is the Dirac delta function. In this way, yljE reduces to:

VE = / WXAYBE (X NAXK YL, 6
AX,AY

which is what is expected for single pixel images: The
measurements for each element of the basis integrate the
intensities and there is no phase information.

Note, that [[y, o, dXdY|® (X, VJAX,Y)|* = [[xy oy dX
YoF (X, Y)|A(X )P = F(X,Y) - |A(X,Y)]>, because the
basis ®* = H* has only entries of 0 or 1. Therefore, the
recovered image of image |A|? is scaled by a constant using
x=Hy=H(y" —y~) = HH|A]> = N|A|].

In the case that the bucket detector does not
integrate the full spectrum, the integrals over dk in
equation (2) are evaluated over arbitrary boundaries A
and B. The ky integral is ffdkxexp(—ZwikX(X—X’)) =

—i exP(fzﬂB(X*);ﬂ)();f;ngzwiA(X*X ) . For the special case of

a symmetric integration of the spectrum, thatis A = —B = ry,
the expression simplifies to:

/ " kg e 28 (X)) Zopsine (e (X— X)) . ()

—ry

Note, that with increasing ry, the expression approaches the
Dirac delta function.

Evaluating equation (4) in the case of a truncated integra-
tion over (—r,ry) for both kx,ky (square detector with area
4r3) yields:

yi = / dxdx’ // dYdY'®E A% (X, Y)-
AX AY

~driexp(i(o(X,Y) — ¢ (X', Y")))

-sinc 2 (X —X"))sinc 2rr (Y—=Y')) . (8)

This expression is independent of the sampling basis (e.g.
Gaussian, Hadamard). As a consequence of equation (8),
phase crosstalk exp (i (¢(X,Y) — (X', Y’))) emerges result-
ing in phase induced artifacts in the reconstructed image. The
exception would be a basis that only contains diagonal ele-
ments (e.g. canonical) as there is no crosstalk between basis
elements.

Next, we quantify the spatial size of the detector (2r;) that
is needed to avoid phase cross-talk in the reconstructed image.
This is done as a function of the focal length of the lens, the size
of encoded field and the maximum spatial frequency reached
by the measuring basis.

4. Projected pattern sizes

The maximum spatial range covered by the focused basis ele-
ments can be calculated for each direction using the 1d Fourier
transform of the Hadamard elements, as the Fourier transform
is separable for each dimension. The pattern with the highest
spatial frequency is that of a checkerboard with the squares of
length a, so the maximum spatial frequency is fymax = 1/(2a).

So in one direction (X or Y) this is represented by a
pulse train containing a periodic square wave with a width
of a which is the length of an individual superpixel. The
length of the pulse train is L =+/Na. The pulse train is
described by [16] as f{X) = (rect(X/a) ® comb(X — 2a)) -
rect(X/L), where rect(X) and comb(X) are the rectangular and
Dirac comb function, respectively. The resulting intensity is
proportional to the square of the Fourier transform calculated
in [16]:

m=oo

> (sinc(m/2)sinc(La(fy — frmax))> 9

m=—o0

1(fy) o<

where fy = X/Afand m € N. The intensity is determined by the
first sinc function sinc(m/2) and decays rapidly with increas-
ing m. We therefore define the extent of the spectrum with the
position of the first observed peak, that occurs when the argu-
ment of the second sinc function is zero, at fy = fxmax SO that
1/(2a) = X/(\f). Thus, the spatial dimension of ry is:

=N/ (2a) . (10)
Hence, in order to eliminate phase crosstalk, we need a
detector with a spatial extension of at least 2ry.

5. Experimental setup

The experimental setup is similar to the one described in [17]
and to the original of Duarte et al [1] that used a DMD. In our
case, the field is sampled using a SLM (Hamamatsu LCOS-
SLM X10468) with a pixel size of 20 um. The light source is
an expanded HeNe laser (wavelength A = 633 nm).

The amplitude of the fields at the SLM has the shape of the
expanded Gaussian beam profile or it is a 32 x 32 pixel image
from the CIFAR-10 database [18] as depicted in figure 1(al).
An arbitrary phase defined in the same grid can be added to
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create a complex field figure 1(a2). We encode two cases,
only an image in the amplitude (constant phase) and com-
plex encoding with an image in the amplitude and another
image in the phase. We use the encoding method of [19] and
the steps are shown in figures 1(al)—(a4)) with a phase-only
hologram figure 1(a4). In this way, we are able to probe for
the phase influence on the encoded amplitude using a single
SLM. Furthermore, pixel cross-talk in the hologram is reduced
by applying a Gaussian filter to decrease the effect of phase
discontinuities [20].

