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ABSTRACT
A two- and four-step phase shifting (PS) technique in terahertz (THz) digital holography is proposed. Relying on the Mach–Zehnder
interferometer-based setup, it was demonstrated that the two-step and four-step PS in Fresnel holograms can assist in a five times greater
background subtraction. It allows us to improve the quality of the obtained holographic images, in particular when objects introduce phase
changes. It was shown that the recording of holograms of an object consisting of two separated planes can enable qualitative reconstruction
of 3D images. Here, the planes were separated by 30 mm, thus defining the longitudinal (depth) resolution in this experiment. It is shown
that the PS can serve in distinguishing transparent objects and, by a proper selection of phase variation within the 0–2π range, enable us to
increase the quality of the reconstructed hologram. Finally, the advantages of the suggested holographic technique are illustrated by compar-
ing the results with the data of weak absorbing objects obtained via point-to-point, plane-to-plane (4 f setup), and dark-field THz imaging
approaches. Experiments were performed at frequencies of 0.3 and 0.6 THz recording THz images using resonance antenna-coupled titanium
microbolometers.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062330

I. INTRODUCTION

Terahertz (THz) holography is a rapidly developing investi-
gation technique stimulated by a large variety of possible applica-
tions, in particular in discriminating weakly absorbing or transpar-
ent materials due to its high sensitivity to phase shifts. These features
make digital holography very attractive for biological and medical
investigations;1,2 they open possibilities to increase image resolu-
tion,3 either with additional autofocusing techniques4 or performing
the Fourier transform digitally,5 or multiplexing facilities.6

Holographic images can be registered and reconstructed using
a large variety of methods.7 The so-called Fresnel hologram is a
classical example of hologram, where the beam, diffracted by or at
the sample, propagates to the hologram plane and interferes with
the reference beam. The collimated beams—object Uobject and ref-
erence Ureference—impinging the hologram plane from the same side
are mostly recorded at some angle.7 Due to the fact that the intensity

of the interference pattern is registered, the reconstruction results
in the formation of four components in the Fourier domain: two
phase-independent terms form a DC term (a zero frequency com-
ponent) and two terms with the phase dependence form virtual and
real images. In the case of digital holography, only the real image
can be reconstructed and observed. Therefore, three other compo-
nents form the unwanted noise in the image reconstruction, reduc-
ing its quality. There are different methods to alleviate this situation.
One way is to exploit the filtration in the Fourier spectrum:7 if the
angle is wide enough, the reconstruction in a large enough calcula-
tion matrix will separate the components. However, such a method
requires more numerical capacity, and due to the filtration, only part
of the recorded information is used.

An alternative route to tackle the unwanted noise issue is to
engage phase shifting (PS) methods.8–10 The PS techniques are com-
monly used in digital holography to increase the quality of recon-
structed images by reducing noise in the reconstructed intensity
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distribution introduced by the beams that do not form the image.
The technique utilizes multiple exposures and a special recon-
struction algorithm to remove the spurious components from the
image of the registered object.11 In more details, mostly between
two and five exposures are performed by recording consecutive
holograms with the changed phase value of each reference beam.
These particular phase shifts introduced in the reference beam in
each exposure allow us to reconstruct the image via a particular
algorithm.12

In this work, we demonstrate a novel PS approach in THz
holography—two- and four-step PS technique—which enables a
reconstruction of 3D objects via the introduction of different phase
shifts in the reference beam. Here, we used two types of objects—first
introducing amplitude and phase changes and second consisting
of two separated planes in a space. Relying on the Mach–Zehnder
interferometer-based setup and applying two-step and four-step
phase shifts with the corresponding values equal to 0 and π for the
two-step method and 0, π

2 , π, and 3π
2 for the four-step method, it was

demonstrated that the PS in Fresnel holograms can assist in a com-
prehensive unwanted background subtraction, thus improving the
essential quality of obtained holographic images in two color—300
and 600 GHz—experiments. The experimental results have shown
the average increase in contrast (K) from 8.5 to 16.8 (Table I) and
the decrease in the value of the background by a factor of 5 while
reconstructing via a single hologram and the proposed two-step
PS technique, respectively. In the case of four-step PS reconstruc-
tion, the contrast was not increased in relation to single hologram
reconstruction and two-step PS; however, it should be noticed that
all reconstructed parts of the image have a very similar contrast
value. In other methods, they differ, while the object had uniform
brightness.

The revealed improvement introduced by the usage of differ-
ent phase-shifting techniques opens new possibilities to reconstruct
the multi-plane images of recorded multi-plane weakly absorbing
objects. It can be found well-suited for a large variety of applica-
tions, in particular in biology and biomedicine. Special attention
should be given to the possibility to distinguish the phase levels of the
investigated object that can be properly realized by the four-step PS
method. The proposed in-line holographic systems with the phase-
shifting technique allow us to increase the information capacity in
the optical system. Moreover, we demonstrated the dual-wavelength
recording of a two-plane object and its successful reconstruction in
both planes.

II. THEORETICAL FRAME FOR TWO- AND FOUR-STEP
PS TECHNIQUES IN THz HOLOGRAPHY

Registering and reconstruction of digital holograms can be real-
ized in many different ways7 employing the features of optical setup
geometry, properties of sources, or reconstruction techniques.

Interferometer principle-based setups are convenient for align-
ment and use; moreover, such a geometry allows us to reach a very
small—close to 0○—angle between the interfering beams. However,
in this case, the reconstructed components, corresponding to the DC
term and real and virtual images, overlap,13 which causes a reduc-
tion in the quality of the reconstructed image due to the increased
background noise. This arises from the light field distribution in
the real image plane coming from the virtual image and the DC
term. Therefore, it is of a particular need to suppress this negative
influence.

