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An incoherent digital holographic imaging system was constructed in this study based on the Michelson interfer-
ometer, where the distance of the observed object can be calculated via mathematical modeling. We obtain the
composite hologram by generalized phase-shifting method, then utilize the contrast evaluation function to de-
termine the focus distance of composite hologram. The relationship between the focus distance and observation
distance is deduced accordingly to complete the measurement process. Experiments show that the uncertainty of

the proposed method decreases as observed distance increases in the range of 508 mm-660.4 mm. The results
presented in this paper may provide a theoretical foundation for incoherent holographic imaging and three-

dimensional measurement.

1. Introduction

Digital holography technology can be used to obtain light fields of
object as per the intensity of interference fringes between object light
and reference light, which is of great interest to researchers and engi-
neers [1-8]. Advancements in computer technology have rendered no-
table developments in holographic technology. Mikuta [9], Wu [10],
Pham [11], Sucerquia [12], Rostykus [13], Abbasian [14], Byeon [15],
Haglund [16], and other scholars across the globe have made remark-
able achievements in digital holographic reconstruction. Traditional
holography necessitates recording the interference of reference light and
object light, which has a very limited range of application. And coherent
light source illumination also introduces noise that markedly affects the
image quality [17].

An incoherent holographic technique is proposed which uses the
wave characteristics of light to resolve the coherent noise problem.
When using incoherent light, the surface of the observed object is re-
garded as several incoherent point sources. The light waves emitted
by each point source change into two self-coherent beams as they pass
through the beam-splitter system, then self-interference occurs on the
surface of the image sensor.

Incoherent optical holography is a hot topic in the holographic imag-
ing technology field. Kim [18], for example, proposed a full color natural
light holographic camera based on the Michelson interferometer. Choi
[19] used a geometric-phase hologram lens to realize incoherent holo-
graphic imaging. Rai [20] proposed a single camera shot holography
technique based on coded aperture correlation; Nobukawa [21] imple-
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mented single-shot phase-shifting incoherent digital holography with
multiplexed checkerboard phase gratings. Nguyen [22] established an
off-axis incoherent holographic recording optical path to separate con-
jugate images from the original images.

There have been many other valuable contributions to the litera-
ture. Katz [23] analyzed the imaging resolution of an incoherent digital
holography system. Cai [24] proposed an incoherent digital holographic
reconstruction method based on the generalized phase shift. Indeed,
studies have shown that self-interference holography allows the user
to record the amplitude and phase of observed objects to gather their
three-dimensional (3D) information.

The self-interference holographic technique can utilize the phase in-
formation of an observed object light wave. This remits several impor-
tant advantages.

(1) The holographic imaging system works based on a focusing algo-
rithm, thus eliminating the focusing mechanism of the traditional
imaging system.

(2) The lateral resolution of self-interference holography can be higher
than that of traditional optical imaging systems [25].

(3) Stereo measurement of the observed object can be realized because
its phase information is preserved [26].

It is necessary to determine the observed distance of the holographic
imaging system in order to achieve stereo measurement with holo-
graphic imaging technology. Acquiring the observed distance via imag-
ing method will greatly reduce the complexity of the observation system.

This paper proposes a novel method of measuring observation dis-
tance based on incoherent optical digital holographic reconstruction.
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Fig. 1. Self-interference holographic imaging system.

The optical path of the incoherent optical digital hologram is con-
structed using a Michelson interferometer, then the compound hologram
is obtained according to the generalized phase shift. The contrast evalua-
tion function determines the focusing distance of the hologram. Finally,
the observed distance model is established and the observed distance
obtained by transformation of the model. Experiments show that when
an object is fixed at a distance of 508 mm, the ranging uncertainty of the
proposed system’s observation is 3.31 mm. When the distance between
the observed objects ranges from 508 mm to 660.4 mm, the uncertainty
is 8.25 mm. The results presented below may provide theoretical support
for more sophisticated incoherent optical digital holography measure-
ment techniques.

The remainder of this paper is structured as follows. Section 2 ex-
plains the optical path principle and holographic reconstruction
method based on incoherent digital holographic imaging technol-
ogy. Section 3 explains the proposed observed distance measurement
method. Section 4 describes the experiment conducted to test the pro-
posed method, and Section 5 provides a brief summary and conclusion.

2. Principles of incoherent holographic imaging
2.1. Holographic recording principle

Similar to Fresnel Incoherent Holography (FINCH), a Michelson in-
terferometer was used in this study to design the optical path of an in-
coherent digital holographic recording system (Fig. 1).

The system includes the observed object, concave reflector M1 and
M2, beam-splitter, filter, and image sensor. The light waves emitted by
each point source are divided into two beams by a beam-splitter (1:1).
After reflection by concave mirrors M1 and M2, respectively, the beam
is combined again and presents self-interference on the surface of the
image sensor. The interference fringes are recorded by image sensors to
achieve holographic recording.