The field is encoded at the SLM in an area of 384 x
384 pixels yielding a square aperture with a size of 7.68 x
7.68mm?. So the 32 x 32 field is resized to the square aper-
ture resulting in superpixels that have a size of 240 x 240 ;im?
(12 x 12 px?). A Hadamard basis with 1024 elements is used
to sample the field by sampling the positive and negative parts
separately according to the H= H" + H~. Each (1024 x 1)
element is also reshaped to a (32 x 32) array and resized
in the same way as the field (see figure 1(a5)). Finally, the
measurement vector is directly superposed onto the holo-
gram that creates the complex field by ¢ ,ﬂ,f Gu (figure 1(ab))
like in [21].

The simplified experimental setup is depicted in figure 1(b).
The field encoded at the SLM is focused by the first lens L;
(fi = 50cm), then the beam is recollimated by L, (f, = 15cm)
projecting the screen of the SLM at a distance of f;, from L,
spatially minimized by a factor of f>/fi, so the square aper-
ture size is now 2.304 x 2.304 mm (effective SLM pixel size
reduced to 6 um). This is followed by a third lens L3 with
f3 =20cm that focuses the diffracted light (first order, spa-
tially filtered at the first lens) into the bucket detector which in
this case is a CCD camera. We use a CCD camera because
it enables us to integrate the signal across different regions
of interest to simulate bucket detectors with different sizes
in the range of [3.6 x 3.6,1440 x 1440 um?]. The width of
the Hadamard pattern with the maximum spatial frequency
(checkerboard pattern) is a =72 um, so that ry = 879 um.
Notice that the sensitivity of a photodetector, dynamic range
and response time will be different than that of an integrated
signal of an area of a CCD. However, as long as the pixels
are not saturated, the acquired signal will not be significantly
affected [14, 15].

Figure 2(a) shows the different focused positive Hadamard
basis elements H,!' for checkerboard-like patterns with increas-
ing spatial frequencies. The last frame shows the projected
intensity for the pattern with the highest spatial frequency H;;
that has the maximum spatial spread. We observe that the
intensity pattern is made by five spots, one at the center and
four near the corners. The distance from the center (horizont-
al/vertical) to one of the spots at the corners is ~860um, which
is consistent with the calculated r; of 879 um.

Figure 2(b) shows the shape of the focused spots for differ-
ent fields: One with a vertical phase discontinuity of 7, another
with a phase corresponding to a tilt and astigmatism aberra-
tion with ¢(p) = mod(47Z}(p) + 7 Z3(p),27) with normal-
ized Zernike polynomials. The middle case has an arbitrary
phase with the shape of a boat. Finally, figure 2(c) depicts
the focused spots of beams without an added phase where the

a) Field preparation

al) a3)

7

“

SLM L1 L2 L3

CccD

Figure 1. Field preparation and setup schematics. Inset (a) displays
the preparation scheme of the complex field and measurement basis.
(al): Amplitude (image) of the field, (a2): Encoded phase, (a3):
Diffraction grating (prism phase), (a4): Encoded complex field with
reduced crosstalk, (a5): Binary basis element (1: white, O: white),
(a6): Complex field encoding x basis element (b) Simplified
experimental setup. The SLM is reflective but we draw it as a
transmission element to simplify the setup. Lens L; (focal length f)
focuses the field that is prepared with the SLM, which is then
collimated by lens L, and refocused by lens L3. The distance
between L, and L3 is f> + f5.

focusing lens is twisted at different angles, generating an aber-
ration that is a mixture of tilt and astigmatism, similar to the
Zernike aberration shown in 2(b). It is important to mention
that as the center of the focused beam shifts slightly depend-
ing on the applied phase or twist of the lens, before starting
the measurement the evaluated region of interest (ROI) in the
camera is centered around the maximum of the disturbed focal
spot.

6. Simulation

The experiment is simulated using the experimental paramet-
ers and the discrete versions of equations (1)—(8), where the
Fourier transform is replaced by a discrete Fourier transform.
The main difference is that the integrals become sums and
in the case of the integrals over the full frequency spectrum
(equation (5)) yield the Kronecker delta 9, instead of the
Dirac delta function, yielding yljE = Zn,m |D A nm 2 where [
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a)  r.=oum M= 53um re=107um
- ’ -
Gl
500um
resulting focus Pin

P

re=214pm

r=431um

r,=863um

resulting focus resulting focus

. .
240um ﬂzwum
Phase [N
0 T 21 0 0.5 1
Q) 0° tilt 5° tilt 10° tilt
@& [\\ ‘\
i g i
B+ B - &l -
240um | 240um \ | 240um
\I ] *—e *—e \\ *—n
W | \J

top view resulting focus top view

resulting focus top view resulting focus

Figure 2. Spectral properties: (a) extend of the Hadamard spectrum of different basis vectors according to equation (10). Frame

width of 2 mm. (b) Aberrated focal spot due to different phases: vertical discontinuity, boat phase and tilt plus astigmatism