In what follows, we propose a step PS technique to resolve the
issue of the noise subtraction and proper determination of phase dis-
tribution in the sample. More specifically, we introduce the two-step
and four-step PS technique corresponding to the phase shifts in the
reference beams equal to 0 and π for the two-step technique and 0,
π
2 , π, and 3π

2 for the four-step technique.
The intensity pattern recorded for a single hologram can be

described as follows:

Ihologram(x, y) = ∣Uobject(x, y) +Ureference(x, y)∣2, (1)

where Uobject describes the light field distribution in the hologram
plane (x, y) coming from the object beam and Ureference is the
reference beam in the hologram plane (with or without a phase
shift).

In the four-step case, four different holograms are recorded
(each with different phase shifts introduced in the reference beam).
The calculated complex transmittance reconstructing the light field
distribution propagating back to the real image plane can be
described using the following equation:

Thologram–PS4(x, y) =
j=4

∑
j=1

Ij(x, y)Ure f erence_j(x, y), (2)

where Ij is the intensity of the hologram recorded for each exposure
and j is the consecutive number corresponding to different phase
shifts introduced in each reference beam Ureference_j and is equal
to 0, π

2 , π, and 3π
2 for j = 1, 2, 3, and 4, respectively. The complex

TABLE I. Contrast values for simulation results and experimentally reconstructed image (calculated from the intensity distri-
bution) for two areas of the “E” letter in one plane—with constant phase distribution (right letter) and various phase levels
inside (left letter).

Contrast Single hologram PS2 PS4

Simulations (large aperture) (Fig. 2) Right “E” 8.85 25.00 14.85
Left “E” 4.17 25.06 16.80

Simulations (small aperture) (Fig. 3) Right “E” 3.60 1.07 5.55
Left “E” 3.02 13.86 7.69

Experiment (Fig. 7) Right “E” 8.54 16.76 6.03
Left “E” 10.66 11.33 6.51
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reference beam is a plane wave for each hologram having a differ-
ent phase value. Thus, the term Ureference_j(x, y) can be simplified to
1, i,−1, and − i in the summation. Therefore, Eq. (2) can be rewritten
as follows:

Thologram–PS4(x, y) = I1(x, y) − I3(x, y) + i[I2(x, y) − I4(x, y)]. (3)

We must recall that each Ii(x, y) distribution consists of four compo-
nents. Two of these components form a DC term that is not phase-
sensitive, and the other two are real and virtual images. Furthermore,
all these 4 exposures are multiplied by the value corresponding to the
phase shift of the reference beam, and we obtain 16 components that
can be simplified as follows:

Thologram–PS4(x, y) = 4Uobject(x, y), (4)

which, after the back propagation (to the real image plane), will
reconstruct only the light field distribution related to the real image.

In the case of the two-step technique, only two exposures are
registered for the phase shift of the reference beam equal to 0 and π,
and the resulting transmittance can be written as follows:

Thologram–PS2(x, y) = I1(x, y) − I3(x, y). (5)

In this case, there are eight different components, and after the
multiplication with the corresponding phase shifts of the reference
beams, we obtain

Thologram–PS2(x, y) = 2Uobject(x, y) + 2U∗object(x, y), (6)

where ∗ is the complex coupling operation, and thus, U∗object
describes the light field distribution forming the virtual image. As
it is seen, the unwanted U∗object component is not removed in this
technique. However, it should be mentioned that the transmittance
Thologram–PS2(x, y) is propagated to the real image plane where the
real image is sharp and well defined, while the light field distribu-
tion corresponding to the virtual image forms a divergent beam that
only slightly affects the background. The background is lighter; how-
ever, it introduces noise. Nevertheless, in comparison with the noise
introduced by the DC term component, the noise introduced by
U∗object is hardly noticeable. It is worth noting that the two-step tech-
nique is two times faster due to the fact that it requires only two
exposures instead of four used in a previous approach.

To illustrate the proposed approach, a special sample, consist-
ing of two “E” letters of different types, was constructed. The sample
design is shown and commented in Fig. 1. It should be noticed that
the opening thickness in “E” letters is equal to 7 mm, which corre-
sponds only to 7 wavelengths in the case of using the 300 GHz beam
and 14 wavelengths for the 600 GHz beam.

The comparison between the different recording and recon-
structing methods is illustrated in Fig. 2. One can note that in these
simulations, the single “E” letter forming the object was 90 mm in
height and 60 mm in width, i.e., two times larger than in the experi-
ment (to additionally reduce possible large diffraction effects on the
letters). It was assumed that two beams interfere in the hologram
plane at an angle of 0○. The simulation parameters were as follows:
the distance between the object and the hologram plane was equal
to 85 mm, and the recording and reconstructing wavelength was
chosen to be 0.5 mm (equivalent to the experimental frequency of

FIG. 1. Specially designed sample to illustrate the two- and four-step PS tech-
niques in THz holography. The sample was fabricated from the aluminum foil of
dimensions of 70 × 112 mm2 with cut-out “EE” shape elements inside. The left
“E” letter consisted of five areas dedicated to produce different phase shifts 0, π

4
,

π
2

, 3π
4

, and π for 600 GHz corresponding to 0, 1, 2, 3, and 4 paper sheets that
are indicated by different colors. The right “E” letter was “empty” and served as a
reference. This sample was illuminated with a quasi-plane wave and formed the
object beam.

600 GHz). The calculation matrix was 2048 × 2048 pixels with the
sampling equal to 0.3 mm that corresponded to a square area of
614.4 mm. Such a relatively large calculation matrix was chosen to
diminish the edge effects and limited aperture influence.

