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Abstract
We present a full-range complex spectral domain optical coherence tomography with an ultra-broadband light source
based on sinusoidal modulation. For the sinusoidal modulation strategy, a lead zirconate titanate stack actuator is
employed to achieve the sinusoidal vibration of a mirror and therefore to get a series of spectral interferogram with different phase delays. The purpose of this strategy is to get higher performance complex-conjugate artifact elimination. Bessel
separation of the signal sequence at each wavelength of the spectrometer was used to reconstruct the real and imaginary
components of interference fringes; however, the sinusoidal modulation method is independent of light source wavelength. The experimental results demonstrated that the method had an excellent performance in a complex-conjugate
suppression of 50 dB for a full width at half maximum bandwidth of 236 nm, and it has better anti-artifact ability and more
flexible range in phase shifting than the conventional wavelength-dependent phase-shifting method on a full-range complex
spectral optical coherence tomography system. Furthermore, the effect of the hysteresis error of lead zirconate titanate
actuators on the performance of complex-conjugate artifact elimination was investigated and the solution of lead zirconate titanate positioning performance for both conventional phase-shifting and sine-modulation methods was suggested.
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Introduction
Optical coherence tomography (OCT)1 is a rapid developed imaging technology in the past 20 years.2 It uses
low-coherence light to unravel internal structure of
examined objects. It can be used to analyze the interference signal between reflected and backscattered light
from reference and sample beams to obtain images. In
the last few years, the focus of new developments has
shifted toward spectral domain optical coherence
tomography (SD-OCT) and swept-source optical
coherence tomography (SS-OCT) since it has been
shown that these versions of OCT have huge

advantages in terms of acquisition speed and sensitivity, as compared to time domain optical coherence
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tomography (TD-OCT).3–5 In SD-OCT, depth-resolved
information is encoded in the frequency of the spectral
density function recorded by a spectrometer and is
retrieved by the Fourier transform.6 Unfortunately, the
SD-OCT image contains some parasitic elements,
inherent to the technique, which obscure the images,
especially the images of thick objects, requiring deep
field of view. There are two reasons for this to happen.
First, the original signal not only contains coherent
components but also includes the direct current (DC)
part and autocorrelation items. Second, what we used
to describe as the interference fringes is a real function,
and therefore, its Fourier transform is Hermitian; the
reconstructed image is symmetrical about zero path difference. As a consequence, one cannot distinguish
between negative and positive optical path differences
with respect to the reference mirror.7
To resolve the problem, one can measure the phase
of the spectral interferometer signal. An inverse Fourier
transform of the complex data directly provides the true
object structure, eliminating any mirror terms. To
achieve the full-range complex spectral domain optical
coherence tomography (FRCSD-OCT), several methods have been proposed. The first approach is to construct complex interference fringes by a phase-shifting
method. The phase information required to reconstruct
such a signal from intensity measurements is obtained
from recording two to five spectra collected for a constant penetrating beam, but with the reference mirror
being shifted by various fractions of wavelength of the
light used.8–10 In practice, such a result is difficult to
achieve. Most of the methods require shifting the reference mirror by a precise fraction of the wavelength. If a
relatively broadband light source is used, this leads to
so-called polychromatic error11 since the condition is
only fulfilled for one wavelength. Most of the light
sources used in the above researches were generally
superluminescent diode (SLD) with a central wavelength of ;820 nm and a bandwidth of ;20 nm. The
light sources have narrow bandwidth, and therefore, the
polychromatic error caused is relatively small. However,
if a broadband light source is employed, the polychromatic error will become obvious; also, the performance
in the suppression of complex-conjugate artifacts will be
deteriorated. Lippok et al.12 used the Pancharatnam–
Berry phase as a multifunctional tool for low-coherence
interferometry. The geometric phase shift enables
instantaneous retrieval of the quadrature components
of the complex interferometric signal and allows for a
complex-conjugate suppression of 40 dB for an optical
bandwidth of 115 nm. Carrier-frequency-based technique is another method to reconstruct the complex
interference fringes;13–15 a tilted reference mirror or a
reflective grating was used to generate a spatial carrierfrequency into the two-dimensional (2D) spectral interferogram registered in parallel FD-OCT. However, the

