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The unique advantage of x-ray ghost imaging (XGI) is its potential in low dose radiology. One of the practical
ways to reduce the radiation exposure is to reduce the measurements while remaining sufficient image quality. Synthetic
aperture x-ray ghost imaging (SAXGI) is invented to achieve megapixel XGI with limited measurements, which is expected
to implement XGI simultaneously with large field of view and low radiation exposure. In this paper, we experimentally
investigate the effect of measurements reduction on the spatial resolution and image quality of SAXGI with standard sample
and biomedical specimen. The results with a resolution chart demonstrated that at 360 measurements, SAXGI successfully
retrieved the sample image of 1960× 1960 pixels with spatial resolution of 4 µm. With measurement reduction, the
spatial resolution deteriorates but the sparser structures are still discernable. Even with measurements reduced to 10, a
spatial resolution of 10 µm can still be achieved by SAXGI. A biomedical sample of a fish specimen is employed to
evaluate the method and the fish image of 2000×1000 pixels with an SSIM of 0.962 is reconstructed by SAXGI with 770
measurements, corresponding to an accumulative exposure reduction of more than 2 times. With the measurements reduced
to 10 which corresponds to 1/160 of the accumulative radiation exposure for conventional radiology, bulky structure like
the fish skeleton can still be definitely discerned and the SSIM for the reconstructed image still retained 0.9179. Results
of this paper demonstrate that measurements reduction is practicable for the radiation exposure reduction of the sample,
which implicates that SAXGI with limited measurements is an efficient solution for low dose radiology.

Keywords: x-ray ghost imaging, synthetic aperture x-ray imaging, low dose radiology, compressed sensing
algorithm
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1. Introduction
The x-ray radiography is an invaluable tool for the anal-

ysis of the biological specimens and the detection of nano-
materials. It is widely used for visualizing the morphology
of opaque materials, and for assessing quantitative analysis
of their geometries and properties.[1–6] However, the main-
stream x-ray imaging techniques have faced severe problems
such as the inherent tradeoff between the large field-of-view
and high resolution, high-flux illumination sources improving
the image contrast but also introducing radiation damage to
the vulnerable biological organisms.[7] What is more, the res-
olution of conventional x-ray modalities is also restricted by
the source size, the precision of optical components, the pixel
resolution of the detector and the thickness of the scintilla-
tor converting x-rays into visible light.[8] Therefore, there is
an urgent demand for exploring a new x-ray imaging method
without sophisticated x-ray optics and high-resolution cam-
eras to lower the requirements for low-dose x-ray microscopy.
Fortunately, lensless ghost imaging,[9–12] equipped with high-

sensitivity single-pixel detector, combined with high-energy
deep-penetration x-rays, has great potential in terms of resolu-
tion improvement and dose reduction.

In principle, lensless ghost imaging can be applied to
any wavelength, which has been demonstrated experimentally
with electrons,[13] atoms,[14] neutrons[15] in addition to x-
rays.[7,8,16–33] Owing to its unique advantages, XGI has flour-
ished into diverse domains, such as absorption spectroscopy,
fluorescence, computed tomography (CT), scattering, and so
on.[19,24,27,34–36] Because of the high sensitivity of the bucket
detector in the signal beam, many scholars believe that XGI
has a great potential in reducing radiation exposure. Except
for the high sensitivity caused by bucket detectors, the high
compression ratios introduced by various methods, such as
advanced reconstruction algorithms (e.g., deep learning, com-
pressed sensing), mask design and reordering, can also signif-
icantly reduce radiation exposure while maintaining adequate
image quality.[7,8,21,37–40] All the above works has contributed
to the applications of XGI in radiology in terms of radiation
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exposure and resolution.
It is well known that the imaging signal-to-noise ratio

(SNR) of XGI is closely associated with the pixel number of
the reconstructed image, the measurement number, the modu-
lation depth of the mask, and the correlation between the sig-
nal and reference beams. However, it is difficult to generate
two beams with speckle patterns of identical intensity distri-
bution due to the lack of stable and reliable optical compo-
nents in x-ray regime, which severely hampers the imaging
efficiency and image quality of XGI. To address this issue, a
stress-free Laue thin crystal was invented to improve the corre-
lation between the two beams to above 0.9 which helps obtain
high-fidelity reconstruction with fewer measurements.[17,33,41]