As a reference, the intensity and phase distributions of the
image reconstructed by the classic back propagation method (Angu-
lar Spectrum of Plane Waves—ASoPW) were calculated. The results
are shown in Figs. 2(a) and 2(d). The light field corresponding to the

FIG. 2. Numerical simulations illustrating the differences between the reconstruc-
tion of the THz Fresnel hologram using different methods: (a) and (d) classic
back propagation (using the angular spectrum of plane waves method), (b) and
(e) two-step PS method, and (c) and (f) four-step PS method. (a)–(c) depict the
intensity distributions, while (d)–(f) depict the corresponding phase distributions.
The intensity pattern of the reconstructed image in the case of a small (1○) angle
between the interfering beams is presented in the inset of (a) for illustration. Note
the expressed characteristic sine-like interference pattern here.
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DC term component is clearly visible, forming a uniform and notice-
able background, which is not observed in other cases [see Figs. 2(b),
2(c), 2(e), and 2(f)]. As it is seen from the hologram reconstruction
in Fig. 2(a), the reconstructed image is formed by two reconstructed
beams corresponding to the object and reference. They propagate
numerically along the same optical axis and overlap in the real image
plane, making the reconstructed image not reliable. Inside the left
“E” letter, bright and dark regions can be seen instead of uniform dis-
tribution as it was in the object. The intensity distribution is changed
due to the different phase values of the object, and such an intensity
distribution corresponds to the interference pattern. To illustrate
this fact more thoroughly, an additional simulation was created with
an angle of 1○ between the beams, and in the inset of Fig. 2(a), the
characteristic sine-like interference pattern is present.

In the THz range, many objects can be transparent and thus
introduce a particular phase shift. Such features of the object result
in the reconstructed interference pattern of two beams. It can also
be clearly seen in the inset of Fig. 2(a) where an additional interfer-
ence pattern appears even when an angle of 1○ between the recorded
beams is introduced. The numerical reconstruction does not take
into account the presence of a beam splitter; thus, we observe such
an effect. For visible light, most of the objects are diffusive, which
means that their phase distribution is random. Therefore, the com-
ponents (DC term and real and virtual images) would overlap, but
there would be no interference fringes as it is visible in Fig. 2(a).
As it was already mentioned, the two-step PS technique [Fig. 2(b)]
removes only the influence of the DC term. As a result, an inter-
ference of real image reconstruction with the light field distribution
formed as the divergent beam resulting from the virtual image cre-
ates an interference pattern in the left “E” letter. The background is
significantly smaller than for classic reconstruction and is similar to
that for the four-step PS technique [Fig. 2(c)].

One can note that the four-step PS technique ideally recon-
structs the information about the intensity [Fig. 2(c)] and phase
[Fig. 2(f)] of the object. Note the visible diffraction effects on the
edges of the object. It must be underlined that in the case of phase
retrieval methods, the four-step PS technique is preferable regard-
less of two times larger registering time. However, in the case of
absorbing and not transparent objects, the two-step technique can
give reasonable enough results, and it is two times faster. To remove
the unwanted background, it is enough to apply the two-step PS
algorithm; however, to reconstruct proper information about phase
shifts introduced by the object, the four-step PS algorithm needs to
be used. Thus, the two-step PS technique is beneficial in the case
of absorbing objects, i.e., mainly intensity change related images,
while the four-step technique is more preferable in the studies of
low-absorbing or transparent objects relying on the phase changes.

After the illustration of the technique, a set of simulations was
conducted corresponding to the real experimental conditions. The
real object was smaller in comparison to that used in illustrating
simulations given in Fig. 2—in the experiment, “E” letters were of
45 mm height and 30 mm width. The calculation matrix was 1024
× 1024 pixels (each having a size of 150 × 150 μm2, resulting in the
area of 153.6 mm-edge-size-square). Moreover, the left “E” letter was
divided into five different areas to induce different phase shifts: 0,
π
4 , π

2 , 3π
4 , and π corresponding to 0, 1, 2, 3, and 4 paper sheets (for

600 GHz radiation). It was also assumed that two beams interfere
in the hologram plane at an angle of 0○ [for classic reconstruction

FIG. 3. Numerical simulations illustrating diffraction effects resulting from a small
size of the object in comparison with the wavelength. Simulation parameters cor-
respond to real experimental conditions. Reconstruction of the THz Fresnel holo-
gram using different methods: (a) and (d) classic back propagation (using Angular
Spectrum of Plane Waves—ASoPW), (b) and (e) two-step PS technique, and
(c) and (f) four-step PS technique. (a)–(c) show the intensity distributions. (d)–(f)
depict the corresponding phase distributions. The intensity and phase patterns of
the reconstructed image in the case when small (1○ and 2○) angles between the
interfering beams are introduced are shown in the insets of (a) and (d). Note the
pronounced characteristic interference pattern.

also at 1○ and 2○, showing the influence of misalignment—insets of
Figs. 3(a) and 3(d)]. The simulation parameters correspond to the
values in the experiment. The distance between the object and the
hologram plane was kept equal to 85 mm, and the recording and
reconstructing wavelength was of 0.5 mm (600 GHz).

As it is seen from Fig. 3, a strong influence of diffraction effects
is clearly noticeable.14 The interference of two reconstructed beams
in classic [Figs. 3(a) and 3(d)] and two-step PS [Figs. 3(b) and 3(e)]
methods is evident. Moreover, misalignment-induced effects in the
experimental setup are illustrated in the insets of Figs. 3(a) and
3(d). They manifest themselves as a characteristic stripe-like pattern
resulting from the interference of two beams.