The propagation function of the light wave is:

j T

hx. . 2) = exp[j—(x2 + y2>] M)
V4

The hologram expression recorded by the imaging system in Fig. 1 is:

I=C+0"(x.y.2;) @ h(x,y.2;) + O(x, y, 2,) ® h™(x, ., 2p,) 2

Where “®” denotes a convolution operation, C is the DC component,
O is the observed object light wave, O* is the complex conjugation of O,
and h* denotes the complex conjugation of h. z;, is the focusing distance.
Eq. (2) contains a conjugate image and DC component, which interfere
with the reconstruction, make the image noisy, and do not allow for
clear images to be obtained.
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Fig. 2. Optical path coordinate system.

2.2. Generalized phase shift algorithm principle

Removing the conjugate image and DC component are the keys to
securing clear wave information. A four-step phase-shifting process was
used for reconstruction in this study. When recording holograms, four
holograms with different phases were recorded by vibration and other
methods: I1, 12, I3, and I4, respectively. Assuming the phase difference
between I2 and I1 is «, the phase difference between I3 and I2 is a, and
the phase difference between I4 and I3 is a3. The difference of phase
a7, @y, and ag can be determined by gray value statistics method, the
compound hologram can be obtained as follows [24]:

1 exp [i(al + 0’2)/2]
4sin(a; + @) | sin [(a2 + 0(3)/2]

_exp [i(al +o/2+ a3/2] (11— 13)}

O(x,y,zp,) = Aexp(i¢) = I2-14)

3

sin [(a] + az)/2]

where i is an imaginary unit, A is the amplitude of the composite holo-
gram, and ¢ is the phase. The composite hologram O(x, y, 2,) in Eq. (3) is
an object light wave diffracted by z;, distance. By inverse diffraction of
the composite hologram, the information of the in-focus object light
wave can be obtained as follows:

O(x,¥,0) = O(x, y, 2,) ® h*(x, y., zp,) )

where z, is the focusing distance, “®”represents the convolution op-
eration, O(x, y, 0) is the in-focus object wave, and h* is the complex
conjugation of h.

As expressed in Eq. (4), accurate judgment of focusing distance is
the key to accurate distance measurement. When the hologram is re-
constructed by an incorrect focusing distance, the amplitude image will
be defocused resulting in a decrease in image contrast. Here, we use the
following contrast evaluation function to acquire the focusing distance:

L8 A -4l
F:W;E[ A(x, y) ] ©

Where A denotes the amplitude of the object light and Adenotes the
average amplitude. M and N are the ranges of x and y of the hologram,
respectively. As the focusing distance z; changes gradually, the position
at which F is maximal becomes the best focusing position and the best
focusing distance can be determined accordingly.

3. Calculation of observation distance
3.1. Principle of calculating observation distance

First, we established the coordinate system with the elements of
Fig. 1 as shown in Fig. 2.

The focal lengths of the mirrors shown in Fig. 2 are f; and f,,
and the imaging distances of the two mirrors are z;=(2,f1)/(2,-f1),
29=(2,f2)/(2,-f2). Next, we set the distance between the image sensor
and the mirror as z.. The focusing distance can be expressed as follows
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Fig. 3. Principles of light paths at different distances.
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Bo= ©

By extrapolating z; and 2, into Eq. (6), we can express z, as follows:
az’ +bz,+c=0 @)

where the coefficients of the binary linear equation are:

a=(z, = f)z, = f2) = (f1 = )z

b=—[22(f1 + f2) = 21 /22| ®)
=221/,
Solving Eq. (7) yields the following expression:
z,(1) = —oVbi—dac VZIZ—‘W .
—b—\/b2—4ac ( )

ZD(Z) = 2a

Eq. (7) is a quadratic equation, so there are two 2, solutions as shown
in Eq. (9). In order to ensure the unique value of z,, it is necessary to
adjust the optical path so that z, is in a monotonic range.

In Eq. (6), set the expression of 2, is a quadratic function with z. as
its variable. The derivative of 2. can be obtained as follows:
dz 2z, —(z;+z
dzy _ 2z.—(z1+2) (10)
dz, zZy =2y

Let dz,/dz. = 0 and get 2. = (2; + +2,)/2, then the focusing distance
zp, reaches an extreme value. After introducing z. = (z; + +25)/2 into
Eq. (9), 2,(1) = 2,(2) —= b/2a. Here, z,(1) and z,(2) correspond to z_ at
each side of the (z; + +2,)/2 position, respectively. Let z.,=(z;+25)/2,
so the position of z. is related to the observed distance z, as follows.

e When 2=Zp, the observed distance is z,=-b/2a (Fig. 3(b));

e When z.,<2.<z,, the observed distance is z,>-b/2a and the solution
of Eq. (7) is z,(1), as shown in Fig. 3(a);

» When z; <z.<z,, the observed distance is z,<-b/2a and the solution
of Eq. (7) is z,(2), as shown in Fig. 3(c).
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Fig. 4. Imaging resolution optical path principle.