Additionally, various masks were tried to enhance the prop-
erty of the speckle pattern, e.g., to improve the modulation
depth to increase the image contrast and to reduce the fea-
ture size of the speckles to enhance the image resolution.[8]

Improving the modulation depth not only helps optimize the
image contrast but also reduces the requirements for more
measurements when maintaining the image fidelity. Some
other measures were taken, such as adjusting the order of the
masks,[39,42,43] exploring advanced algorithms including com-
pressed sensing[30,44] or deep learning,[38,45,46] to further re-
duce the measurement number required by high-fidelity imag-
ing. Much fewer measurements not only means faster data
acquisition and shorter reconstruction time, but also lower ra-
diation exposure which is of great significance to biomedicine.

Aiming at mega pixels x-ray ghost imaging with lim-
ited measurements, synthetic aperture x-ray ghost imaging
(SAXGI) is proposed and demonstrated by simulation[29] and
experiments,[45] which uses very few measurements to real-
ize high-fidelity reconstruction of the tungsten wire and shows
great potential in low dose radiology. However, less measure-
ments may lead to image quality deterioration. In this paper,
we investigate systematically the effect of measurements on
the image reconstruction of SAXGI, which is critical for low-
dose radiology. Firstly the experimental setup, reconstruction
algorithm (referred to Ref. [29]) and the property of speckle
patterns are introduced. A standard sample and a biomed-
ical specimen are selected to evaluate the image quality of
SAXGI. Spatial resolution, peak signal-to-noise ratio (PSNR)
and structural similarity (SSIM) index are used to analyze the
image quality. Then, the experimental results and analysis
are presented. Finally, the conclusions and discussions of this
work are given.

2. Experiments
2.1. Experimental setup

The SAXGI experiments were carried out at beamlines of
BL09B and BL13HB at Shanghai Synchrotron Radiation Fa-
cility (SSRF) with very stable beam current. The x-ray pulses
from SSRF can reach picosecond durations. The details of the
experimental setup is shown in Fig. 1 and can also be referred
to Ref. [29]. The pseudo-thermal x-ray source was produced
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Fig. 1. Scheme of experimental setup for synthetic aperture x-ray ghost imaging (SAXGI). (a) The reference arm where the mask is recorded
by the high-resolution reference and (b) the object arm where the signal image is registered by the low-resolution signal detector. (c) The
measurement process repeats N times, where Bm(m = 1,2, · · ·M) ∈ RN×1is an observation vector whose elements are the intensity of the jth
pixel on the low-resolution signal detector. (d) The compressed sensing algorithm is used to reconstruct the image block. The complete
high-resolution image is synthesized from a series of the image block. Some methods, such as globally optimized registration, image filtering
algorithms, are utilized to eliminate the block effect to improve the reconstruction quality.
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by a raster scan of the sandpaper, illuminated by a monochro-
matic x-ray beam at the photon energy of 15 keV. This pho-
ton energy was chosen because of the high photon flux of the
beamline and the high quantum efficiency of the detector in
this spectral regime. The sample was mounted 30-cm down-
stream of the sandpaper, followed by a high-resolution detec-
tor placed approximately 0.5 cm from the sample. The high-
resolution detector is consisted of a 100-µm-thick scintillator
(LuAG:Ce), an optical microscope (model: Optique Peter MI-
CRX016), and a CMOS detector (Hamamatsu ORCA-Flash
4.0 C11440). The basic pixel size of the detector is 6.5 µm
while the effective pixel size is equal to the basic pixel size di-
vided by the magnification of the microscope. The magnifica-
tion of the microscope is usually selected at 2×, 4×, 10×, and
20×, depending on the requirements of exposure time and sub-
tle structure. With the sample out of the x-ray beam, the high-
resolution detector is seen as the reference detector recording
the random speckle patterns, as shown in Fig. 1(a). With the
sample moved into the x-ray beam, a low-resolution signal de-
tector collects the signals modulated by both the sandpaper
and the sample, as shown in Fig. 1(b). A shutter is placed up-
stream of the sample to reduce the radiation damage to the
sample. The shutter is triggered by the low-resolution sig-
nal detector to open when the signal detector is acquiring the
signal images. The pixel of the low-resolution object detec-
tor is synthesized through binning over the adjacent pixel of
the reference detector. In the following experiments, the low-
resolution pixel was artificially synthesized by binning 40×40
pixels on the high-resolution reference detector. This process
is repeated N times with the different regions of the sandpa-
per illuminated by the beam, shown in Fig. 1(c). At last, the
‘ghost’ image is reconstructed by correlating the signals cap-
tured by the low-resolution signal detector with the transmitted
illumination patterns registered by the high-resolution refer-
ence detector.