The resolved difference can be observed in the reconstructed
phase distributions. The classic hologram approach does not give
a proper mapping of the phase values introduced by the object.
In the case of classic in-line digital holography, two beams—object
and reference—are simultaneously reconstructed and overlap in
the image plane, forming an interference pattern. Thus, the recon-
structed light field distribution is not the exact amplitude and phase
distribution introduced only by the object, which can be seen as
dark areas in the reconstructed intensity distribution in the image of
“EE” letters in Figs. 2(a), 2(b), 3(a), and 3(b). Hence, the best solu-
tion is to use the four-step PS technique illustrated in Figs. 2(c) and
2(f), which allows us to remove all unwanted reconstruction com-
ponents, according to Eqs. (3) and (4). Using multiple exposures
with different phase shifts of the reference beam allows us to recon-
struct (from the numerically changed hologram) only the informa-
tion about the object without additional components, forming noise.
This approach allows us to properly reconstruct phase values intro-
duced by the object. The two-step PS method [Figs. 2(b) and 2(e)]
introduces the additional piston-like phase value resulting from the
divergent field that shifts all phase values. Nevertheless, all differ-
ences introduced as the object phase shifts are distinguishable. The
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intensity pattern suffers from the effect of interference of two recon-
structed beams, forming the real and virtual images; however, the
phase distribution is reconstructed properly.

The two-step and four-step PS techniques require an interfero-
metric registering optical setup and give good quality reconstructed
images. One can note that the two-step PS is faster, while the four-
step provides better image quality, especially in the case of imaging
phase objects. To quantitatively compare the obtained results, con-
trast values (K) defined as K = Iav(s)−Iav(n)

Iav(n) were calculated. Here,
Iav(s) and Iav(n) are the average intensity values corresponding to
the signal area and the background noise area. The contrast val-
ues calculated from simulations and experimental results for object
introducing phase changes characterized by variable intensity values
are given in Table I and are strongly dependent on the phase level
introduced by the object. It should be underlined that comparing
parameters related to the intensity distribution (like contrast K) of
the hologram of the phase object can be misleading while relating
to the single areas. It is obvious that for two uniformly illuminated
areas with introduced phase shifts of 0 and π, maximal and mini-
mal intensity values, corresponding to positive and negative inter-
ferences, respectively, will be observed. The values of K in the case
of the experimental four-step PS technique are smaller than those
for the two-step PS technique. Moreover, it should be underlined
that the contrast of left and right “E” letters has the same values only
for the four-step PS technique. Hence, only this technique (totally
reducing all other hologram components) gives the assumed inten-
sity distribution of the transparent object with introduced phase
shifts. However, the phase values obtained only from the four-step
PS technique correspond well to those introduced by the object;
hence, this approach can successfully be used to map the phase
objects properly. This illustrates also better fidelity of the intensity
imaging in the case when the object introduces phase changes.

One of the essential points is the background subtraction by
introducing PS techniques. The noise level was calculated as the
average intensity value in the background area of reconstructed
images. It is enough to use the two-step PS technique to reduce the
noise level from 0.051 (calculated from single hologram reconstruc-
tion; Fig. 3) to 0.010 in simulations and from 0.034 to 0.017 in the
experiment.

III. EXPERIMENTAL SETUP
The experimental optical setup based on the Mach–Zehnder

interferometer is presented in Fig. 4. It is based on Schottky diode-
based frequency multiplier chains delivering the THz radiation of
0.3 and 0.6 THz frequencies.

The delivered coherent radiation is collimated by passing the
converging lens (L1, with f = 12 cm). Then, after the reflection by
gold-coated mirror M1, the collimated THz beam is divided into
two parts by beam splitter BS1 with a ratio of 1:1 and enters into the
interferometric part. One part of the beam is reflected from mirror
M2, and then, it is phase shifted by the introduced element PS and
reaches beam splitter BS2 (thus forming the reference beam). The
other part of the beam is reflected by mirror M3, passes through the
object (sample), and reaches BS2 (forming the object beam). Then,
both beams reunite, and from that time, they propagate along the
same optical axis, reaching the detector. The intensity of the interfer-
ence pattern is registered using a high performance antenna-coupled

FIG. 4. Principal scheme of the optical setup used to record a THz digital hologram
at 0.3 and 0.6 THz. Letter “E” denotes the electronic THz emitter; L1 is the high-
density polyethylene (HDPE) lens with f = 12 cm; M1, M2, and M3 are gold-coated
flat mirrors with a diameter of 50 mm; BS1 and BS2 label high resistivity silicon
beam splitters (525 μm thickness, with both sides polished); S (sample) is the
object with “LT” and “PL” shape apertures in the aluminum sheet; PS is a phase
shifter—different amounts of paper sheets introducing particular phase shifts in the
reference beam; and D is a titanium-based microbolometric detector. The example
of the image reconstructed from the registered hologram of “PL” and “LT” samples
is shown behind the detector.

titanium microbolometer15 working at room temperature. To alle-
viate the influence of the small-aperture-size optical elements, the
detector was placed in the main optical axis, and the object was
shifted by a computer controlled motorized xyz axis stage. Such a
solution allowed us to record the interference pattern resulting from
two overlapping beams in the middle of the optical setup where
the diffraction effects are not critical. Moreover, in such a case, the
phase value in the reference beam remains constant for the whole
hologram and is free from diffraction effects.

IV. TWO-PLANE-OBJECT RECONSTRUCTION FOR TWO
DIFFERENT FREQUENCIES

There are several propagation techniques that can be employed
in the reconstruction process of THz holograms. One can use the
Fresnel diffraction method,7,16 or if the recording is made in differ-
ent conditions, the Fourier transform method can be suitable.5,7

We preferred, however, the ASoPW method as it contains no
approximations and assures proper sampling conditions; moreover,
it is relatively free of numerical errors.17 This technique allows us to
access and modify the hologram digitally in its complex distribution,
and also, it enables us to introduce changes in its spatial frequency
domain (Fourier spectrum). The angular spectrum method relies
on the assumption that any light field distribution can be decom-
posed into individual plane waves traveling at different directions.
These plane waves combine to create a complex light field distri-
bution, such as a diffractive element, a hologram. After decompo-
sition into individual plane waves, these plane waves can be digitally
propagated at a distance z to recover the complex light field at any
other location in space.7 The propagation of the plane wave is sim-
ple as it has uniform amplitude and phase value changing as the sine
function together with the propagation distance.

