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Telecentric architecture is proposed for circumventing, by the pure-optical method, the residual parabolic phase
distortion inherent to standard configuration of digital holographic microscopy. This optical circumvention pro-
duces several important advantages. One is that there is no need for computer compensation of the parabolic phase
during the phasemap recovering procedure. The other is that in off-axis configuration, the spatial frequency useful
domain is enlarged. The validity of the method is demonstrated by performing quantitative measurement of depth
differences with high axial resolution. © 2011 Optical Society of America
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1. INTRODUCTION

In the last decade, holography has become a very useful tech-

nique due to the development of CCD cameras that allow the

recording of a digital hologram and its subsequent processing

using a computer [1–4]. From a digital hologram, it is possible

to retrieve numerically the complete wavefront information of

a field scattered by a certain object. Specifically, one can re-

cover plane by plane the three-dimensional (3D) information

of an object by simply using a Fresnel back propagation algo-

rithm. All these concepts can be applied, also, to recover the

amplitude and phase of 3D microscope samples [5,6]. This is

the case of digital holographic microscopy (DHM), which can

be applied to obtain a quantitative phase-contrast image [7].

With this technique one can obtain subwavelength accuracy

in the axial direction and realize the image processing that is

not time consuming, so that many tasks can be carried out in

real time. From these characteristics, the use of digital holo-

graphy to perform quantitative phase-contrast microscopy

[8,9] permits the retrieval of the quantitative phase of an ob-

ject, commonly biological samples or microelectromechanical

structures for the visualization of pure phase objects and

cellular morphology monitoring by a dynamic differerential

image contrast [10] or performing metrological measure-

ments, respectively. It is possible to build a digital holographic

microscope by simply recording a digital hologram of the

wave field propagated in the imaging process of an object

through a microscope objective (MO). To recover the phase

information of the field scattered by the object in the typical

configuration, it is necessary to remove the parabolic phase

factor introduced by the MO. A lot of work has been done in

the recent years [11–20] to compensate this curvature of the

wavefront both numerically and physically. Many of these pro-

posals are based on phase mask processing that requires an

exact knowledge of the parameters of the system (focal

lengths of the lenses, distances between the elements, etc.)

or the recording of a second hologram for the subtraction

of two phase maps to compensate the phase factor, which

is not useful in practical cases.

In this paper, we introduce an alternative way to remove

physically the phase factor working with a telecentric system

so no knowledge about the parameters of the experimental

setup or second hologram is necessary. This technique per-

mits the enlargement of the spatial-frequency useful domain,

since the typical circular fringe pattern is no longer present,

which shifts the spatial spectrum towards low frequencies.

2. BASIC THEORY

Let us consider the case in which the monochromatic beam

from a laser source is collimated and later split so that one

of the resulting waves is scattered by a 3D object. Since

the two split beams are mutually coherent, they have the abil-

ity of producing high-contrast interference patterns. In the

forthcoming text, we will call the object beam, Oðx; yÞ, to

the wavefront scattered by the object, and the reference

beam, Rðx; yÞ, to the plane wave.

If the interference occurs at the plane of a CCD, the inten-

sity distribution of the snapshot recorded by the camera can

be written as [1–3]

Iðx; yÞ ¼ jOðx; yÞ þ Rðx; yÞj2

¼ jOðx; yÞj2 þ jRðx; yÞj2 þ O�ðx; yÞRðx; yÞ

þ R�ðx; yÞOðx; yÞ: ð1Þ

Here, O�ðx; yÞ and R�ðx; yÞ are the complex conjugate of the

object and reference beams, respectively. Taking into account

the pixelization of the camera, the snapshot is more rigorously

described through the discrete intensity distribution

IHðr; lÞ ¼
X

Nx

r¼1

X

Ny

l¼1

IðrΔx0; lΔy0Þ; ð2Þ
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in which ðNx; NyÞ are the number of pixels of the CCD and

ðΔx0;Δy0Þ is the pitch.

Note now that typically the reference beam is much more

intense than the object beam. Then, the factor jOj2 can be ne-

glected in Eq. (1). Besides, since the reference beam is a plane

wave, Rðx; yÞ is constant so that Iðx; yÞ (or equivalently its dis-
crete counter IH) is in good approximation equal to O�Rþ
OR� over a constant background.

