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Digital holographic microscopy using multiframe full-field heterodyne technology is discussed in which two
acousto-optic modulators are applied to generate low-frequency heterodyne interference and a high-speed cam-
era is applied to acquire multiframe full-field holograms. We use a temporal frequency spectrum analysis algo-
rithm to extract the object’s information. The twin-image problem can be solved and the random noise can be
significantly suppressed. The relationship between the frame number and the reconstruction accuracy is dis-
cussed. The typical objects of microlenses and biology cells are reconstructed well with 100-frame holograms

for illustration.
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Holography was invented by GaborZ. Based on interfer-
ence recording and diffraction reconstructing, one can ob-
tain the object’s 3D information. Digital holographic
microscopy (DHM) is a technique that combines digital
holography with microscopy. DHM is a non-contacting,
non-scanning, non-dyeing, and quantitative technique
that could be widely used in biology and microelectrome-
chanical systems (MEMS) areasZ2.

There are two major problems in a DHM system, the
twin-image problem and the random noise problem
(from mechanical vibration and air turbulence)22.
These problems reduce the reconstruction precision and
limit applications of DHM.

Off-axis holography was invented by Leith and
Upatnieks™. By adding a tilt angle between the object
beam and reference beam, the reconstructions of a real
image and a virtual image can be spatially separated.
However, this configuration limits the number of usable
pixels and causes image degradation.

Phase-shifting digital holography, invented by
Yamaguchi®!? is an efficient technology that suppresses
the twin-image term, and its on-axis configuration allows
efficient use of the detector. The phase shifting is achieved
by moving the mirror with a piezoelectric transducer
(PZT). Four-step holograms that have z/2 phase shifting
were detected. Using corresponding algorithms, the
twin-image term could be eliminated. However, the phase-
shifting accuracy is affected by nonlinear error, which
limits the precision of the reconstructed imagel.

The heterodyne method can solve the precise phase-
shifting problem. Optical scanning holography (OSH)
was invented by PoonZ. This technology uses an
acousto-optic modulator (AOM) to create a MHz-order
frequency heterodyne to get a time-dependent Fresnel
zone plate (TDFZP). Then, point detection and 2D scan-
ning are used to create a hologram. Electron devices are
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used to create a second complex hologram from the first
detected real hologram. This system can also eliminate the
twin-image term.

Full-field heterodyne holography, proposed by
Le Clerc, uses two AOMs to create a low-frequency
heterodyne. It is able to get holograms with a full-field
camera other than by point detection. By processing
the four-step phase-shifting holograms, the twin-image
term can be eliminated as well. Off-axis heterodyne holog-
raphy was proposed by Gross to achieve an ultimate sen-
sitivity?). Furthermore, the noise and signal scaling
factors in heterodyne holography were discussed2.

In these DHM systems, the phase shifting is 4 steps in
order to suppress the influence of the twin-image term.
Sometimes multiple periods of holograms are recorded
for time averaging to suppress the influence of random
noise. In the case of a high precision phase-shifting inter-
ferometer, multiple steps of phase-shifting interference
patterns are detected and processed with corresponding
algorithms to reduce the nonlinear error of a PZT and
random noise®22). Even a 101-frame algorithm for
phase-shifting interferometry was proposed2.

To combine the advantages of multiperiod and multi-
step phase-shifting technology, a multiframe full-field
heterodyne DHM is proposed. Low-frequency heterodyne
AOMs, a high-speed camera, and a multiframe temporal
signal processing algorithm are applied to this DHM
system.

The DHM system is an on-axis holographic system
based on a Mach—Zehnder configuration, as shown in
Fig. 1. Two AOMs of MHz-level modulating frequency are
applied to modulate the object beam and reference beam,
and the modulating angular frequencies are wy and wp. In
the object channel, the beam illuminates the object and is
collected by a microscope objective (MO). In the reference
channel, a second MO is used to compensate the phase
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Fig. 1. Schematic diagram of a multiframe full-field heterodyne
DHM. HWP: half-wave plate, PBS: polarizing beam splitter,
RM: reflective mirror, and BE: beam expander.

curve in the object channel. The object beam and the
reference beam are combined by a beam splitter (BS)
and generate low-frequency heterodyne interference holo-
grams. Then the multiframe full-field holograms could be
recorded by high-speed camera.

In previous work, we developed a high-quality Hz-order
heterodyne frequency signal generator, and the high-speed
camera is commercially available?!. Compared with other
high-speed holography, the phase shifting of the proposed
heterodyne method is more linear and precise than the
PZT method?, and can fully use the pixels of the camera
without spatial segmentation®. What is more, phase-
locked technology was used in the AOM’s signal genera-
tor, which can ensure the phase synchronism between two
channels. This is more easily achieved 2.