In this section, a reconstruction of two 2D objects separated by
some distance was conducted. The hologram of the object composed
of two planes was recorded and formed a single hologram that was
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FIG. 5. Two 2D object reconstruction for two different frequencies using the PS
technique and ASoPW propagation method. (a) Scheme of the object that consists
of two 70 × 112 mm2 aluminum foil sheets. The first sample has a cut-out “LT”
shape element and was placed in the first plane (85 mm from the hologram plane),
which is closer to BS2. The second sample has a cut-out “PL” shape element and
was placed in the second plane (115 mm from the hologram plane). Samples are
separated by a gap of 30 mm and are shifted vertically, so they do not overlap
(such geometry results from the small size of the letters with respect to the used
wavelength and the absence of the diffuser in the recording process). The intensity
distributions of the reconstructed images in the first and second planes are shown
in (b) and (c) for 300 GHz and (f) and (g) for 600 GHz. The corresponding phase
distributions in the mentioned planes are shown in (d) and (e) for 300 GHz and
(h) and (i) for 600 GHz.

reconstructed later. Figure 5 shows two-plane-object reconstruction
for two different frequencies using the two-step PS technique and
ASoPW propagation method.

Thus, two sets of transparent letters—“LT” and “PL”—were
mounted at two different distances—85 and 115 mm—from the

hologram plane. In the case of the two-step PS technique, two holo-
grams were recorded for two different phase shifts of the reference
beam, 0 and π, respectively. Moreover, such a set of holograms was
recorded for the frequencies 300 and 600 GHz, which also enables
heterodyne reconstruction.18

The better image resolution and reconstruction are obtained for
higher frequency as expected. However, one needs to note that the
width of the slits in “LT-PL” letters was equal to 5 mm (the height
of the letter is equal to 30 mm), which corresponds to only five
and ten wavelengths for each frequency, respectively. In 300 GHz
reconstructed images, significant diffraction effects are visible. As
one can see, numerical simulations that were conducted for the “EE”
sample (presented in Fig. 3) should be free from any imperfections
existing in real experimental conditions. The presented simulation
data are characterized by a strong diffraction influence even though
simulations are conducted at two times larger frequency.

The image was reconstructed at two distant planes using the
phase-shifting technique (Fig. 5) and single hologram reconstruc-
tion given in Fig. 11 of the Appendix. The uniform phase dis-
tribution inside “LT-PL” letters is consistent with the theory and
our predictions. In this experiment, no additional phase shifts were
introduced inside the sample.

Single hologram reconstruction has almost no information
about the phase, while in the PS technique, the contours of letters are
visible and the inside of the letter has a uniform level of phase—the
same in all letters but different in different image planes. Single
hologram reconstruction can give similar intensity distribution as
the phase-shifting technique, but in the case of the particular phase
shift of the reference beam—here used for PS reconstruction—it can
change the reconstructed image. As it can be seen in Fig. 11 (right),
the letter area is darker than the background, which is caused by the
π shift in the reference beam. Such reconstruction is characterized
by the negative values of contrast related to the contrast inversion.
Thus, such reconstruction is not proper. In the case of using PS tech-
niques, the intensity image is clear and has better contrast than the
image reconstructed from the single hologram (in the case of normal
and inverted images). The contrast values calculated for each letter
area in two image planes are given in Table II. These values corre-
spond to experimental data, and it can be seen that single hologram
reconstruction is characterized by the decreased contrast value by
∼90% in comparison to the PS technique for the first plane and 70%
for the second plane at 300 GHz.

TABLE II. Contrast values for reconstructed images (calculated from the intensity distributions) for two planes (with “PL” and
“LT” letters distant 30 mm from each other) and two frequencies—300 and 600 GHz. The minus sign corresponds to the
inverted contrast—it means that the background is brighter than the letter area—see Fig. 11.

300 GHz

One hologram 600 GHz

Contrast No phase shift π phase shift PS PS

First plane L 3.63 −0.66 37.37 13.85
T 4.54 −0.68 36.10 16.92

Second plane P 4.25 −0.79 14.86 8.16
L 3.38 −0.79 13.40 6.72
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FIG. 6. Different reconstruction planes, equal to (a) 75, (b) 135, (c) 170 and
(d) 200 mm, reconstructed from the hologram for 600 GHz. For such small holo-
gram size, a large depth of field is observed under illumination with a parallel
beam.

One can notice that the size of the recorded hologram is lim-
ited to 118 × 138 mm2 for 0.5 and 1 mm wavelengths. The smaller
the reconstruction area, the larger the depth of the field. This results
in the appearance of the sharp image observed in a wide range of
distances. Here, the reconstruction was conducted at distances from
the hologram from 30 to 200 mm in 5 mm steps. The image is very
similar to that illustrated in Fig. 5, which can be observed from the
distance of 75 mm up to 200 mm (further propagation was not per-
formed). This phenomenon can be seen in Fig. 6 where two exem-
plary more distant planes of the reconstructed hologram are shown.
One can see that the letter shape can still be clearly distinguished. If
strong inevitable diffraction effects (resulting from the object aper-
ture size, propagation distance, and setup aperture) are not taken
into account, the sharp image can be observed not only in one plane
but also in the certain range of distances. However, it is difficult to
evaluate them numerically even though the human eye sees the dif-
ference. Moreover, one needs to recall that in this THz experiment, a
plane wave was used both as a reference beam and to illuminate the
opaque-transparent object (without the diffuser making the phase
random).