This snapshot constitutes the so-called digital hologram of

the object. From the digital hologram, it is possible to recover

a term that is proportional to the complex amplitude distribu-

tion of the object. To this end, it is necessary to get rid, first, of

undesirable factors. One factor, is the DC order, jRj2, which is

produced in the reconstruction of an intense constant back-

ground. The other is O�, which generates the so-called twin-

image effect. The procedure for the elimination of these terms

depends on the geometry of the capture setup. In particular, if

the hologram is recorded employing an off-axis configuration,

the terms are eliminated by applying a proper window to the

Fourier transform of IHðr; lÞ. In this form, we obtain compu-

tationally the filtered distribution IF ðr; lÞ.
To recover the object, amplitude distribution is necessary

to simulate a diffraction experiment in which a plate with am-

plitude distribution IF is illuminated with a plane wave that is

equal to the reference beam. By application of the discrete

version of the Fresnel–Kichhoff diffraction integral, we can

backpropagate this amplitude distribution, and therefore cal-

culate the complex amplitude at the object plane (OP) and its

neighborhood. The equation reads [3]

Γdðm;nÞ ¼
1

iλd
exp

�

iπλd

��

m

NxΔx0

�

2

þ

�

n

NyΔy0

�

2
��

× DFT

�

IF ðrΔx0; lΔy0ÞRDðrΔx0; lΔy0Þ

× exp

�

−ik

2d
½ðrΔx0Þ

2 þ ðlΔy0Þ
2�

��

: ð3Þ

In the above equation, d is the propagation distance, and RD

is the discrete version of the reference beam. Besides,m and n

are integers that account for the position of the pixels in the

reconstructed wavefront.

Since the discrete Fourier transform (DFT) operates be-

tween matrices with the same number of elements, Γdðm;nÞ
is a Nx × Ny matrix. Note that, since we are working in an off-

axis configuration, RD is a plane wave that propagates with a

certain inclination, which is described by the wave vector

k ¼ ðkx; kyÞ.
The intensity distribution in the object neighborhood is

obtained as [3]

Idðm;nÞ ¼ jΓdðm;nÞj2; ð4Þ

and also it is possible to recover the phase map of the field

scattered by the object by applying [3]

Φdðm;nÞ ¼ tan−1
Im½Γdðm;nÞ�

Re½Γdðm;nÞ�
: ð5Þ

All these concepts, which were originally thought for appli-

cation in macroscopic imaging, can also be applied to recover

the amplitude and phase of a 3D microscopic sample. This is

the case of DHM, in which instead of directly recording the

hologram of the microscopic sample, the hologram of the in-

termediate, aerial image produced by the MO is recorded.

However, usual realizations of DHM fail in the fact that the

aerial image is geometrically distorted and carries additional

phase distortion that have to be corrected by means of numer-

ical postprocessing.

3. IMAGING PROCESS IN DHM

Standard DHM configurations in off-axis transmission and re-

flection mode are based on the Mach–Zehnder interferometer

and on the use of a MO with a finite conjugate ratio, as shown

in Fig. 1. In the transmission mode, Fig. 1(a), the monochro-

matic beam coming from a fiber coupled to a laser source is

collimated through a beam expander (BE). The beam is di-

vided by a beam splitter (BS1) into the object beam and the

reference beam. The object beam illuminates a thick object

that is placed in the neighborhood of the OP of the MO. Finally

the CCD is placed, perpendicular to the object beam, at a cer-

tain distance of the image plane (IP). On the other hand, a

second beam splitter (BS2) forming a certain angle with the

direction of the object beam allows the interference in an off-

axis configuration between the object beam and the tilted re-

ference beam at the CCD plane. Therefore, the CCD captures

a hologram, which is, basically, the interference between the

defocused image of the microscopic sample and the refer-

ence beam.

The main difference between the transmission mode and

the reflection mode [Fig. 1(b)], is that in the later, the MO is

used to illuminate both the sample and collect the scattered

light. As shown in Fig. 1, for recording the digital hologram,

the object is illuminated with a plane wave. For this reason,

the CCD of the DHM arrives at the wavefront that includes not

only the phase information of the defocused image,Φd
obðx; yÞ,

but also a spherical phase factor whose radius of curvature μ

is just the distance from the image principal plane of the MO to

the CCD.