2.2. Reconstruction algorithm

In order to overcome the critical issue that XGI needs
many measurements to achieve high-quality reconstruction,
a block-by-block reconstruction strategy is implemented in
both the experimental design and reconstruction algorithms, as
shown in Figs. 1(c) and 1(d). Through N measurements, the
structural information xm of the sample within the block area
Bm can be reconstructed using the total variation augmented
lagrangian alternating direction algorithm (TVAL3)[46] which
takes the image smoothness into account and has good noise
immunity. For the reconstruction of the block Bm, Am is the
measurement matrix whose k-th row is rearranged from the
matrix corresponding to the area of the block Bm in the k-th
reference image. Bm is a column vector whose k-th element
is from the bucket signal corresponding to the position of the

block Bm in the k-th signal image. In other words, the lo-
cal structural information of the sample is reconstructed from
each pixel of the low-resolution signal detector, and then the
complete high-resolution image is synthesized from an array
of image blocks. The reconstruction parameters of each block
are set to be consistent to simplify the algorithm complexity.
Finally, the image quality is improved by eliminating the dis-
continuous blocks in the complete image through globally op-
timized registration, image filtering algorithms.

2.3. Speckle patterns

Taken by the reference detector shown in Fig. 2(a), the
average size of the irregular alumina particles on the sandpa-
per acted as the mask is about 75 µm according to the mesh
of the sandpaper. Through x-ray radiography of the sandpaper
and data analysis, the full width at half-maximum (FWHM)
of the second-order autocorrelation function of the sandpaper
is about 39 µm, close to the average particle radius from both
horizontal and vertical perspectives, shown in Fig. 2(d). Ac-
tually, the central distribution of the Glauber function is not
a standard circle, which means that the spatial resolution is
anisotropic in different directions as shown in Fig. 2(c). More-
over, the peak of the function was up to 1.27, theoretically
suggesting that the modulation depth meets the requirements
of high-quality XGI using very few measurements. The peak
position of the probability density function for the speckle
grayscale is off the Y -axis, which does not agree with the the-
oretical negative exponential distribution, shown in Fig. 2(b).
Moreover, the peak of the Glauber function is much lower than
the theoretical maximum of 2. These indicates that the modu-
lation depth of the experimental sandpaper does not reach the
desired effect, and needed to be improved in the future.
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Fig. 2. Experimental sandpaper, where (a) the sandpaper image taken by
the detector at the photon energy of 15 keV and the pixel size of 3.25 µm,
(b) the probability density distribution of the greyscale for the sandpaper
pattern, (c) autocorrelation function over all the speckle patterns, which has
the maximum value of 1.27, (d) central line-profile of the autocorrelation
function in the horizontal and vertical directions, whose FWHMs were both
39 µm in both horizontal and vertical directions.
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3. Experimental results and analysis
3.1. Resolution chart