To ensure the monotonicity of the focusing distance, we limited the
observed distance z, > —b/2a to make sure that 2, < 2. < 2,. The solu-
tion of Eq. (7) is then z, = 2z,(1).

3.2. Uncertainty analysis

According to Eq. (8), the focusing distance of the hologram directly
affects the accuracy of the observation distance algorithm. The contrast
evaluation algorithm is used to obtain the focusing distance, so the effect
of the image resolution on the focusing effect is not negligible.

We set the aperture of the mirrors M1 and M2 as Ry, so the aperture
radii of the mirrors M1 and M2 are R; and R, respectively (Fig. 4).
According to the approximate triangle law, the aperture radius of a light
wave propagating through M1 and M2 to the image sensor is as follows:

Z. — 21

Ry =——R 11
1= = Ru an

Ry= 2—Ry (12)
z2
When the aperture of the reflected light through M1 and M2 mirrors
is R;=R,, the longitudinal resolution is zero and the lateral resolution
is maximal [23]. At this time, the position of the image sensor in the
optical path is:
z,= 257 (13)
Zq + Zy
The method proposed in this paper is closely related to the vertical
resolution of the optical path. When the range of image sensor is set
to 2Ze, < 2 < 23, Z. gradually moves away from the z, position as ob-
served distance z, increases. At the same time, the vertical resolution of
the holographic image gradually increases while the lateral resolution
of the holographic image gradually decreases. As a result, the observed
distance as-obtained gradually becomes more certain. Within this opti-
cal path, the calculations grow more accurate as the observed distance
increases.

4. Experiments
4.1. Focus distance experiment

We conducted a series of experiments to verify the validity of the fo-
cusing distance determination function on the incoherent hologram. The
optical path parameters were set to f; = 101.2 mm and f, = 152.4 mm.
The image sensor was placed at a distance of about z. = 80 mm from
the mirror and the observed object at a distance of about z, = 254 mm.
The range of image acquisition pixels in this case was 512 x 512 pixels,
the central wavelength of the filter was 650 nm, and the pixel size was
5.2um. We used a white light LED flashlight to carry out holographic
acquisition experiments on irradiated objects. The constructed optical
path is shown in Fig. 5 and the collected hologram is shown in Fig. 6.

Fig. 6(a)-(d) shows four holograms with different phases. Fig. 6(e)
shows an image of the observed object taken on a mobile phone. Fig. 6(f)
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Fig. 6. Holographic recording and focusing distance acquisition.

is a composite hologram with the generalized phase shift algorithm,
Fig. 6(g) shows the reconstructed amplitude, and Fig. 6(h) is the result
of using the contrast judgment function of Eq. (9). The optimal focusing
distance emerges when the curve in Fig. 6(h) reaches its maximum.

4.2. Uncertainty of measurement at uniform distance

We next set the range of image acquisition pixels as 300 x 300 pixels.
The range of the observed distance was z, = 508 mm to 660.4 mm and
the position of the image sensor was z, = 177.8 mm in this case. The
resulting light path is shown in Fig. 7. The parameters in the optical
path are as follows:

zy = 126.38 mm ~ 119.51 mm;
zy = 217.71 mm ~ 198.12 mm;
z¢p = 172.05 mm ~ 158.82 mm.

According to the above parameters, the coefficients of Eq. (8) are as
follows:

a =3.23088 x 10%;
b=—2.5236 x 10°;
¢ =4.8949 x 108.
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Fig. 8. Holographic recording and reconstruction results.

We next used an LED flashlight as the object to be observed. We
placed it at the P1 position shown in Fig. 7 (2, = 508 mm) and collected
four images as shown in Fig. 8(a)—(d).

We calculated the generalized phase shift to obtain the composite
hologram shown in Fig. 8(e). Fig. 8(f) shows a contrast curve obtained
by the contrast evaluation method, where we used a focusing distance of
23.15 mm. Fig. 8(g) shows the reconstruction amplitude. By calculation,
when z, = 23.15 mm, an obverted distance z,(1) = 493.11 mm was
obtained.

To verify the uncertainty, we gathered six hologram recordings when
the observed object was at the P1 position shown in Fig. 7 (z,=508 mm).
The composite holograms obtained by phase shift operation are shown
in Fig. 9(a), the reconstructed amplitudes are shown in Fig. 9(b), and the
contrast evaluation function curves are shown in Fig. 9(c). The focusing
distances determined according to the contrast evaluation function are
shown in Table 1.

