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In x-ray dark-field imaging using dual phase grating interferometer, multi-contrast signals are extracted from a set
of acquired phase-stepping data by using the least-squares fitting algorithm. The extracted mean intensity, amplitude and
visibility signals may be intrinsically biased. However, it is still unclear how large these biases are and how the data
acquisition parameters influence the biases in the extracted signals. This work set out to address these questions. Analytical
expressions of the biases of the extracted signals were theoretically derived by using a second-order Taylor series expansion.
Extensive numerical simulations were performed to validate the theoretical results. It is illustrated that while the estimated
mean intensity signal is always unbiased, the estimated amplitude and visibility signals are both positively biased. While
the biases of the estimated amplitude signals are proportional to the inverse of the total number of phase steps, the biases
of the estimated visibility signals are inversely proportional to the product of the total number of phase steps and the mean
number of photons counted per phase step. Meanwhile, it is demonstrated that the dependence of the biases on the mean
visibility is quite different from that of Talbot—Lau interferometer due to the difference in the intensity model. We expect
that these results can be useful for data acquisition optimizations and interpretation of x-ray dark-field images.
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1. Introduction

In recent years, x-ray dual phase grating interferome-
try has demonstrated its attractive advantages as a multi-
contrast imaging technique.l'-' Different from Talbot-Lau

[17-24] dqual phase grating interferometry uti-

interferometry,
lizes two fine-pitch phase gratings to generate moiré fringes
with a pitch hundreds of times greater than that of phase
gratings. As a consequence, dual phase grating interferome-
try enables efficient use of common imaging detectors to re-
solve the moiré fringes directly. Furthermore, working with
pure phase gratings enables radiation dose reduction by a
factor of approximately two, and resolves the challenge of
fabricating absorbing gratings of high aspect ratio and large

[1,2

area.!':?] Most importantly, dual phase grating interferome-

try allows tunable dark-field sensitivity by varying the inter-

e.210] Kagias et al. demonstrated the advan-

grating distanc
tage of tunable dark-field sensitivity by imaging powders of
different mean grain sizes.?! From dark-field images at dif-
ferent correlation lengths, significant change in the dark-field
signal strength for the two different powders can be clearly
seen. Therefore, tunable dark-field imaging provides a more
straightforward way to reveal the relation between the cor-
relation length and the sample’s dark-field signal. This re-
lation is the key to quantitatively accessing the sub-micron

25,26

structural information of the sample.[?>2% Quite recently, Or-

TCorresponding author. E-mail: dywangzl@hfut.edu.cn

CSTR: 32038.14.CPB.ada430

ganista ef al. demonstrated the implementation of x-ray dual
phase grating interferometer for building materials characteri-
zation in a nanoscale range, with samples of tens of millime-
ters in size, validated with dark-field images at different corre-
lation lengths. 1]

Dual-phase grating interferometer can be operated in two
imaging modes. In the single shot mode, the image resolu-
tion is defined by the pitch of moiré fringes, which varies
significantly between measurements at different correlation
lengths.3] Consequently, image registration becomes manda-
tory for further analysis, which is unfavorable for tunable dark-
field imaging. By contrast, in the phase-stepping mode the
resolution of the imaging detector is maintained, which en-
ables tunable dark-field sensitivity without image registration.
Therefore, the phase-stepping approach is commonly used

279.1L13-16] 1 4 phase-stepping

for intensity data acquisition.|
procedure, one of the gratings is laterally shifted over one or
more periods in a total of M phase steps, and an intensity mea-
surement is performed by the detector at each grating position.