Fig. 1. Typical scheme based on Mach–Zehnder interferometer for
off-axis DHM in (a) transmission mode and (b) reflection mode.
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In the paraxial approximation, this phase factor can be

written as [11]

Φðx; yÞ ¼
ik

2μ
ðx2 þ y2Þ þΦd

obðx; yÞ: ð6Þ

The interference between the object wavefront and the re-

ference wavefront gives rise to a digital hologram in which,

superimposed to the object information, appears a pattern si-

milar to the well-known Newton ring. This pattern is due to

the interference between the spherical phase factor and the

reference beam.

As a simple proof of the existence of this fringe pattern, we

performed a preliminary DHM experiment. The scheme of our

experimental setup was similar to the one shown in Fig. 1(a).

In particular, we used the monochromatic beam emitted by a

He-Ne laser for illumination (632:8 nm). For the BE, we use a

converging lens of f E ¼ 100mm. For the imaging lens, we

used a 10 × MO (f ob ¼ 20mm) with NA ¼ 0:45. Finally, for

matrix sensor, we used a CCD with 765 × 578 pixels of 11 μm

placed at 31 cm of the IP. With this instrument, we recorded a

digital hologram in absence of an object. The hologram re-

corded with in-line and off-axis configuration is shown in

Figs. 2(a) and 2(b), respectively. As expected, we can see

the typical interferogram due to the interference between the

spherical and plane waves. In addition, Fig. 2(c) shows the

retrieved phase map of the reconstructed wavefront clearly

affected by a spherical phase factor.

This superimposed ring pattern increases the complexity of

the numerical reconstruction process and can produce impor-

tant distortion in the reconstructed phase maps. Thus, several

techniques have been proposed for the compensation of the

residual spherical phase factor. One way to remove it is with a

postprocessing numerical method by means of a phase mask

that matches the phase of the residual factor [11–15]. Other

techniques are based on the physical introduction of the same

curvature in [16–18]: by wavefront folding [19] and by self-

reference interferometry [20] for application in microfluidics

or in the use of a single cube beam splitter in a nonconven-

tional DHM configuration [21]. The use of a tube lens (TL)

has been proposed for the nonholographic measurement of

the focal length of microlenses [22].

4. SUPPRESSION OF THE PHASE
DISTORTION BY THE PURE-OPTICAL
METHOD

What we propose here is the simplest, almost trivial, solution

to the problem of the residual phase factor. Specifically, we

propose an optical arrangement, for the capture of the holo-

gram, which does not produce the spherical phase factor. The

solution then consists of the use of a telecentric arrangement.

Indeed, the use of telecentric arrangements in DHM is facili-

tated by the fact that modern MO are usually designed for a

infinite conjugate ratio [23]. For this reason, a second lens (the

TL) of higher focal length and smaller NA, is used to provide

the intermediate, floating image in the neighborhood of its

back focal plane. The telecentric system (Fig. 3) formed by

the MO and the TL in an afocal (F 0
ob ≡ F 0

L) configuration pro-

duces a 3D amplitude distribution in the image space which is,

basically, a scaled copy of the original object but slightly

blurred due to the convolution with the point-spread function

(PSF) of the telecentric system. If we consider the imaging

process through this telecentric system of a volume object

with amplitude transmittance, namelyUoðx; y; zÞ, then the am-

plitude distribution in the image space will be [24]

U 0
oðx; y; zÞ ¼

1

M2
Uo

�

x

M
;
y

M
;
z

M2

�

⊗3 hðx; y; zÞ; ð7Þ

where ⊗3 is the 3D convolution, M ¼ −f L=f ob is the magni-

fication of the telecentric arrangement, and hðx; y; zÞ is the

PSF of the telecentric system.

Fig. 2. (Color online) Hologram obtained with a standard, nontele-
centric, DHM architecture in absence of an object with (a) in-line con-
figuration and (b) off-axis configuration. (c) Retrieved phase map for
the hologram in (b), showing wrapped-spherical phase-factor.
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Note that the distance between the MO aperture stop and

the TL is the same for different MOs. In fact, infinite conjugate

MOs are designed for convenient correction of aberrations

provided that the object is near the MO front focal plane,

and therefore the image is near the TL back focal plane.