A resolution chart (RC), a typical binary object with low
contrast and relatively simple structure, is utilized to verify
the resolution that the SAXGI scheme can achieve at very few
measurements. The projection image of RC was shown in
Fig. 3(a) with pixel size of 0.65 µm and 1960×1960 pixels at
an exposure time of 4 s. According to Fig. 3(a), the visibility
of RC is about 8.5% at 15 keV due to the grayscale difference
between the dark and bright stripes. The lower visibility of the
object means more measurements required for SAXGI. Fig-
ure 3(b) shows signals of RC recorded by the signal detector
with an effective pixel size of 26 µm. The exposure time for
each frame in both reference and signal beam is 8 s because 4-
layers sandpaper absorbs almost 50% of the x-rays at 15 keV.
As the pixel size of the signal detector is much larger than

the maximum spacing between stripes in RC, it is evident that
the stripe structure is not distinguished by the object detec-
tor. Taking the image reconstructed by traditional x-ray ghost
imaging (TXGI) as a comparison, there is no doubt that the
image shown in Fig. 3(c) provides no valid information about
the sample due to ultra-low measurements (only 360 measure-
ments). However, 360 measurements are sufficient for SAXGI
to reconstruct high-fidelity ‘ghost’ images due to the block-to-
block strategy. As shown in Fig. 3(d), the RC is successfully
retrieved by SAXGI. For RC with a period of 10 µm, the cor-
responding line profile along with that of the target image is
given in Fig. 3(e), which indicates that the positions of peaks
and valleys as well as the height of the peaks, the depth of
the valleys are consistent with those in the target image. This
means that at spatial resolution of 10 µm, the resolution chart
can be accurately reconstructed.
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Fig. 3. Experiments with a resolution chart, where (a) the target image obtained by high-resolution reference detector, (b) signals in object
beam, (c) the image reconstructed by TXGI, (d) the image reconstructed by SAXGI, (e) line profiles of stripes at spatial resolution of 10 µm
as marked with yellow lines in panels (a) and (d), (f) line profiles at spatial resolution of 4 µm as noted with red lines in panels (a) and (d), (g)
image resolution analyzed through Fourier ring correlation (FRC) which indicates the resolution of 3.81 µm.

Based on the direct observation to the retrieved image
with SAXGI shown in Fig. 3(d), the resolution target at the res-
olution of 4 µm is distinguishable. The corresponding profiles
shown in Fig. 3(f) demonstrate that the positions of the peaks
and valleys of the stripes are reconstructed correctly though
their heights or depths are smaller than that of the target im-
age, which may be due to insufficient measurements. More-
over, the scattering of the thick scintillator results in the de-
crease in the imaging resolution and introduced blurring in the
detected image. Therefore, the practical imaging resolution
would be slightly lower than the pixel resolution. Generally,
the imaging resolution was 3 to 5 times the pixel size, which
shows that SAXGI is close to the limit of the detector. Any-
way, it is reasonable to conclude a spatial resolution of 4 µm
was achieved in this experiment at only 360 measurements.

Moreover, we come to the same conclusion that the spatial
resolution can reach 3.81 µm by the analysis of Fourier ring
correlation (FRC), as shown in Fig. 3(g). In principle, higher
sampling rate will result in higher fidelity and higher spatial
resolution of the restored image. In terms of quantitative eval-
uation of image quality, SSIM value of the retrieved SAXGI
image is up to 0.9273 and PSNR reaches 29.778 dB, which im-
plicates that SAXGI is capable to obtain high-fidelity images
at such few measurements.

The quality of images in different resolution regions re-
constructed by the same measurements is intuitively different,
and the sparser the image structure, the better the reconstruc-
tion quality. The results in Fig. 4 confirms the above conclu-
sion. In Figs. 4(a) and 4(b), the corresponding resolution re-
gions including 15 µm, 10 µm, 7 µm, 5 µm, 4 µm, 3 µm and
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2 µm, are marked with different colors. The reconstruction
quality of different resolution regions is displayed in Fig. 4(c).
The result demonstrates that the image quality evaluation met-
rics, including PSNR and SSIM, are both improving as the
stripe spacing expands in the RC. The SSIM of the 2 µm res-
olution region reconstructed by SAXGI using 360 measure-
ments is only 0.5593, much lower than the SSIM of 0.9474
for the 15 µm resolution region. Similarly, the PSNR of the