According to theoretical models of x-ray dual phase grat-
ing interferometry, in the absence of noise, a phase-stepping
acquisition leads to the following intensity profile for each de-

tector pixel:(%12]

_ o - 27k
Ny (x,y) = No+Njcos ((P—i— M)
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+ N> cos (2(}3—%4;/[7#{) , (k=1,2,....,M),(1)
where (x,y) denotes the pixel coordinates in a two-
dimensional detector array, Ny is the expected x-ray intensity
measured at the k™ phase step, and the total number of phase
steps M satisfies M > 5 for multi-contrast signal retrieval. The
mean intensity Ny (i.e., the mean number of photons counted
per phase step) is related to the absorption contrast signal, and
the phase coefficient ¢ to the differential phase contrast sig-
nal. As experimentally validated,!>!®! both the first-order and
second-order harmonics contribute to the measured intensity,
represented by the amplitudes N; and N, in Eq. (1), respec-
tively. Especially, when using polychromatic sources, the first-
order harmonic always dominates the contribution to the fringe
intensity for dual 7 /2-grating setups, while the second-order
harmonic dominates the fringe intensity for dual m-grating
setups.!® 1] The amplitudes are directly related to the 1* and
2" visibilities by Vi = Ni/Np and V5 = N, /Ny, respectively.
Especially, when performing tunable dark-field imaging, it is
the visibility V| or V, that determines the noise behavior of the
retrieved dark-field images, rather than the overall fringe vis-
ibility. Finally, the dark-field signal can be accessed from a
relative visibility reduction resulting from small-angle scatter-
ing within the investigated sample. 226!

As x-ray dual phase grating interferometers work with
photon-limited polychromatic tube sources, each x-ray inten-
sity measurement is inevitably contaminated by noise. In or-
der to accurately extract different contrast signals, intensity
measurements should be repeated many times and averaged at
each phase step. One can estimate the expected photon num-
ber at each phase step (i.e., Ny), which is then used to extract
multi-contrast signals. However, due to the concerns of poten-
tial risks associated with ionizing radiation, repeated intensity
measurements are impractical in clinically medical imaging.
Therefore, one question encountered in multi-contrast signal
retrieval process is, how does one seek for a set of four char-
acteristic parameters, {No,Ni,Na, ¢}, that best fits a single set
of measured phase-stepping data N;? As a natural choice to
address this question, a least-squares fitting algorithm can be
utilized to accomplish this goal.l*’ A closed-form solution
for {No,N1,N,, ¢}, denoted as {NO,NI N, é} can be derived
from a least-squares optimization problem, as shown below.

However, one fundamental question that remains to be ad-
dressed is how accurate are the parameters extracted by using
a least-squares fitting algorithm? In Talbot-Lau interferom-
etry, Ji et al. presented theoretical and experimental studies
of estimation biases of the absorption, differential phase, and
dark-field contrast signals extracted by a least-squares fitting
algorithm. 28] It was shown that while the estimated absorption
signal is unbiased, the estimated dark-field signal is positively
biased, with the relative bias dependent on the mean visibility
and the exposure level. However, to the best of our knowledge,

the potential bias of the extracted multi-contrast signals, as a
quantitative measure of the signal estimation accuracy, has not
yet been fully addressed in x-ray dual phase grating interfer-
ometry. The purpose of this work is to perform both theoretical
and numerical studies on this topic in x-ray dark-field imaging
using dual phase grating interferometers. Specifically, we aim
to address the following intriguing questions: (1) Is the least-
squares fitting signal estimation a biased estimator? (2) If bi-
ased, how large is the estimation bias? and (3) how do the
data acquisition parameters influence the estimation bias? Fi-
nally, noting the significant difference in the intensity model,
one can reasonably expect that the signal estimation biases are
different from those of Talbot-Lau interferometer. >8]

The paper is structured as follows. Section 2 briefly re-
views theoretical formulas for multi-contrast signal estima-
tion using the least-squares fitting algorithm, and then presents
analytical formulas of signal estimation biases by using a
second-order Taylor series expansion. Section 3 presents re-
sults of numerical simulations to validate theoretical formulas
derived in Section 2. Finally, discussions and conclusion are
presented in Section 4. We expect that these results can be
useful for interpretation of x-ray dark-field images.