V. RECONSTRUCTION OF THE PHASE SAMPLE
(PHASE OBJECT)

A phase object (transparent sample introducing phase changes
only) is analyzed by reconstruction with the PS algorithm (both two-
and four-step). This is illustrated through a series of measurements
of the sample with different numbers of phase shift areas at a fre-
quency of 600 GHz. The reconstruction results using two-step and

FIG. 7. Intensity and phase distributions of the reconstructed holograms.
(a) Scheme of the object that consists of a 70× 112 mm2 aluminum foil with cut-out
“EE” shape elements. Note that one of these elements contains areas correspond-
ing to a different number of paper sheets (0, 1, 2, 3, and 4) indicated by different
colors (particular phase values) in the image. The relevant intensity and phase dis-
tributions of the reconstructed image using the two-step phase-shifting technique
are presented in (b) and (c). Additionally, a phase distribution for the four-step
PS algorithm is given in (d). The intensity distribution for the four-step technique
showed very similar intensity distribution to that of the two-step technique. To
illustrate the importance of phase differences, two PS reconstruction algorithms
are compared in (c) and (d). For better comparison, the intensity and phase dis-
tributions of the reconstructed image using a single hologram are presented in
(e) and (f).

four-step PS algorithms in the form of the amplitude and phase
distributions from the registered holograms are presented in Fig. 7.

The sample, described in Fig. 7(a), was used to illustrate the
advantages of using the PS technique. Each additional paper sheet in
the reference beam shifts the phase by π

4 . First, the experiment was
performed without any paper sheets between M2 and BS2 (Fig. 4),
and second, it was repeated by adding 2, 4, and 6 paper sheets,
which were intended to shift the phase of the reference THz beam
by 0, π

2 , π, and 3π
2 , respectively. The intensity and phase distributions

were reconstructed using the two-step PS technique. The results are
shown in Figs. 7(b) and 7(c). Additionally, the phase distribution was
reconstructed using the four-step PS technique for all recorded holo-
grams [Fig. 7(d)]. The intensity distribution for the four-step tech-
nique was very similar to the intensity distribution for the two-step
one; thus, it was not plotted additionally here.

As one can see from the results, removing the DC term in the
two-step PS technique is faster because it requires only two scans,
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while the four-step technique does not give much better results when
observing intensity distributions and requires two times longer time
to record the holograms. The component corresponding to the vir-
tual image forms only the divergent light field in the real image
plane. Thus, it slightly increases the noise level in the background,
which does not influence the quality of the reconstructed image sig-
nificantly.19 However, in the case of imaging (holography) phase
objects, the four-step PS technique should be used due to the fact
that it is characterized by better mapping of different phase level
areas in the sample.

Figure 8 illustrates the phase levels reconstructed from the
recorded holograms—both from simulations and experiment. The
calculations show the average values of the phase for each area cor-
responding to the different numbers of the paper sheets in both “E”
letters. Data were taken from simulations carried out in Sec. II for
two different cases—with no aperture influence (Fig. 2) and with the
small size of the hologram aperture (Fig. 3). These values are gath-
ered on the same plot and compared with the experimental results.
Three different techniques are shown—single hologram reconstruc-
tion (gray), two-step PS (yellow), and four-step PS (violet). It is
worth noting that the particular value of the phase level is not essen-
tial; however, the most important item is the tendency between
the different areas: As each area introduces different phase shifts,
the relation between the following phase shifts should be properly
mapped in both simulations and experiment. It can be easily noticed
that for single hologram reconstruction (SH), the mapping between
the phase shift (number of paper sheets) and the phase level is
not linear. The two-step PS technique, both in the simulations and

FIG. 8. Comparison of phase levels obtained in simulations for large and small
apertures of the hologram (SL and SS, respectively) and in experimental evalua-
tion (marked as E). Large aperture simulations correspond to Fig. 2, while phase
levels for small apertures are calculated from simulation data illustrated in Fig. 3.
Each category—SL, SS, and E—contains information about results obtained from
single hologram reconstruction (SH, marked in gray), two-step PS techniques
(PS2, marked in yellow), and four-step PS techniques (PS4, marked in red and
shifted up by 50○ for clarity). It can be seen that the mapping between the numbers
of papers, and thus the phase shift introduced by the object, is linearly proportional
to phase levels calculated from simulations and experiment only for the four-step
PS technique (violet). In the horizontal axis, the numbers of paper sheets are
given, which correspond to particular phase shifts introduced by the sample. 16
paper sheets correspond to 2π. “R. “E” 0” and “L. “E” 0” stand for the empty region
(0 paper sheet) inside the right and left “E” letter areas, respectively.

experiment, also does not fulfill the proper mapping between the
phase shifts introduced by the object and the calculated phase level.
In contrast, the four-step PS exhibits an advantage due to the proper
phase mapping.

VI. COMPARISON OF PHASE OBJECT IMAGES
RECORDED BY DIFFERENT TECHNIQUES

One of the most illustrative ways to reveal the possibilities
of phase-imaging applications is to compare the obtained results
using different image recording techniques on the same sample.
For this purpose, a special sample, i.e., phase object, constructed
of differently transparent areas to introduce different phase shifts
[Fig. 9(a)], already used in phase-contrast and dark-field imaging
experiments,20 was investigated in addition. Before proceeding to
the detailed comparative analysis, it is worth noting the following: In
the phase object, almost uniform intensity distribution in the object
plane will result in almost uniform intensity distribution in the
image plane. Such a problem exists in the 4 f imaging setup shown
in Fig. 9(c); however, this setup allows us to image the whole object
plane instantly. To overcome problems with the imaging of phase
objects, additional approaches, such as focused imaging [Fig. 9(b)],
spatial filtering-based imaging [Fig. 9(d)],20 or holography, need to
be considered. Focused imaging requires raster scanning of the sam-
ple (object) plane point-by-point. The spatial filtering technique in
the 4 f setup or holographic approach enables instantaneous THz
image formation, i.e., fast acquisition can be realized using a matrix
of detectors.