2 µm resolution region is 25.5483, also lower than the PSNR
of 30.879 for the 15 µm resolution region. When the stripe
spacing exceeds 10 µm, neither peak signal-to-noise ratio and
structural similarity rises significantly, which shows that using
360 measurements, the ynthetic aperture x-ray ghost imaging
is able to perfectly retrieve the image with the spatial structure
larger than 10 µm under the current circumstances of noise
and pixel resolution.
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is the image of resolution chart taken by the high-resolution reference detector. Panels (b), (c), (d), (e), and (f) are respectively the images
reconstructed by SAXGI using 360, 200, 100, 50, and 10 measurements. Panels (g) and (f) are respectively the resolution assessment and
quality evaluation of the reconstructed images using different measurements.

What is more, we also need to discover that the lower
limit on the number of measurements for which SAXGI can
successfully reconstruct the RC and the resolution SAXGI can
achieve at this lower limit. The target image of the resolution
chart is shown in Fig. 5(a). As shown in Figs. 5(b)–5(d) are
the images reconstructed by SAXGI using 360, 200, 100, 50,
and 10 measurements respectively. There is no doubt that the
image quality gradually decreases as the measurement num-
ber decreases, which agrees well with the result of Fig. 5(h). It
has already been mentioned in the previous text that the SSIM
of the reconstructed image at 360 measurements is 0.9273 and
the corresponding PSNR is 29.778. While the SSIM of the
reconstructed image at 10 measurements is only 0.4363 and

the PSNR is 18.656, lower than that of the reconstructed im-
age using more measurements. With the measurements in-
creasing to 360 corresponding to the sampling rate of 22.5%,
the image quality gradually improves and reaches a limit, re-
vealed by PSNR and SSIM shown in Fig. 5(h). Additionally,
according to the criteria of the FRC, the resolution that SAXGI
can achieve also deteriorates as the measurement number de-
creases, as shown in Fig. 5(g). For example, SAXGI can
achieve 19.587 µm at 10 measurements while 9.5687 µm at
50 measurements. In fact, through the observation of 7 µm
resolution region in the reconstructed image using 50 measure-
ments shown in Fig. 5(e), the stripes are clearly recognizable.
It demonstrates that SAXGI can achieve finer resolution than
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that FRC gives. The same conclusion can be drawn through
identifying the reconstructed image of the 10-µm resolution
region using 10 measurements, shown in Fig. 5(f). Accord-
ing to the trend of the curve in Fig. 5(g), the resolution that
SAXGI is capable to achieve will reach the resolution limit of
about 3 µm, which approaches the limit that the direct radiol-
ogy can achieve with the pixel size of 0.65 µm. In other words,
360 measurements are enough to obtain the ideal resolution.

3.2. Biological specimen

A fish is adopted to evaluate the potential of SAXGI for
imaging a biological specimen with complex structure and rel-
atively low absorption contrast. A small fish (poecilia reticu-
lata) was naturally dried for two weeks and then made into an
experimental specimen without destructing its internal struc-
ture. Similarly, the same detector was used in reference and
object beam in the SAXGI experiments of the fish and the ex-
posure time was 6 s. Given in Fig. 6(a) is the target image
with 2000× 1000 pixels and effective pixel size of 3.25 µm,
captured with the reference detector and exposure time of 3 s,
in which microstructures of the fish including skeleton, incon-
spicuous flesh and fins can be observed distinctly. As shown in
Fig. 6(b), the structure of the fish was not revealed by the mod-
ulated signals with an effective pixel of 130 µm by a 40×40
binning in the signal beam.
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Fig. 6. Experimental results for a dehydrated fish with 770 measurements,
where (a) target image taken by high-resolution reference detector with the
pixel size of 3.25 µm, (b) signals in object beam with a binning of 40× 40,
(c) image reconstructed by TXGI, (d) image reconstructed by SAXGI, (e)
line profiles of the image area denoted with yellow lines in panels (a) and (d),
(f) line profiles of the image area denoted with red lines in panels (a) and (d).