nonlinear spatial extension of the light degrades the suppression ratio of the complex-conjugate artifact. There
is still a BM-scanning method for full-range complex
Fourier domain OCT.16,17 For those methods, the phase
modulation of a reference beam (M-scan) and transversal scanning (B-scan) are simultaneously performed. It
requires only a single A-scan for each single transversal
position to obtain a full-range FD-OCT image. It can
achieve high imaging speed but with low imaging quality, especially the lateral structure of the object changes
fast. Moreover, a modified phase-shifting method based
on the integrating bucket of sinusoidal phase modulation of the reference arm is also proposed,18,19 and it
requires a complex quadrature projection algorithm to
compensate for the chromaticity and any phase variations between integrating bucket acquisitions.
In this article, we employed sinusoidal modulation
strategy in a full-range complex spectral OCT system
with a broadband white light source to get highperformance complex-conjugate artifact elimination.
Bessel separation of the signal sequence at each wavelength of the spectrometer is used to reconstruct the
real and imaginary components of interference fringes.
After inverse Fourier transform of interference fringes,
a double range and low-noised image will be obtained.
We present the method, a detailed signal processing,
and demonstrate the performance of the home-made
system for a 10-layer polymer sample. It showed that
the method has an excellent performance in suppression ratio of the complex-conjugate artifact, and it has
better anti-artifact ability than the conventional phaseshifting method on a full-range complex spectral OCT
system with a broadband white light source.

Full-range complex spectral OCT
methods
The SD-OCT is based on low-coherent interference of a
light. A parallel beam originating from the light source
was split into two beams by a beam splitter: one penetrates along the z-axis of samples and was reflected
back from the nth interface between structural layers
with the delay of tn ; the second beam was reflected
from the reference mirror with the delay of tr . The
interference fringes (described by G0 (k)) were recorded
as a function of frequency by a spectrometer as
X
Gnn ðk Þ
G0 ðk Þ = Grr ðk Þ +
n

(
)
X
+ 2Re
Gnm ðk Þ exp½j4pk ðt n  tm Þ
n6¼m

(
)
X
+ 2Re
Gnr ðk Þ exp½j4pk ðtn  t r Þ
n
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where G(k) is the cross-spectral density function of
source. The first two terms of equation (1) describe
intensities of the light reflected back from the reference
mirror and from layers within the object (DC of background). The third term corresponds to the mutual
interference among the each layer within the object
(autocorrelation noise). The last one originates from
interference between mirror and layers within the
object. Applying the inverse Fourier transform to equation (1), one can obtain
FFT 1 fG0 ðk Þg = Grr ðtÞ +
+

X

X

Gnn ðtÞ

n

Gðt 6 ðtn  t m ÞÞ +

X

Gðt 6 ðtr  t n ÞÞ

ð2Þ

of Ii (k) (i = 1, 2, 3, 4, 5) should be changed p=2 precisely for every wave number k. However, in a real
OCT system, broadband source is generally used in
order to obtain high axial resolution which results in
most wavelengths of the light beam not meeting the
requirements of the phase polarization. It therefore
leads to the so-called polychromatic error. The broader
the bandwidth of the light source, the larger the polychromatic error.
For the three-phase shifting method, when the
phase-shifting interval is 2p=3, the complex interfer~
ence fringes G(k)
can be calculated as
~ ðk Þ = ð3I2 ðk Þ  3I3 ðk Þ  2I2 ðk ÞÞ + i 
G

n

n6¼m

where G(t) is defined as temporal coherence function of
source. G(k) and G(t) constitute a Fourier transform
pair. Equation (2) is a function of t, and it consists of
several peaks positioned at t = 0, 6 (t n  tm ), and
6 (tr  tn ). The term t = 0 emerges because of the
direct current background, while the term
t = 6 (tn  tm ) originates from the self-coherent noise.
Only the terms at t = tr  t m provide the useful information which can be used to characterize the examined
sample. The term t =  (t r  tn ) is the complexconjugate mirror because G0 (k) is a real function.

In a conventional phase-shifting full-range complex
spectral OCT system, the lead zirconate titanate (PZT)
is generally used to drive the reference mirror by various fractions of wavelength of the light between each
A-scan. They are three-phase, four-phase, and fivephase shifting methods. Better results on complexconjugate removal could be achieved by taking up five
A-scans.20
For the five-phase shifting method, the spectrometer
records the spectral intensity function as I1 , I2 , I3 , I4 ,
~
can be
and I5 . The complex interference fringes G(k)
calculated as follows
2½I2 ðk Þ  I4 ðk Þ
2I3 ðk Þ  I5 ðk Þ  I1 ðk Þ

For the four-phase shifting method, the phaseshifting interval is p=2, and the complex interference
~
fringes G(k)
can be calculated as
~ ðk Þ = ðI 1 ðk Þ  I 3 ðk ÞÞ + i  ðI 2 ðk Þ  I 4 ðk Þ Þ
G

ð7Þ

In summary, the above phase-shifting methods are
wavelength-dependent. The phase-shifting interval
should be changed p=2 precisely for five-phase and
four-phase shifting methods, while the phase-shifting
interval is 2p=3 for the three-phase shifting method.