As per Eq. (7), the disparity between the observed distance and the
set distance (2, = 508 mm) is as shown in Table 1. We used the stan-
dard deviation to assess the uncertainty of |u| at the same position,
67 = 3.31 mm.

4.3. Measurement uncertainty of different distance intervals

We next moved the observed objects and collected holograms every
50.8 mm. Fig. 10(a)-(d) shows the positions of the LED at P1, P2, P3,
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Table 1
Same-distance tests (Unit: mm).
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No. Set distance Focusing distance (z;,)

Calculated observation distance (z,)

Differences from set distance (|;4|)

1 508 23.15 49311 14.89

2 508 23.53 484.47 23.53

3 508 23.46 486.08 21.92

4 508 23.54 484.24 23.76

5 508 23.50 485.16 22.84

6 508 23.44 486.54 21.46
Table 2

Different distance tests (Unit: mm).

No. Set distance Focusing distance (z) Calculated observation distance (z,) Differences from set distance (|x|)
1 508 23.53 485.16 22.84
2 558.8 20.59 547.28 11.52
3 609.6 17.05 619.17 9.57
4 660.4 15.21 657.38 3.02
2;=23.15mm
23 23:.5
2;=23.53mm
202 234 236 208 24 25 2 25 2 25 20 202 24 206 208 21
(a) z;=23.53mm (b) z,=20.59mm
o . - .
: 1 43
23 235 24 e
2,=23.54mm f ’ i I 2 ’
23.2 23.4 23‘6 23‘8 2‘4
165 7 175 15 152 154 156 158 16
(¢) z=17.05mm (d) z7=15.21mm
2;=23.50mm
S Fig. 10. Holographic recording and reconstruction at different distances.
232 234 236 238 2‘4
z;=23.44mm

282 234 236 238 24

(b) ©

Fig. 9. Multiple imaging results at same location.

and P4 corresponding to 508 mm, 558.8 mm, 609.6 mm, and 660.4 mm,
respectively.

The focusing distance was determined according to Eq. (5) as shown
in Table 2. Converted observation distances are listed in the fourth col-
umn of the table. The errors between the measured value and the actual
value are shown in the fifth column of the table. The standard deviation
of the errors is 6, = 8.25 mm.

We found that error decreased as the distance of the observed ob-
ject increased. This suggests that as the observed distance increases, the
position of the image sensor z. moves farther away from z., and the reso-

p
lution of the image amplitude decreases, which deteriorate the focusing

distance accuracy as-determined via contrast recognition algorithm and
increases the measurement error.
The uncertainty of the observation distance calculation system used

in this experiment is/ 512 + 55 = 8.89 mm.

4.4. Experimental analysis

We found that the measurement uncertainty of the proposed method
is 3.31 mm for observed objects at the same distance and 8.25 mm for
different distances. The main factors causing errors are as follows.

(1) Generalized phase-shift reconstruction technology based on gray-
scale statistics leads to some error in hologram reconstruction, i.e.,
the hologram may contain some noise that influences the measure-
ments.

(2) Error also may emerge when using the contrast method to determine
the focusing distance due to noise. This may render the observation
distance calculation result inaccurate.
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(3) When the distance of the object changes, the relative position of
the image sensor in the optical path also changes as does the corre-
sponding imaging resolution. The observation distance calculation
accuracy decreases as longitudinal resolution decreases.

(4) Errors caused by inaccurate placement of components in the optical
path can also affect the system.

We suggest the following improvements to improve the distance cal-
culation accuracy.

(1) Accurate calculation of composite holograms in the phase-shifting
algorithm ensures the clarity of reconstructed holograms.

(2) An accurate focusing distance acquisition algorithm must be de-
ployed to ensure accurate focusing distance information.

(3) The optical path must be adjusted to ensure the effective resolution
of the holographic imaging system.

(4) Each component must be placed correctly in the optical path to cali-
brate the measured data and compensate for any measurement error.

5. Conclusion

Incoherent holography is a type of imaging technology that notably
differs from traditional optical imaging technology. Interference fringes
of the observed light are recorded and the phase information of the light
is retained so that 3D measurement of the observed object can be re-
alized effectively. This technology, which can realize the holographic
imaging of objects under solar illumination, has important research
value.

The optical path of an incoherent optical digital hologram recorded
by Michelson interferometer was analyzed in this study and recon-
structed using a four-step phase-shifting method. By establishing a re-
construction model of the holographic recording, the observed distance
was deduced in a series of experiments. The method presented in this
paper may provide a workable basis for future incoherent optical digital
holographic measurement techniques.
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