The TXGI was employed to recover the lost information
of Fig. 6(b) and the result is shown in Fig. 6(c). Due to mea-
surements used for the TXGI image reconstruction being as
low as 770 compared with the tremendous pixel number of the

target image, TXGI failed to reveal any useful structure infor-
mation of the fish. Finally, the proposed SAXGI method is at-
tempted to reconstruct the high-resolution information by cor-
relating the low-resolution signals in the signal beam with the
high-resolution speckle patterns in the reference beam. The
sampling rate up to 48% was employed to guarantee high-
quality reconstruction of the SAXGI image, on the account
that biological specimens usually possessed low contrast and
high complexity. As shown in Fig. 6(d), the features con-
cerning the microstructure of the fish are revealed clearly in
the image reconstructed by SAXGI. To compare the result of
SAXGI with the target image, line profiles of grayscale at po-
sitions denoted with red and yellow lines in Figs. 6(a) and 6(d)
are investigated. The results are shown in Figs. 6(e) and 6(f),
in which line profiles of the backbone and the flesh are fairly
consistent with that of the target image.

The successful reconstruction with SAXGI using few
measurements mainly attributes to the block-by-block strat-
egy. In this experiment, the block size is 40× 40 pixels and
usually more than 1600 measurements were needed for a con-
ventional reconstruction based on correlation. Instead, only
770 measurements are implemented which infers an obviously
insufficient measurements even for a single block. According
to Fig. 6(e), features of the backbone are reconstructed with
high accuracy relative to the target image. As to the features
of flesh, the overall outline of the profile from SAXGI is con-
cordant to that of the target image as shown in Fig. 6(f). How-
ever, at locations with lower contrast the detailed microstruc-
tures are lost to a certain extent. This means that accuracy of
SAXGI for features of low-contrast tissues is interior to that
of high contrast tissues, which implicates that more measure-
ments are needed for the accurate reconstruction of samples
with complex structure and low contrast.

The SSIM value of the reconstructed fish image by
SAXGI is 0.962, which means that the proposed SAXGI
method is able to reveal almost all the details of the biological
specimen. As a result, the SAXGI is capable to efficiently re-
produce a high-quality mega-pixel image of a biological sam-
ple with large field of view at few measurements, which also
implicates the potential application of SAXGI to biomedical
imaging with low radiation dose.

3.3. Estimation of exposure reduction

For a given x-ray source and imaging setup, the radiation
exposure of the sample is proportional to the exposure time.
To obtain acceptable SNR, for a pixel-array detector the num-
ber of photons Np incident on a binned pixel of the detector is
given as following:

Np = k× τn×n1×n2, (1)
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where k is a constant related to a specific detector, τn denotes
the exposure time, n1 and n2 are the number of pixels used for
detector binning during data acquisition and area of the binned
pixel is proportional to n1×n2. And then, we have

τn =
Np

k×n1×n2
. (2)

The exposure time given in Eq. (2) implicates that the radi-
ation exposure is inversely proportional to the pixel area. In
SAXGI, the bucket detector in the signal beam is synthesized
by n1× n2 binning over the adjacent pixels of the detector in
the reference beam. For an experiment with M measurements,
the radiation exposure DGI of the sample during the data ac-
quisition of SAXGI can be expressed as

DGI =C×M×
Np

k×n1×n2
=

M
n1×n2

×DTR, (3)

where C is a constant related to radiation exposure in a spe-
cific experiment, DTR =C×Np/k is the radiation exposure for
a corresponding traditional radiology on the condition that the
detectors before and after binning have the same sensitivity,
M/(n1×n2) is the block sampling rate of SAXGI. According
to Eq. (3), if the absorption of the mask is not taken into ac-
count, the radiation exposure of ghost imaging is M/(n1×n2)

times of the traditional radiology. This means that in classical
XGI with sampling rate set to one, the radiation exposure is
the same as that in conventional radiology which is consistent
with the results in Ref. [40]. To reduce measurements is the
premise for low dose XGI. Limiting the number of measure-
ments and meanwhile remaining a sufficient sampling rate are
the practical way to reduce the data acquisition time of XGI
and restore images with acceptable SNR. Obviously, SAXGI
is the promising solution to implement this strategy.