The object wave U of this system is

Uo(t) = ageltieo) 1)
The reference wave Up of this system is
Un(t) = apelontton, )
The ideal hologram s without noise is
s(t) = (Uo+ Ug)(Uo+ Ug)" 3)

The relationship between the heterodyne angular fre-
quency wy and the heterodyne frequency of the AOMs

fH is
oy =wo—wp = 2xfy. (4)

The expansion of Eq. (3) is

S(t) — aQO + a% + aOaRej(wHH'(ﬂo_(ﬂR)
+ aOaRe_j(wHtJr(l)()_(/’R)' (5)
The phase and amplitude of the object is recorded in
the third item with modulating the angular frequency

of wy. The twin-image and direct current (DC) terms are
recorded in other temporal frequencies.

In addition, the signal s;,;, with random noise @yice iS
Stotal(t) = a?) + a'%z
+ a,ap el@nt) gj(@o—0r) gitNoise (1)
J'_ a, aR efj((”H t) 67‘7‘((:0074)[\’,) eij(/)NoiseOf) . (6)

The relationship between fy, recording time ¢, and
recording period N ,q is shown as

Nperiod = th~ (7)

The relationship between the frame rate of camera fp,
phase-shifting steps N, and fp is

_Jp
step — E .

The relationship between the recording hologram num-
bers Ntotah Nperioda and Nstep is

N, (8)

Ntotal = th = Nperiosttep' (9)

For example, with a 200 fps recording speed and a 10 Hz
heterodyne frequency interference, 200 holograms of 10
periods and 20 steps can be gotten in 1 s. These holograms
format a 3D matrix. A temporal modulated signal can be
gotten from each pixel of the camera.

Regarding the object, the twin-image and the DC terms
have different modulating frequencies in Eq. (5), and they
can be easily separated in the temporal frequency spec-
trum. Thus, a temporal frequency spectrum analysis
algorithm, such as the fast Fourier transform (FFT)
algorithm, is selected to process the signal of each pixel.
According to the Nyquist—Shannon sampling theorem,
when fp is twice fy, the object information can be ex-
tracted from the third term of Eq. (5) at the corresponding
frequency spectrum point, which is

O(z,y) = apagewo—9n), (10)

For the signal with random noise, the calculated value
at frequency wy is

1

T
Ston) = [ sow(Oeiotan )

The detail of Eq. (11) is
. 1 [T .
S(Q)H) = aOaRei(wo—lﬂn)?/ elrnoise (1) d ¢, (]_2)
0

Part of the value is the mathematical expectation of
¢/Pose which is

1 [T :
_/ eﬂpNOi’C(t)dt: E(e](ﬂNoisc)_ (13)
T Jo

The random noise is very complex, which includes
vibration, turbulence, etc. If the statistical distribution
of this noise is a normal distribution22%2! and the expect-

ation g = 0, the probability density function p is
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p(¢Noise) =—¢e ¥, (14)
2ro

where o is the standard deviation.
The characteristic functions F' are

+oo . _n2g2
F(n) = / erNOMnp(quoise)dquoise =ec 2. (15>

—00

The mathematical expectation of e/ equals F(1) is

ot

E(ox) = F(1) = e 7. (16)
Then the result of Eq. (12) is
S(wy) = e’%aoaReﬂ‘/’U""R). (17)

In the distinct form of Eq. (12), as the frame number
Niota increases, the result can more approach S(wp)
in Eq. (17).

The procedure of extracting the amplitude of the
demodulated complex value is

¢ Fagan = [S(wy)] = | RelS(@x)]}? + {Im[S(wy)]}>
(18)

In Eq. (18), Re represents the real part and Im repre-
sents the imaginary part. As ape 7 is a constant, the
normalization of ap can be gotten by normalizing.

The procedure of extracting the phase of the demodu-

lated complex value is

Im[S(wy)]

Re[S(an)] 19)

o —@p = tan™!

The phase unwrapping process is done, with the result
in Eq. (19), which is common procedure in theDHM algo-
rithm?22, As a second MO is used to compensate the phase
curve in the object channel, the unwrapped phase repre-
sents the phase of the object.

The traditional four-step phase-shifting algorithm is

I, —1
= tan!( 2—! 2
@ = tan (IO—IQ)’ (20)

where Iy, I, I5, and I3 are 4 holograms with z/2 phase
shifting, and @ is the phase of the object wave. This
method can also be explained as using 4 discrete items
to get a Fourier coefficient, which is in essence similar
to the proposed multiframe method.

The main factors in the proposed method are N i,
Ngiep, and Nygia1. Nigrar affects the computation accuracy,
which is shown in Egs. (13) and (16). Thus, a long record-
ing time ¢ and a high frame rate fp are needed. Ny, af-
fects the bandwidth of the FFT spectrum. As the N,
increases, the modulated signal can flexibly keep away
from different noise frequencies in different environments.
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Fig. 2. Reconstruction error under different periods and steps.

What is more, a larger Ny, leans to a larger Ny, and
better precision under the same number of periods.