(¢(p) = mod (47w Z} (p) + 7 Z3(p),27)). Frame width is 1 mm. (c) Aberrated focal spot due to tilting of the focusing lens. Frame width of
1

mm.

denotes the basis element and coordinates (X, Y) are changed
to indices n,m. Also in the case of not integrating over the
whole spectrum, equation (4) has to be discretized, which can
be found in the supplementary document. The code for the
simulation is provided in [22].

7. Results

Figure 3(a) shows the effect of the detector size for amp-
litude reconstruction in simulations for an amplitude with an
encoded car image and different phase distributions in each
row: Constant phase, 7 vertical discontinuity, boat image
encoded in the basis and an encoded aberration of tilt and astig-
matism aberration like that of figure 2(b). Along each column
the amount of the sampling of the Fourier space increases. In
the case of a constant phase (first row), no difference in the
detector size is noticeable. However, already the split phase
case (second row) introduces a vertical line in the DC term that
is also present in when sampling 25% of the spectrum. The
boat phase (third row) disappears at 50% coverage. Finally
(fourth row), the Zernike aberration is persistent even at 75%
and only disappears completely when the detector covers the
full Fourier spectrum.

Figure 4(a) presents the results of the reconstructed amp-
litude for the experiment using the same car amplitude with the

same phase profiles encoded by the SLM. The columns feature
different detector sizes that correspond to a certain amount
of the Fourier spectrum. In all cases the results are similar to
the simulation but there is more noise. For example, the most
extreme case of the tilt and astigmatism aberration (fourth row)
the phase has more contrast than in the simulation and it is
still noticeable at 75% of the integrated Fourier spectrum. In
order to quantify the similarity of the reconstructed amplitude
images, we use 1— the root means square error (RMSE), where
the reference image is the one that is reconstructed with a
detector that spans over 2r;. The RMSE ranges between [0, 1],
where 0 is a small error. Since the values approach zero very
fast, we chose 1— RMSE to achieve a better visualization for
concordance of images. Figures 3(b) and 4(b) plot the simil-
arity against the relative detector size for the simulations and
experiments, respectively. In general, the graphs follow a very
similar course for the used phase distributions, where more
complex phase distributions require a larger percentage of the
Fourier space sampling in order to reach higher similarities.
Interestingly, the simulations (figure 3(c)) reach a similarity of
99% at a detector size of ry, i.e. the detector spans over 50% of
the Fourier spectrum. In contrast, the similarity index for the
experimental data is generally lower, due to noise in the meas-
urements, but values are in the same range and follow the same
course. Here, a similarity index >95% is reached for detector
sizes that cover over 50%—75% of the Fourier spectrum.
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a) Simulation results dependent on sampling of the Fourier space
phase modulation 0% /DC term

25%

50% 75% 100%

b) Similarity measure of reconstructed amplitudes
100 A YYYLY LTI (a]als]sl=]=lsl
Y1 ASARRAARRAARAR
..;“ _oBBAARBsRSsa"
—_ .I o
< 957 & P
5 g “
= 909 = o
() o
LG o
1 o o
@« 85 nﬂ Phase modulation
I o® ® no phase
. 804 "o ®  half phase
Bo o boat phase
o o zernike phase
0 20 40 60 80 100

Detector size/2r, [%]

Figure 3. Reconstructed amplitude dependent on the sampling size of the Fourier spectrum with single pixel imaging. (a) Simulation results
and (b) similarity (1- RMS error) of the reconstructed amplitudes dependent on the sampling size of the Fourier spectrum. Major effects of
aberrations disappear when sampling over 50% of the Fourier spectrum and completely disappear when the full spectrum is sampled.

In order to demonstrate an applied case of aberrations that
can occur in typical experimental setups, like misalignment
of optical elements, we apply a tilt to the focusing lens. This
tilt in the experiment can be modeled by a composition of
Zernike polynomials ¢(p) = mod(57Z(p) +nmwZ3(p),2n),

where n defines the degree of the tilt. We simulate the exper-
imental tilt by choosing n =35 and n =30 for the 5° and 10°
tilt, respectively. The effective aperture of the beam emer-
ging from the SLM is much smaller than the aperture of
the optical elements. In the simulations the field is defined
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a) Experimental results: Sampling of the Fourier space / Detector size
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Figure 4. Reconstructed amplitude dependent on the sampling size of the Fourier spectrum with single pixel imaging. (a) Experimental
results and (b) similarity (1- RMS error) of the reconstructed amplitudes dependent on the sampling size of the Fourier spectrum. Major
effects of aberrations disappear when sampling over 50% of the Fourier spectrum and completely disappear when the full spectrum is

sampled.

in the same spatial grid where the field is encoded at the
SLM.