SAXGI images for the fish restored with different mea-
surements are investigated concerning the radiation exposure.
For a fixed 40×40 binning of the detector in the signal beam,
the radiation exposure is proportional to the number of mea-
surements. Shown in Fig. 7 are the images restored with a
series of measurements of 400, 200, 50 and 10 respectively.
Figure 7(a) demonstrates that the SAXGI image reconstructed
with measurements of 400 reveals the details of flesh tex-
ture and skeleton of the fish. With the measurements re-
duced, the noise accumulates and the structure information
gets lost gradually, as shown in Figs. 7(b)–7(d). Image shown
in Fig. 7(d) was reconstructed with 10 measurements, which
corresponds to a block sampling rate of 1/160 in the signal
beam of SAXGI. The whole figures of the fish skeleton are still
retrieved apparently at such a low sampling rate, which means
that SAXGI is able to obtain the skeleton structure of the fish
with 0.63% of the radiation exposure in conventional radiol-
ogy. Therefore, much lower radiation exposure is needed to

extract effective information by SAXGI compared to conven-
tional radiology.

To appraise the restored image quality, corresponding val-
ues of PSNR and SSIM are also given. The results are shown
in Table 1. It is obvious that the radiation exposure decreases
with the measurements at an expense of deteriorated image
quality. When the number of measurements exceeds 400, no
significant enhancement of both PSNR and SSIM can be ob-
served, as shown in Figs. 7(e) and 7(f). In other words, the
image reconstructed with similar image quality to that of con-
ventional radiology is achieved at 400 measurements and the
corresponding radiation exposure is a quarter of it. This means
that SAXGI is able to image a sample with one fourth of ra-
diation exposure in conventional radiology while the image
quality is almost the same.

Table 1. Radiation exposure and image quality of SAXGI correspond-
ing to measurements.

Measurements Radiation exposure∗ PSNR SSIM

770 0.4812 31.62 0.9621
600 0.3750 31.57 0.9616
400 0.2500 31.36 0.9592
200 0.1250 30.77 0.9521
50 0.0313 29.54 0.9349
25 0.0156 29.10 0.9272
16 0.0100 28.93 0.9209
10 0.0063 28.74 0.9179

∗With the radiation exposure in conventional radiology set to 1.

With the measurements reduced to 200, the radiation ex-
posure drops to one eighth at an expense of deterioration in
image quality while the structure details including the flesh
texture and skeleton are still depicted explicitly as shown in
Fig. 7(b). After that, the image quality declines evidently with
the measurements. When measurements drop to 10, the dete-
rioration of image quality is significant, but the skeleton of the
fish is still revealed integrally as shown in Fig. 7(d). Due to
the sparse and binary property of the bones, the whole skele-
ton was successfully reconstructed with compressive sensing
based on TV regularization at an extremely low sampling rate.
The corresponding radiation exposure is 1/160 of that for con-
ventional radiology, which infers that two orders lower radia-
tion exposure is achievable with SAXGI while the interested
structure of the sample is relatively simple, and the associated
contrast is fairly high.

Actual radiation exposure at different number of mea-
surements is also evaluated quantitatively according to Eq. (3)
and the related experimental parameters. The flux den-
sity of x-ray beam at 15 keV of BL09B at SSRF is
7.5 × 108 photons/s/mm2. The image size in the exper-
iments is 2000 × 1000 pixels with size of 3.25 mm and
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6.5 mm×3.25 mm. Thus, the total flux incident on the sam-
ple is 7.9× 109 photons/s considering the 50% absorption of
the sandpaper. According to the flat image without sample
and the sample image, the averaged absorption rate of the
fish is 0.172. The exposure time for the target image is 3 s
and the radiation exposure of the fish is 4076 photons/pixel,
which meets the requirements to obtain high contrast imaging
of biomedical samples in conventional radiology. The SAXGI
is anticipated to reduce that radiation exposure tremendously.
Taking into account the 40× 40 binning of the detector, the
effective exposure time for each frame in the signal beam is
3.75 ms. Accordingly, the average radiation exposure is 2.55
photons/pixel in each measurement. Furthermore, two orders
higher efficiency compared to the scintillator-based detector
used in our experiments, can be achieved according to the pub-
lished results,[21] if a direct recording x-ray detector is em-
ployed in the signal beam.
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Fig. 7. SAXGI images for a fish reconstructed with measurements of (a) 400,
(b) 200, (c) 50, and (d) 10 at a 40×40 binning of the detector in the signal
beam. Panels (e) and (f) depict that PSNR and SSIM vary with the measure-
ments, respectively.