To verify the relationship between Nyeiod, Nsteps Niotals
and the reconstruction precision, a simulation is done and
is shown in Fig. 2. Nji0q varies from 1 to 20, and Ny,
values of 4, 10, and 100 are selected for illustration. Ny,
varies from 4 to 2000. The o of random noise is set to 0.1.
Each point of the results is a statistic of 200 times repeti-
tion. The root-mean-square error (RMSE) is defined as

N V2
RMSE = /&= 8 ) (‘?\; ¢.) (21)

where N is the repeat number, ¢; is the reconstruction
data, and ¢, is the ideal data.

As the number of periods and steps increased, the
reconstruction error decreased. Frame numbers should
be as large as possible theoretically. However, the number
is limited by the recording time, array size, signal process-
ing speed, etc. Thus, parameters of this system should be
set for different needs.

In addition, to verify the relationship between the
modulation frequency and the reconstruction precision,
a simulation is shown in Fig. 3. The detection speed is
100 fps, the o of the random noise is set to 0.1, and the
heterodyne frequency varies from 9.9 to 10.1 Hz.

Reaconstruction phase error (RMS) under different modulation frequency

251 1
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Fig. 3. Reconstruction phase error under different modulation
frequencies.
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As shown in Fig. 3, the modulation frequency obviously
affects the reconstruction precision, which makes a strict
requirement for the driver of AOMs.

Moreover, in the practical recording of the holograms,
there are other kinds of nonrandom noise that cannot be
eliminated just by the multiframe method. These kinds of
noise also exist in traditional DHM systems and have been
well discussed2!9. Here, we give a brief discussion of these
additional effects. The system error should be detected
though measuring a standard object, and subtracting it
in each result; the discretization error can be improved
by increasing the bit number of the camera, which is
inversely proportional to the detection speed and should
be selected carefully; the shot noise of the camera limits
the SNR of the recorded hologram, which can be improved
by increasing the light intensity, but should also consider
the tolerance of the living cell.

A demonstrating experiment was set up. The main
devices are as follows: laser (Coherent Corporation
Verdi 6, 532 nm), MO (Daheng Optics Corporation,
10x, NA = 0.25), high-speed camera (Baumer Corpora-
tion, hxcl3, 1280 x 1024 pixels, 500 fps), microlenses
(Advanced Micro-Optic Systems GmbH, diameter 90 pm),
biology cell (Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, mouse cell).

The driver of low-differential AOMs is developed by our
group, which proves a precise heterodyne signal. The
design beat frequency is 10 Hz and the actual measure-
ment is 9.963 + 0.003 Hz, the phase noise is —117 dBc,
and the harmonic noise is —73 dB.

First we do the experiment with microlenses. fp is
100 fps and 100 frame holograms were gotten in 1 s.
Ten-step holograms in 1 period are shown in Fig. 4.

Fig. 4. Ten-step phase-shifting holograms of 1 period.

For each pixel of the hologram, a temporal signal of 100
samples was gotten. The signal of one pixel is shown in
Fig. 5(a), in which the phase shifting is linear and precise.
Then process signal is processed with an FFT to obtain the
frequency spectrum, which is shown in Fig. 5(b).

The reconstructed amplitude and phase are shown in
Figs. 6(a) and 6(b). The unwrapped phase is shown in
Fig. 6(c), and a 3D view is shown in Fig. 6(d). The result
indicates the feasibility of the proposed technology.
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Fig. 5. (a) Sample data of one pixel of microlenses and (b) the
frequency spectrum of the sample data.

amplitude of microlenses

Fig. 6. (a) Amplitude of microlenses, (b) the phase of micro-
lenses, (c) the unwrapped phase of microlenses, and (d) a 3D view
of the reconstructed microlenses.
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Fig. 7. (a) One hologram of the mouse cell, (b) the frequency
spectrum of one pixel, and (c¢) a 3D view of the reconstruction
cell.

Then we change the experiment system to the inverted
configuration and deal with a non-dyeing mouse cell. One
hundred holograms of the cell were recorded. One holo-
gram is shown in Fig. 7(a), the frequency spectrum of
one pixel is shown in Fig. 7(b), and a 3D view of the
reconstruction cell is shown in Fig. 7(c).

As shown in Fig. 7(a), the SNR of the nondyeing cell is
not very high. However, with multiframe holograms and
the temporal frequency spectrum analysis algorithm the
reconstructed object is clear, as shown in Fig. 7(c).

In conclusion, we propose a multiframe full-field hetero-
dyne DHM. Using a low-frequency heterodyne signal and
a high-speed camera, multiframe holograms can be gotten.
By extracting the information of each pixel from a tempo-
ral frequency spectrum, the influence of a twin image can
be effectively eliminated. As the frame numbers increase,
the statistical value of the noise in the heterodyne fre-
quency approaches a constant. As a result, this method
can reduce the influence of twin-image and random
noise, which makes it adaptable for different precision
requirements.

We demonstrate the efficiency of this technology in the
theory, the simulations, and the experiment. The phase
shifting is linear and accurate and the reconstructed im-
ages of the microlenses and the cell are clear and sharp.

This system is able to perform a quantitative 3D imag-
ing without dyeing or 2D scanning of the sample, which
can be widely used in MEMS and biology research areas.
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