Figures 5(a) and 6(a) show simulated and experimental
single pixel amplitude images of the Gaussian laser beam (no
amplitude or phase encoding at the SLM). The case with a

car image encoded in the amplitude is shown in figures 5(b)
and 6(b) for simulations and experiments, respectively. In all
(figures 5 and 6) the rows represent different degrees of tilt of
the collecting lens: 0°, 5° and 10° (cmp. to figure 2(c)), while
the detector size increases along the columns. For all cases,
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Simulation of twisted lens

a) Reconstructed Amplitude depending on the sampling of the Fourier space
0.05%

12.5% 25%

50% 75% 100%

12.5% 25%

50% 75% 100%

Figure 5. Simulation: reconstructed amplitude using single pixel imaging with a titled lens dependent on the detector size. (a) No amplitude
modulation Gaussian beam, (b) amplitude modulated with a ‘car’ image. Data for 0° tilt is the same as for the first row of figure 3(b).

no change in the acquired image is apparent when the lens is
perpendicular towards the optical axis—that is, no aberrations
are introduced into the field. However, already a slight tilt of
5° is noticeable for small detector sizes 3.6 pum (0%—-0.5% 2ry)
and 110 pm (12.5% 2ry) as dark vertical lines appear close to
the border. Note, that the observed vertical lines are of very
close resemblance in both the simulations and the experiment,
implying that they are caused by the Zernike phase aberration
of the tilt. Increasing the tilt to 10° introduces two slightly bent
vertical lines on the right border for detector sizes that sample
up to 25% of the Fourier spectrum. At 50% the recovered amp-
litude still features a shadow on the right side and is indistin-
guishable after sampling 75% of the Fourier spectrum. Notice,
that these vertical lines are mainly an effect of the tilting of
the lens, as the beam has a square size of ~2.3 mm, while the
circular aperture of the lens has a diameter of 2.56 cm. The
beam is centered in the lens, so that spherical aberrations and

effects of the aperture are minimal and only the tilt and astig-
matism remain as sources of aberration, which is similar to the
Zernike Polynomial presented in figures 2—4.

8. Conclusion

We have shown the importance of the bucket detector size
in SPI with a coherent light source as a function of the light
projection system. In order to cover the full Fourier spectrum
it is important that the detector has an effective diameter of
2ry = M/a, determined by the focal length f and superpixel
size of the measurement basis a. For a detector that has a size of
less than between 50% and 75% of 2ry, the phase distribution
is visible in the reconstructed image.

Conventional photodiodes can have large sizes on the order
of 10 mm, while fast photodiodes have smaller dimensions in
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Experiment of twisted lens

sampling of the Fourier space / Detector size

50% 75% 100%

a) Reconstructed Amplitude depending on the
0.05% 12.5% 25%
(3.6x3.6)um>  (110x 110)pum? (220 x 220)um?

5° tilt 0° tilt

10° tilt

12.5% 25%
(110x 110)um? (220 x 220)um

b)  o0.05%
(3.6 x 3.6)um?

(440 x 440)um? (660 x 660)um?> (880 x 880)um”

75%
(440 x 440)um? (660 x 660)um

100%
(880 x 880)um*

50%
2

Figure 6. Experiment: Reconstructed amplitude using single pixel imaging with a titled lens dependent on the detector size. (a) No
amplitude modulation, (b) amplitude modulated with a ‘car’ image. Data for 0° tilt is the same as for the first row of figure 3(b).

the range of a few tens to few hundreds of micrometers. An
extreme case would be that of coupling the light to a single
mode optical fiber that is very sensitive to the input mode and
hence will have large losses when coupling most of the pro-
jected Hadamard basis elements that do not focus at a single
spot. For such cases, the effect of crosstalk with the phase
could be very important in applications where the phase var-
ies rapidly, such as image transmission through biological
or random media [23] where light interacts with micro-
structures, so that a randomized phase distribution can appear
in the transmitted image. Note, that the described effects only
occur for a coherent light source. Using an incoherent light
source (i.e. thermal or broad-band) bypasses this effect. To
summarize the results: We have shown that for coherent light

in SPI there can be phase cross talk with the amplitude that
emerges only from the bucket detector measurement without
interferometry. This has been observed in complex encoding
(amplitude and phase) of laser fields with SLMs or DMDs
[20, 24] and now has been observed in the context of SPI and
CGIL.
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