2. Theory and methods

2.1. Multi-contrast signal estimation using least-squares
fitting
With a set of measured phase-stepping data N
(k=1,2,...,M), signal estimation using the least-squares fit-
ting algorithm can be formulated as the following local mini-
mization problem:

{No, 81, N2, 9}

M

. k

= arg min {Nk — [No + Njcos (q) + 27r>
No,Ni ,N27¢I§1 M

K 2
+ N, cos <2¢ +47IM> ] } . 2)

By calculating the partial derivatives of the least-squared ob-
jective function with respect to the four parameters Ny, N1, N>
and ¢, one can readily obtain a closed-form solution to the
minimization problem given by Eq. (2),

. 1 ¥
No=—
o Mk;Nk, (3)
- 12 r 12
. 2 M i —k M k
Ny = i k:1Nksm <277:M> + kglNkcos (ZEM) ,
4
- 12 r 12
A= 2 y Nesin ( 4m—~ + 3 N, ank
= — Sin —_— COS —
? M k=1 ¢ M k=1 ¢ M
©)
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As the main benefit of dual phase grating interferometry lies in tunable dark-field imaging without image registration, this work

focuses on the potential biases of the estimated mean intensity and amplitude coefficients, and finally the visibility signals.

Equations (3)—(5) lead to the following formulas for retrieving visibility signals:

g Ny sin <27‘L’>

$vs(2e)] /Em. ©

k=

Vo =2x [ZNksm <47r>

2.2. Potential estimation bias of an estimator

In statistics, the bias of an estimated parameter 6 is de-
fined as the statistical mean of the difference between the esti-
mated value and its truth 6,

bo (6) = E(6-6) = [ [6(a)-

where x denotes the measured data vector from which the es-

6] P(x;0)dx, (8)

timator O is extracted, and P(x;0) is the probability density
function of x for a given 6. In practice, it may be difficult
or even impossible to directly and analytically calculate the
integration in Eq. (8). Alternatively, one can proceed by us-

~

ing a Taylor series expansion around X to approximate 6 as

follows: 28291

24

N N 0°0
6 (x) %9:E+Zax1_x,- Zax

X (xl-—x,-)(xj—xj), (9)

,8xJ

where x; denotes the i element in the data vector. Under this
approximation, one can obtain the statistical mean of the esti-

mated parameter as

A

2
E[b(2)] = 6(z)+ ) 37? i IZ Biax,
X (3= %) (= 7)) 10

where (-) denotes ensemble averaging. As dual phase grating
interferometers using polychromatic x-ray tubes are always
photon limited, the measured phase-stepping data can be con-
sidered as uncorrelated and Poisson distributed random vari-
ables. Then the bias of an estimator 8 can be approximately
calculated by using Eqgs. (8) and (10). And the final result is
given by

R U
bg(e):<9>—egiz— o,. (11)

That is, the bias of 0 is determined by the second-order deriva-
tive of the estimator calculated based on the expected value of
& and the variance of the measured data.

5 e i ;)r /3 n o

2.3. Bias of mean intensity estimator

By use of the closed-form solution of N given by Eq. (3),
the second-order derivative of Ny with respect to N can be
readily calculated as

A

02N,
INE |y

=0, 12)

which can be understood by noting that the extraction of the
mean intensity signal given by Eq. (3) is essentially a linear
process. Consequently, all of the higher order derivatives are
also equal to zero. Substitution of Eq. (12) into Eq. (11) leads
to the following result:

b (Ro) = 0. (13)

Namely, the mean intensity estimator is an unbiased estima-
tor. Note that this result is the same as that in Talbot-Lau

interferometer. 28]

2.4. Bias of the first-order visibility estimator

For interferometers consisting of two 7/2-shifting grat-
ings, the first-order harmonic always contributes dominantly
to the fringe intensity.®:!!] Based upon the closed-form solu-
tion of N; given by Eq. (4), one can calculate the second-order
derivative of N; with respect to N as

:MjN sin <¢+2”k) (14)
1

9Ny
2

On the other hand, the measured photon number always fol-
lows the Poisson distribution for those photon-counting x-ray
imaging systems. As a consequence, the variance of the mea-
sured phase-stepping data equals its mean value, namely,

_ _ _ 27k
0'1%,1( =N, = No+ Njcos (¢+7r)
4mk
+N, cos <2¢+77:> (15)

Substitution of Egs. (14) and (15) into Eq. (11) leads to the
bias of the first-order amplitude estimator