A comparison of the results obtained via the PS technique
with previously recorded images using point-to-point, plane-to-
plane (4 f ), and dark-field techniques20 is presented in Fig. 9. One
can note the good quality of the intensity image registered using
the point-to-point technique [Fig. 9(b)], revealing also some phase
differences (edges) that can be registered using the focusing optics.
The resolution of the obtained image is in the range of wavelengths.
This results from the focal length and the diameter of the used mir-
ror, which influences the Airy disk size in the focal spot. Thus, the
smaller the focal spot, the better the resolution. However, in such a
case, the point-to-point (raster) scanning is obligatory. To accelerate
the imaging process, an array of detectors is needed, but at the same
time, it imposes the requirement of different optical setup config-
urations. The influence of diffraction effects resulting from limited
aperture size in comparison to the wavelength14 forces us to use the
large aperture optics to allow for plane-to-plane imaging (like in the
4 f optical setup). This requirement can be alleviated in some appli-
cation by using small aperture size optics and shifting the object with
the detector placed on the optical axis. This solution can be quickly
improved to the plane-to-plane imaging scheme by using large aper-
ture lenses.21 However, there is one significant drawback—spatial
filtering techniques can be applied for objects introducing the phase
shifts from the 0– π

2 range. Such limitation results from the theoret-
ical approximation and an assumption that the function describing
the object can be expanded into Taylor series. Nevertheless, the holo-
graphic imaging can extract the phase values within the range of
0–2π or even more, but then it requires additional phase retrieval
techniques. It should be underlined that using holographic tech-
niques, a complex light field distribution (containing information
about the amplitude and phase of the beam) can be extracted at
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FIG. 9. (a) Photograph of the imaged sample consisting of (1) gauze cloth with
different numbers of layers, (2) aluminum foil, (3) a T-shaped aperture, (4) paper
(where the second number denotes the paper sheet number), (5) rubber glove,
and (6) a low density polyethylene (LDPE) bag (two layers of the LDPE film). The
comparison of images recorded at 300 GHz by setups described in Ref. 20 with
different imaging techniques is shown: (b) direct THz image obtained with focusing
THz radiation to the sample and detector—point-to-point technique; (c) direct THz
image obtained without focusing THz radiation to the sample and detector—plane-
to-plane technique—which is the 4 f imaging setup; and (d) THz image obtained
using the dark-field filtering technique where the spatial filter is used to remove
low frequency components from the spectrum, hence allowing us to form the
image with a dark background around the sample. (e) and (f) show the intensity
and phase distributions, respectively, reconstructed from the registered holograms
using the PS technique. The sample part of paper sheets is enlarged in order to
see the phase levels. The black lines are given as the guide the eye to indicate
the phase change caused by each paper sheet. The hologram was registered and
reconstructed for 600 GHz; thus, the phase shift introduced by the same number
of paper sheets is two times larger. THz image pixel size: 0.3 × 0.3 mm2; images
are of 273 × 165 pixels.

different planes starting from the hologram plane; thus, a 3D light
field distribution can be reconstructed.

In Figs. 9(e) and 9(f), the intensity and phase distributions of
the reconstructed image are shown. As one can see, the intensity

distribution indicates no total transparency in all areas, so the recon-
structed intensity is not uniform [Fig. 9(e)]. It is worth to recall
that in real experimental conditions, there are no ideally transparent
materials; thus, the object under test will introduce some attenua-
tion anyway. Nevertheless, the techniques enabling us to visualize
the phase are more adequate due to the fact that they allow us to
map different phase values from the object as different phase levels in
the image plane. This can be illustrated via the dark-field technique
[Fig. 9(d)] and the hologram in the form of reconstructed intensity
and phase distributions [Figs. 9(e) and 9(f), respectively]. In Fig. 9(f),
the phase distribution reconstructed from the hologram using PS is
given with additional zoom in the inset. It can be noticed that in
Fig. 9(f), the edges of different areas are visible, and also, the phase
level inside the area is distinguishable.

In the case of imaging phase objects, special attention must
be given to a proper phase mapping between the phase shift intro-
duced by the object (sample) and the phase value calculated from
the image. On the one hand, the average value of the intensity in
the areas corresponding to the particular phase shifts was calculated
for point-to-point, plane-to-plane, and dark-field techniques. On the
other hand, the average value of the phase in the areas corresponding
to the particular phase shifts was calculated from phase distribution
in the reconstructed hologram. First three methods are supposed
to visualize phase changes in the registered intensity pattern. In the
fourth method–the hologram—a phase distribution (and amplitude)
is reconstructed from the registered intensity interference pattern.
These four sets of the data are plotted in Fig. 10, illustrating the
dependence of the phase level to the introduced phase shift. It can be
clearly seen that there is no proper mapping between the calculated
phase level and the introduced phase shifts in the experimentally
recorded intensity distributions in the point-to-point and plane-to-
plane setups. The dark-field technique (using the amplitude spatial