As we can see, no parabolic phase factor is introduced

by the optical elements. With this configuration, the only

two differences between recording the object itself or record-

ing its image is the size of the hologram area and the frequency

loss due to the PSF of the objective. As the recording of a ho-

logram in digital holographic microscopy is, basically, the re-

cording of the information contained in the propagated wave

field of the image of an object, the process with this tele-

centric arrangement can be seen like illuminating this “mag-

nified and blurred copy of the object” with a plane wave and

perform the interference with a plane reference wave coher-

ent with the first one. By this, the amplitude and phase recon-

struction can be done with the typical methods developed in

digital holography.

As is well-known, the retrieved phase is defined in mod2π

so that it has to be unwrapped to suppress the phase jumps

[25,26]. In the simplest case of a dry MO and a object with

constant refraction index n, to retrieve 3D information in

terms of depth measurement from the unwrapped tilt-

compensated phase map, namely �Φðx; yÞ, it is possible to ap-

ply the next relationship [6]

�Φðx; yÞ ¼
2πn

λ
tIðx; yÞ; ð8Þ

where tIðx; yÞ is the thickness of the image of the sample. To

obtain a real measurement for quantitative phase, the magni-

fication factor M , introduced by the telecentric system, has to

be taken into account so it can be seen in Eq. (6). The relation-

ship between the image and object spaces is

toðx; yÞ ¼
tIðx; yÞ

M2
; ð9Þ

where toðx; yÞ is the quantitative value of the depth in the

object space.

Furthermore, with this setup, all transversal planes are

affected by the same scale factor so an identical zone of

the object will be recorded independently of the CCD position.

5. EXPERIMENTAL VERIFICATION

The schemes of the telecentric DHM working in transmission

and reflection mode are shown in Fig. 4. In the particular case

of the transmission DHM, Fig. 4(a), we have simply added, in

the adequate position, a TL with focal length f L ¼ 150mm.

The focal length of the objective is still f ob ¼ 20mm, and

therefore the scale factor M ¼ −7:5. Naturally, this value of

M will be used for the calculation of depth distances. To show

the utility of this arrangement we have performed, as in the

previous Section, a preliminary experiment is done in which

we record a digital hologram in absence of an object.

The reference beam was slightly tilted so that kx ¼ 0:53 and

ky ¼ 0:42. The recorded hologram is shown in Fig. 5. As ex-

pected, the fringe pattern is the typical interferogram due to

the interference between tilted plane waves. Naturally, no ra-

dial fringes appear. This is the proof that no residual spherical

phase factor is created and, therefore, there is no need for

developing techniques for its suppression.

Note, however, that although in Fig. 5 is it easy to see that

the fringes are not radial, in the case of other experiment in

which the density of the fringes were much more higher, this

conclusion would not be so easy. Then to make sure that the

objective and the TL are truly arranged in telecentric manner

(and therefore the fringes are really straight), a good strategy

is to inspect the Fourier transform of the recorded hologram.

Fig. 3. (Color online) Schematic of a telecentric microscope.

Fig. 4. Telecentric configuration for off-axis DHM in (a) transmission
mode and (b) reflection mode.

Fig. 5. Hologram obtained with an off-axis, telecentric DHM in the
absence of an object.
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Note that in absence of the residual phase factor, such a Four-

ier transform is composed, basically, by three deltas (in prac-

tice three narrow and sharp light dots). However, when the

residual spherical phase is present, the Fourier transform is

composed by the same three deltas, but spread. To illustrate

this, by using the same experimental setup as in Fig. 5, we

recorded different holograms after performing a gradual var-

iation of the distance between the objective and the TL. In

Fig. 6(a), we show the three delta spectrum, which was ob-

tained at the telecentric distance. In Fig. 6(b), we show the

spectrum obtained when the arrangement was not telecentric.

Finally, we have composed a movie (Media 1) in which the

frames are the spectra calculated for varying distances of

the arrangement.