MaN] 2 1 ‘_/2
=—|1—--= 1
R, MV1< 2), (16)

g Z aNZ
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where V| = Nj /Ny and V5 = N, /Ny are the mean values of the
first-order and second-order visibilities, respectively. Equa-
tion (16) suggests that the first-order amplitude estimator is
positively biased, and the bias is inversely proportional to the
total number of phase steps, and dependent on the mean visi-
bilities V; and V5. Compared to Talbot—Lau interferometer, [>3]
the bias of N, 1 is reduced to some extent, depending on the
value of V. Moreover, since it is the visibility signal that is
used to define the dark-field signal, it becomes necessary to
directly study the potential bias of the visibility estimator. By
using the closed-form solution of V; given by Eq. (6), one can
compute the second-order derivative of V; with respect to Ny

as
2%V, 2 2 - 27k
721 :_2|:—+V1—ZCOS(¢+TC>
IN;; 5 (MNo)” LVi M
2 _ 2@k
— V—lcosz <¢ + AZ) } 17)

On substitution of Eqgs. (15) and (17) into Eq. (11), with a few
straightforward calculations, the bias of the first-order visibil-
ity estimator V| is found to be

b(f/l):mém(l‘;z), (18)
which reveals that the first-order visibility estimator is also
positively biased, with the bias level inversely proportional to
the product of the total number of phase steps and the mean
number of photons counted per phase step. Moreover, the bias
level is always dependent on the mean visibilities V; and V5. In
comparison with Talbot-Lau interferometer,?®! the bias of the
first-order visibility estimator is reduced by a factor of V, /2.

2.5. Bias of the second-order visibility estimator

For interferometers that consist of dual 7-shifting grat-
ings, the second-order harmonic dominates the contribution

(8111 Using the closed-form solution of

to the fringe intensity.
N> given by Eq. (5), one can readily obtain the second-order

derivative of N, with respect to Ny as

I’N, 4 5 (- 4mk
| = —5=sin® (20 4+ —- |. 19
IN? N M ( ¢ M> (19)

On substitution of Egs. (15) and (19) into Eq. (11), one obtains
the bias of the second-order amplitude estimator

. 1 v -
b (Nr) = A [1 - Elcos (50) 8s.m
V- -
- ?2 cos (60) 66’M] , (20)

where §; ; is the Kronecker delta function. Equation (20)
demonstrates that the positive bias can be dependent on the
mean phase ¢ in the case of M = 5 or M = 6. With M > 6, the

bias is only determined by the total number of phase steps and
the mean second-order visibility. Furthermore, we consider
the potential bias of the second-order visibility estimator on
the basis of Eq. (20). After a few straightforward calculations,
the bias of the second-order visibility estimator is shown to be

NN 1 Vi -
b (Vz) = WO‘—/Z |:1 — ? COoS (5¢) 55,M
% cos (69) 56,4 , @)

which shows that the second-order visibility estimator is also
positively biased, with the bias level dependent on the mean
phase through cos (5¢) with M = 5, and through cos (6¢) in
the case of M = 6. With M > 6, the bias level is inversely
proportional to the total number of photons counted MNj and
the mean visibility V5, and independent of the mean visibil-
ity V;. Note that in the case of M > 6, the biases given
by Egs. (20) and (21) are the same as those in Talbot-Lau

interferometer. 28]

3. Validation results

In order to validate theoretical formulas of estimation
biases, numerical experiments are performed by using pa-
rameters that resemble those used in recent experimental

(16

measurements. 1% Phase-stepping data was generated follow-

ing the theoretical model given by Eq. (1). Especially,
the simulated mean visibilities V; and V, had realistic val-
ues of 0.15 and 0.3, respectively, according to experimen-

[16] Besides, the mean number of photons

tal measurements.
counted per phase step Ny ranged from 200 to 2000, and the
total number of phase steps M ranged from 5 to 11. Finally,
photon shot noise, the main factor affecting the quality of dark-
field images, was considered in the generated phase-stepping
data to make the simulations more realistic.