FIG. 10. Comparison of different phase level mapping obtained experimentally
using different techniques. The intensity patterns are recorded for point-to-point,
plane-to-plane, and dark-field techniques—left vertical axis—which are marked
as circles in light yellow, dark yellow, and gray colors, respectively. The phase
distribution is reconstructed from the hologram and is marked as squares (vio-
let color)—right vertical axis. The dark-field (DF) technique follows the desired
change in paper sheet numbers between 1 and 4 (inversely proportional), while the
holographic reconstruction follows between paper sheet numbers 1 and 6 (propor-
tionally). It must be underlined that intensity distributions (yellows and gray) were
registered for 300 GHz (the 2π phase shift corresponds to introducing 16 paper
sheets), while the hologram (violet) was registered for 600 GHz (the 2π phase shift
corresponds to introducing 8 paper sheets), which give the proper phase mapping
range 0– 3π

8
for the dark-field technique and 0– 5π

4
for the reconstructed hologram.
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filter in the middle of the Fourier plane) forms the intensity image of
the phase object. However, this object must introduce phase changes
up to π

2 , while the larger phase change results in a smaller intensity
value in the image. In Fig. 10 (gray dots), the decrease in intensity
can be noticed between 1 and 4 paper sheets, which agrees well with
the theory and the applicability limits of the dark-field technique.

The hologram reconstruction of the “EE” sample (Fig. 8)
revealed the possibility to properly map all introduced 4 paper
sheets corresponding to the 0–π phase change. Here, the 5 paper
sheet induced phase difference is properly mapped; however, one
can note that the hologram was recorded and reconstructed for
shorter wavelengths (higher frequency, 600 GHz). Therefore, the
introduced phase shift is equal to 0– 5π

4 and is properly mapped with
the phase shifts introduced by the sample. Each of the 6 different
paper sheet areas (violet squares in Fig. 10) can be distinguished
by the comparison of the average value in the reconstructed phase
distribution.

VII. CONCLUSIONS
A two- and four-step PS technique in THz holography is devel-

oped, and its ability to reconstruct 2D and 3D transparent objects is
demonstrated. The two-step PS technique was found to be faster and
easier for application; however, it leaves some divergent light field
distribution propagating together with information about the object
to the image plane. Therefore, this technique can still influence the
phase pattern but cannot give precisely correct mapping between the
phase shifts introduced by the sample and the phase levels calculated
from the reconstructed hologram.

The four-step PS technique is preferable in the case of deter-
mining the exact phase values of the registered phase object. It
requires more recording time; however, it exhibits the advantage of
the proper phase mapping. For instance, in this article, we demon-
strated that within the 0– 5π

4 range, the introduced phase changes
and distributions can be reconstructed from the hologram using PS
techniques.

A comparison of two-step and four-step PS approaches was
demonstrated. Purely amplitude objects (not introducing phase vari-
ations in the sample plane) can be accurately holographed using the
two-step technique, which is two times faster and is characterized
with two times larger contrast than single hologram reconstruction.
Moreover, the average value of the background in the case of single
hologram reconstruction is reduced up to five times when using the
two-step PS technique.

To highlight possibilities given by holographic registering of
objects and their digital reconstruction, the comparison of the holo-
graphic imaging with other methods was given. Holographic imag-
ing gives the information about amplitude and phase distributions
in all planes after the hologram, i.e., the complex field can be recon-
structed. Another interesting technique—spatial filtering (the dark-
field method)—enables the mapping of phase values introduced by
the sample into the intensity pattern in the image plane. Such image
formation is possible due to the introduction of an amplitude filter
in the Fourier plane of the 4 f optical setup. This method is limited
only to the mapping phase changes from the 0– π

2 range. The holo-
graphic method can give a phase difference range of 0–2π, and in the
case of using additional phase retrieval methods, it is even higher.

The plane-to-plane and point-to-point methods are given as
references. The former illustrates how the image is formed in a typ-
ical 4 f setup by suppressing diffraction effects arising from the lim-
ited aperture of optical elements by placing the detector in the mid-
dle of the optical axis and shifting the sample in the object plane. This
method does not provide proper information about the phase levels
introduced by the sample. The latter describes the raster scanning
method using a focused beam—on both the sample and the detec-
tor. This method displays good resolution resulting from the size of
the focal spot illuminating the sample. It enhances edges and small
changes in the sample. However, it does not provide proper map-
ping of the phase introduced by the sample with registered intensity
values.

To summarize, the holographic methods of imaging give the
whole variety of possibilities of forming reconstructed images and
visualizing both amplitude and phase changes introduced by the
sample. Only in the case of phase reconstruction from the in-line
digital hologram using the four-step PS technique, the different
phase level areas can be discriminated, indicating that the bound-
aries of THz imaging and digital holography22 can be extended, in
particular in the application of imaging of phase objects transparent
for this particular range of radiation.
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APPENDIX: SINGLE HOLOGRAM RECONSTRUCTION

To compare the hologram reconstruction using the PS tech-
nique and the simple hologram reconstruction for 300 GHz, one
needs to analyze the reconstructed images from the hologram
recorded with no phase shift in the reference arm and with the π
phase shift. Such a phase shift was realized by four layers of paper,
glued together, and introduced in the reference arm. It can be seen
that reconstructed two-plane-images [Figs. 11(e) and 11(f)] for both
holograms have inverted contrast (violet) in relation to those in
Figs. 11(a) and 11(b) resulting from the recording with π-shifted
reference beams. The phase distribution seems to be more uniform
and thus less distinguishable than for the PS technique (illustrated in
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FIG. 11. Amplitude (a, b, e, and f) and phase (c, d, g, and h) distributions of
reconstructed images for both planes for each hologram separately for 300 GHz
(single hologram reconstructions). (a)–(d) Without the phase shift introduced in the
reference arm and (e)–(h) with the π phase shift introduced.

Fig. 5). The quantitative comparison of single hologram reconstruc-
tions with the one using the two-step PS technique is described in
Sec. V.
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