As the second part of this preliminary experiment, we have

suppressed the DC term and the twin image by applying a cir-

cular filter rounding the real-image term in the Fourier domain

[27]. Then, we have applied the back propagation algorithm

(Eq. (3)) and obtained the phase map that is shown in

Fig. 7(a). Also, a profile of the quantitative phase in shown

in Fig. 7(b). As we can see, there is no trace of the spherical

factor. Besides, the later plot serves as proof of the accurate-

ness of this DHM for the quantitative evaluation of the phase

differences. In particular, we see that in the surface, in pure

theory it should be flat in phase, we have measured very

small variations around the mean value. The standard devia-

tion of the values shown in Fig. 7(b) is σ ¼ 0:008 μm. So, we

can affirm that the telecentric DHM can measure depth dis-

tance (or equivalently phase differs) with precision of some

nanometers.

6. QUANTITATIVE MEASUREMENT OF
PHASE DIFFERENCES

Once we have demonstrated the utility of the telecentric DHM,

next we perform some experiments in which we measure,

with high precision, some axial distances.

In our first experiment, we used an USAF 1951 resolution

test target as the object. Such a test is composed by strips of

Fig. 6. Fourier transform of the recorded hologram in absence of an
object for the case in which the arrangement is (a) telecentric and
(b) nontelecentric. The effect of the variation of the TL position in
the spectrum can be appreciated in Media 1.

Fig. 7. (Color online) (a) Direct phase of the reconstructed holo-
gram. (b) Roughness parameters of the center zone of the quantitative
phase extracted from the red line profile in (a).
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evaporated chromium on soda-line glass. Typically, the height

of the chrome deposition is 50 nm [28]. Then, we placed the

object in the focal plane of the MO of telecentric DHM, work-

ing this time in reflection mode, and recorded the digital ho-

logram. For this capture, the CCD was placed at a distance of

230mm from the IP.

In Fig. 8, we show the recorded digital hologram as well as

the intensity distribution at the OP. Note that the hologram

corresponds to the 4-3 test group, which has 22.6 lines

per mm.

But the important part of our experiment is the measure-

ment of depth distances with nanometer precision. In this

sense, in Fig. 9, we have plotted the unwrapped phase map

obtained from the reconstructed wavefront. The measured

profile of the 4-3 group is shown in Fig. 10.

In a second example, the object was a diffractive Fresnel

lens with two values for the phase. The direct tilt compensated

phase map obtained in the focus plane and the quantitative

phase are shown in Fig. 11. The hologram was recorded by

means of an off-axis transmission mode. The CCD was placed

at 320mm from the IP, and the size of the quantitative phase

image is 220 × 240 pixels.

In order to evaluate the accurateness of the telecentric

DHM for the quantitative measurement of phase variations,

we measured the depth of the grooves of the zone plate with

a profilometer (Dektak 6M), whose depth resolution is of

16 nm. In Fig. 12, we have plotted the grooves depth along

one period, measured with the profilometer (red curve) and

with the telecentric DHM (blue curve).

From Fig. 12, we find a very good agreement between the

measurements of both instruments. This confirms the validity

of telecentric DHM for accurate quantitative evaluation of

phase variations of 3D microscopic samples. Note that

although the lateral resolution of the profilometer is much

higher than the one of the telecentric DHM [29], the accuracy

of both techniques in the evaluation of the depth of phase

steps is similar.

Fig. 8. (a) Recorded hologram. (b) Reconstruction of the object in-
tensity distribution.

Fig. 9. (Color online) Phase reconstruction of a test USAF 1951 in an
off-axis reflection mode. (a) Phase map. (b) Quantitative phase.
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Fig. 10. Profile of the reconstruction in Fig. 9. The structure corre-
sponds to a 4-3 group.

Sánchez-Ortiga et al. Vol. 28, No. 7 / July 2011 / J. Opt. Soc. Am. A 1415



7. CONCLUSIONS

In this paper, we have presented a new scheme for DHM

which includes a TL in telecentric configuration with the

MO. As a consequence, the object beam (in absence of sam-

ple) becomes a plane wave with no phase distortion in the

imaging process, so the phase factor introduced by the objec-

tive lens is physically corrected. Besides, this configuration

provides a hologram in which the recording zone is indepen-

dent of the CCD position. We demonstrate the applicability for

quantitative phase imaging in off-axis transmission and reflec-

tion mode. This configuration can be applied for recording in-

line holograms taking in account all the consideration for the

off-axis case.
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