For given values of Ny and M, the phase-stepping mea-
surements were repeated 500 times for statistical significance.
According to the data processing procedure,?8%°1 the 500 sets
of phase-stepping data were averaged at each phase step to
obtain Ny (x,y), to which the least-squares fitting algorithm
was applied to estimate Ny, N1, Np, V; and V5. On the other
hand, the least-squares fitting algorithm was applied to each
set of phase-stepping data to estimate the multi-contrast sig-
nals {]%,Nl N,V ,\72}. Then ensemble averaging was per-
formed for each estimator to obtain (No), (N1), (&), (V)
and <V2>. Finally, the estimation bias was calculated by the
difference, and compared to the theoretically predicted values.

3.1. Validation of b (Ny)

According to the data processing procedure and the signal
extraction formula given by Eq. (3), Ny and <1V0> are respec-

038701-4
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tively calculated by

N, 22)

1 1 500 M ")
= 300 ZIkZN" , (23)
et

where N,Ej ) denotes the j repeated intensity measurement at
the k™ phase step, and IV(()J ) denotes the estimated Np from the
j™ phase-stepping data by using Eq. (3). Then the bias of N

is calculated as
b (N()) = <]Vo> —No=0. 24)

Namely, Ng is an unbiased estimator. Actually, this is a direct
result of the fact that the extraction of the mean intensity signal
given by Eq. (3) is a linear process.

3.2. Validation of b (V)

Figure 1(a) shows the logarithm of the bias b (N 1) against
the logarithm of the number of phase steps for different mean
numbers of photons counted per phase step, along with the-
oretical predictions by Eq. (16). In all cases, the estimation
bias b (N;) obtained through numerical simulations is in ac-
cordance with theoretical values given by Eq. (16). As ex-
pected, the positive bias b (Nl) is inversely proportional to the
number of phase steps, and independent of the mean number
of photons counted per phase step. This behavior is further
confirmed by the results shown in Fig. 1(b), where the bias
of Ny is plotted as a function of the mean number of photons
counted per phase step for three different numbers of phase
steps. The error bars in Fig. 1 represent the standard devia-
tion of ensemble averaging. Generally, the numerical results
are consistent with theoretical predictions with an increase in
the mean photon number Ny. With a smaller mean photon
number, minor deviations are observed between numerical re-
sults and theoretical mean values. These deviations can be
mainly induced by noise from photon statistics, and the trun-
cation of the Taylor series expansion after the second order. A
comparison between Figs. 1(b) and 3(b) shows that the pho-
ton noise influences the estimation bias greater in the case of
a lower mean visibility. With a further increasing repetition
of phase-stepping measurements, the remaining deviation will
continue to decrease. Despite slight deviations, theoretically
predicted values are always comparable to numerical results,
falling within one standard deviation for all mean photon num-
bers. The good agreement confirms the validity of the theoret-
ical formula of Eq. (16).

1.3
124 Eq. (16)
1.1} § N =200
3 Ny =400
1.0f % 1 Ny = 800
§ Ny = 1600
0.9}
0.7} +
0.6} + +
0-5¢ 6 78 9 10 fl
M
1.3
(b)
1.2mp
|| EEE.
rip L] [ I 11
1.0} i M=5
i M=38
g 0.9} ¥ M=11
= 0.8} l
ort b4
0.6f .
00 o S S S S o
200 800 1400 2000

No
Fig. 1. (a) Log-log plot of b (Nl) against the total number of phase
steps for different mean photon numbers per phase step. (b) Plot of

b (Nl) as a function of the mean number of photons counted per phase
step for different numbers of phase steps.

3.3. Validation of b (V)

Figure 2(a) presents the logarithm of the bias b (\71)
against the logarithm of the number of phase steps for differ-
ent mean numbers of photons counted per phase step, together
with theoretical predictions from Eq. (18). It is seen that the
numerical results (represented by points with error bars) agree
quite well with theoretical predictions (represented by solid
lines) in all cases. As expected, the bias b (\71) decreases lin-
early with the inverse of the number of phase steps. Figure 2(a)
also suggests that different from b (N ), the bias b (V1) is de-
pendent on the mean number of photons counted per phase
step. This behavior is further investigated in Fig. 2(b), where
the logarithm of the bias b (V) is plotted against the logarithm
of the mean number of photons counted per phase step for dif-
ferent values of M, along with theoretical predictions from
Eq. (18). As shown, there is an excellent agreement between
numerical results and theoretical predictions. Indeed, the bias
b (\71) decreases linearly with the inverse of the mean pho-

ton number Ny. The error bars in Fig. 2 are from the standard

038701-5
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. (o)
-~
& & ~¢ T
s =% =
= . S $- 4 =
= * ........ o
= 1.0t 2 1 =
= Fee +
R . P *
~—p
0.5 B 1
\4'*~\_*
§ Ny =200 § Ny = 400 .
i ]Vll = 800 * 0= 1600 ¥ k
5 6 7 8 9 10 11 200 T 800 1400 2000
M No