The number of measurements is the key issue to control
radiation exposure in XGI. Based on the strategy in SAXGI,
the number of measurements for a mega-pixel XGI can be re-
duced to a quite low level. According to the experimental re-
sults, 400 measurements is able to restore images of similar
quality to conventional radiology and the correspondent radi-
ation exposure is 1019 photons/pixel which is one-fourth of
the conventional radiology. The lower limit of measurements
in SAXGI is 10, which is sufficient to discern the skeleton
of the fish and the overall radiation exposure is reduced to
25.5 photons/pixel which is far less than that of conventional
radiology. Furthermore, by combining SAXGI with a direct

recording x-ray detector in the signal beam, the expected over-
all radiation exposure for SAXGI is 10.19 photons/pixel at 400
measurements and 0.255 photons/pixel at 10 measurements
respectively. In fact, this is also the advantage of XGI as a
nonlocal imaging method, in which detectors of different effi-
ciencies can be selected to record the images in reference and
signal beam respectively. Combining the synthetic aperture
strategy of SAXGI with the nonlocal property of XGI, x-ray
ghost imaging with mega-pixel and low radiation exposure is
promising.

4. Discussion and conclusion
Synthetic aperture x-ray ghost imaging (SAXGI) has

great potential in low dose radiology and high resolution.
Firstly, a resolution chart, a typical binary object with low con-
trast and relatively simple structure is employed to evaluate
the spatial resolution of SAXGI. The image of 1960× 1960
pixels was reconstructed with a 40× 40 binning in the ob-
ject beam at 360 measurements. According to visibility of
the resolution chart, SAXGI can achieve a spatial resolution
of 4 µm, which is close to the resolution limit of conven-
tional radiography with the pixel resolution of 0.65 µm. with
measurements reduced to 10, the resolution of 10-µm SAXGI
can obtain exceeds the 26-µm pixel resolution of the signal
detector. Moreover, A dehydrated fish was adopted to test
the ability of SAXGI for low-contrast and complex samples.
The microstructures of the fish including the skeleton, flesh
and fins exhibited in 2000× 1000 pixels were definitely re-
constructed by SAXGI with a 40× 40 binning in the object
beam at 770 measurements. Estimation of radiation exposure
compared with conventional radiology was also carried out.
One fourth of the radiation exposure in conventional radiology
was achieved by SAXGI at 400 measurements while the image
quality remains almost the same. When measurements drop to
10, which corresponds to 1/160 of radiation exposure in con-
ventional radiology, skeleton of the fish was still revealed in-
tegrally by SAXGI. Therefore, we can conclude that the pro-
posed SAXGI enables high-fidelity imaging at radiation ex-
posures at least two orders of magnitude lower than conven-
tional x-ray imaging. Accordingly, these results demonstrate
that SAXGI is able to restore a megapixel image with high
fidelity and few measurements.

The strategy of SAXGI to reconstruct the images block by
block reduces tremendously the requirements on the number
of measurements. Combined with TV regularization in com-
pressive sensing, the number of the measurements is further
reduced significantly and the robustness of SAXGI against op-
tical background noises is also improved. Much fewer mea-
surements of the proposed method represents not only low ra-
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diation exposure but also high efficiency for data acquisition.
Results of this paper implicate that SAXGI provides a practi-
cal approach for the implementation of low-dose x-ray ghost
imaging for non-destructive imaging of a variety of samples,
especially biomedical specimens.
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