Fig. 2. (a) Log-log plot of b (‘71) against the number of phase steps M for different mean photon number Ny per phase step. (b) Log—log plot
of b (Vl) against the mean number of photons counted per phase step Ny for different values of M.

deviation of ensemble averaging. The results shown in Fig. 2 means that the overall number of photons counted, M x Ny, is the
determining factor of the bias b (\71 ) All these results confirm the validity of Eq. (18).

3.4. Validation of b (Nz)

In Fig. 3(a), the logarithm of the bias b (]Vz) is drawn against the logarithm of the number of phase steps for different
mean numbers of photons counted per phase step. As can be seen, the bias b (Nz) obtained through numerical simulations

0.70 . . — 0.75 o) . ,
0.65 _ ;
0.60 Cor b L L LT
0.55 0-65F l l I T I T T T ]
0.60 | :
0.50 tM=5
. —~ 0.55} fM=8 A
= 0.45 = FM=11
= = 0.50
0.40 | 0.45 !
0.35 0.40-*_%"%)_%_%}_%"%_*%_%_-
0.35} ;
L 3
I GRS S e
5 6 7M 8§ 9 10 11 200 800 . 1400 2000
0

Fig. 3. (a) Log—log plot of b (Nz) against the total number of phase steps for different mean numbers of photons counted per phase step. (b) Plot
of b (Nz) as a function of the mean number of photons counted per phase step for different numbers of phase steps.
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Fig. 4. Plot of b (Nz) as a function of the mean phase for given number of phase steps. The mean number of photons counted per phase step is
(a) 800 and (b) 1600.
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is in good agreement with theoretical predictions by Eq. (20)
in all cases. As expected, the positive bias b (N5) is linearly
dependent on the reciprocal number of the phase step number
M, and independent of the mean number of photons counted
per phase step. This behavior is further confirmed by the re-
sults presented in Fig. 3(b), where the bias of N is plotted
across different mean numbers of photons counted per phase
step. As shown in Fig. 3(b), for a given number of phase steps,
the bias b (Nz) remains almost constant with an increase in the
mean photon number Ny. The error bars in Fig. 3 represent the
standard deviation of ensemble averaging. These results vali-
date the theoretical formula of Eq. (20).

To further validate Eq. (20), Fig. 4 shows the bias b (A5)
as a function of the mean phase for given values of M and
mean photon number N, per phase step. As can be seen, the
bias of N, oscillates as a function of the mean phase with
M =5 or M = 6, and shows no dependence on the mean phase
with M = 8. All these results are consistent with theoretical
predictions from Eq. (20).

3.5. Validation of b (V)

Figure 5(a) shows the logarithm of the bias b (V») with
respect to the logarithm of the number of phase steps for
different mean numbers of photons counted per phase step,
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Fig. 5. (a) Log-log plot of b (\72) against the number of phase steps
M for different mean photon number per phase step Ny. (b) Log—log
plot of b (Vz) against the mean photon number Ny per phase step for
different values of M.

together with theoretical predictions from Eq. (21). A good
agreement is found between numerical results (represented by
points with error bars) and theoretical predictions (represented
by solid lines) in all considered cases. A linear decrease of the
positive bias b (V5) can be observed with the inverse of the
number of phase steps. Moreover, different from b (]Vz), the
bias b (\72) also shows dependence on the mean photon num-
ber Np. This behavior is further investigated, and the results
are presented in Fig. 5(b). As demonstrated, good agreement
can be found between numerical results and theoretical predic-
tions from Eq. (21). The logarithm of the bias b (V) decreases
linearly with the logarithm of the mean number of photons
counted per phase step for a given number of phase steps. This
is, the bias b (Vz) is inversely proportional to the mean photon
number Ny. The results shown in Fig. 5 prove that it is the
overall number of photons counted, M x Ny, that determines
the bias of the estimator V5. The error bars in Fig. 5 are from
the standard deviation of ensemble averaging. All these results
validate the theoretical formula of Eq. (21).
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Fig. 6. Plot of b (Vz) as a function of the mean phase for given number
of phase steps, with the mean photon number per phase step Ny being
(a) 800 and (b) 1600.

For further validation, the bias of Vg is drawn as a func-
tion of the mean phase and the number of phase steps in Fig. 6.
With the number of phase steps M being 5 or 6, a sinusoidal
oscillation of b (Vg) as a function of the mean phase is ob-
served. In the case of M = 8, the bias b (\72) remains almost
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constant with an increase of the mean phase. All these nu-
merical results demonstrate a good agreement with theoretical
predictions from Eq. (21).

4. Discussion and conclusion

This work investigated the potential biases of x-ray multi-
contrast signals extracted using the least-squares fitting algo-
rithm, as given by Egs. (3)—(5). Analytical formulas of estima-
tion biases were derived by using a second-order Taylor series
expansion, and validated by a series of numerical simulations.
It was shown that there was no bias for the absorption related
signal Ny. For the dark-field related signals Ny and N, the bias
was always positive, with the bias level proportional to the in-
verse of the total number of phase steps and dependent on the
mean visibilities V| and V5. To further understand the practi-
cal implications of the biases, it is beneficial to investigate the
relative error introduced by the bias, namely,

b(f) 1 1 Va
NI_MNO[VE<1_2>}7 (25)
b (N, 1 1 v "
v [ eey
V- _
7?2005 (6¢) 66,M] } (26)

From Eq. (16) and (20), it could be misleading to conclude
that more phase steps would reduce the biases. Actually, for a
given value of MN, (proportional to the total exposure level),
the relative error was dominantly determined by the mean vis-
ibilities V| and V. This fact emphasizes the significance of
improving the visibility of dual phase grating interferometers.
Under the condition of a fixed total exposure level, an increase
in the total number of phase steps would not influence the rel-
ative bias.

For the visibility signals V; and V5, the biases were in-
versely proportional to the product of the total number of
phase steps M and the mean number of photons counted per
phase step Ny. Additionally, the biases decreased with an in-
crease in the mean visibilities. Therefore, for grating interfer-
ometers with acquisition parameters of M > 5, Ny > 200, and
mean visibilities V; > 0.1 (i = 1,2), the biases of visibility sig-
nals were less than 0.01 and thus can be considered negligible.
By contrast, if the total exposure level satisfied the condition
of MNyV; < 100, the biases would be much greater than 0.01
and thus must be taken into consideration for image interpre-
tation.

Since both the signal standard deviation and signal bias
contribute to the overall variability of the visibility signal,
it would be interesting to compare the relative amplitude of
these two contributions. The signal standard deviation can
be derived by using Eqgs. (6) and (7) and error propagation

a.13% Then one can calculate the ratio between the bias

formul
and the standard deviation of the visibility signal. These inves-
tigations will be left for future work. Finally, the main limita-
tion of this study is the lack of experimental data, with further
validation currently being planned.

In summary, we have investigated the potential biases of
multi-contrast signals in x-ray dark-field imaging using dual
phase grating interferometer. Analytical expressions of esti-
mation biases were theoretically derived by using a second-
order Taylor series expansion to quantify the level of biases
and the dependence of signal biases on data acquisition pa-
rameters. Theoretical formulas were validated by extensive
numerical simulations. It was demonstrated that while the es-
timated mean intensity signal was always unbiased, the esti-
mated amplitude and visibility signals were positively biased.
And the biases were inversely proportional to the total num-
ber of phase steps and the mean number of photons counted
per phase step. Besides, the biases decreased with increased
visibilities of dual phase grating interferometers. Finally, due
to the difference in intensity model, the estimation biases of
amplitude and visibility signals were different from those of
Talbot-Lau interferometers. We expect that these results can
be used as guidelines for data acquisition optimizations and
dark-field image interpretation.
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