Sinusoidal phase modulation method

Phase-shifting full-range complex spectral OCT
method

fðk Þ = arctan

pﬃﬃﬃ
3ðI2 ðk Þ + I3 ðk ÞÞ
ð6Þ

ð3Þ

To eliminate the unwanted terms and to construct a
complex function of interference fringes, a sinusoidal
phase modulation interferometer technology is
employed in our SD-OCT system. An ultra-high precision closed-loop PZT actuator is used to drive the mirror for achieving sinusoidal vibration. Now a sinusoidal
phase modulation term is added in interference fringes.
The signal obtained by spectrometer can be described
as
X
Gnn ðk Þ
G0 ðk, tÞ = Grr ðk Þ +
(
+ 2Re
(
+ 2Re

n

X

)

Gnm ðk Þ exp½j4pk ðtn  tm Þ

n6¼m

X

ð8Þ
)

Gnr ðk Þ exp½j4pk ðtn  t r + tðtÞÞ

n

uðk Þ =

1=
1
2
f2½I2 ðk Þ  I4 ðk Þg2 + ½2I3 ðk Þ  I5 ðk Þ  I1 (k)2
4

ð4Þ
~ ðk Þ = uðk Þ expðifðk ÞÞ
G

ð5Þ

where f(k) and u(k) are the phase and amplitude of
~
complex interference fringes G(k).
In theory, the phase

where t(t) = b  sin(2pfc t + u), b is the amplitude of
the vibration, fc is the modulation frequency, and u is
initial phase of the vibration. The first three parts of
equation (8) are independent of position of mirror; they
are constants with time (described by G0 ). Applying
Fourier transform to G0 (k, t), the following equation
can be obtained
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Fðk, wÞ = FFTðtÞ fG0 ðk, tÞg
X
Gnr ðk Þ cos½4pk ðtn  t r Þ 3
= G0 dðwÞ + 2
n

"

‘
X

#

m

ð1Þ A2m dðw  2mwc Þ

m = ‘

+2

X

Gnr ðk Þ sin½4pk ðt n  tr Þ 3

n

"

#

‘
X

m

ð1Þ A2m1 dðw  (2m  1)wc Þ

m = ‘

ð9Þ
where m is an integer, Am = Jm (d) exp (jmu), Jm is the
nth order Bessel function, d(w) is the Dirac function,
d = 4pkb, w = 2pf , and wc = 2pfc . Equation (9) can
be solved to get a complex function
(
Re

)

X

Gnr ðk Þ expðj4pk ðt n  tr ÞÞ

n

=

X

Gnr ðk Þ cos½4pk ðtn  t r Þ

ð10Þ

Figure 1. The detailed signal processing algorithm to achieve
full-range complex OCT by sine-modulation strategy.

n

RefF ðk, 2n  wc Þg
2J2n ðd Þ cosð2n  uÞ
(
)
X
Im
Gnr ðk Þ expðj4pk ðt n  tr ÞÞ
=

n

=

X

Gnr ðk Þ sin½4pk ðtn  tr Þ

ð11Þ

n

=

ImfF ðk, ð2n  1Þ  wc Þg
2J2n1 (d)cosðð2n  1Þ  uÞ

where F(k, n  wc ) means Fourier spectrum of G0 (k, t)
for n times of fundamental frequency (n = 1, 2, .).
~
Now the complex interference fringes G(k)
can be
reconstructed as
~ ðk Þ =
G

X

Gnr ðk Þ cos½4pk ðtn  t r Þ

n

+j

X

Gnr ðk Þ sin½4pk ðtn  t r Þ

n

= Re

(
X
(

+ jIm

)
Gnr ðk Þ expðj4pk ðtn  t r ÞÞ

n

X

ð12Þ

)
Gnr ðk Þ expðj4pk ðt n  tr ÞÞ

n

After applying inverse Fourier transform to equation
(12), the chromatogram of inner structure of object can
be obtained
X


~ ðtÞ = FFT1 G
~ ðk Þ =
Gðt  (t r  tn )Þ
G
n

ð13Þ

The detailed signal processing algorithm to achieve
full-range complex OCT by sine-modulation strategy is
shown in the flow chart in Figure 1.
It is worthy to note that the sinusoidal modulation
method is independent of light source wavelength. It
does not need precise phase-shifting interval like three-,
four-, and five-phase shifting methods which in fact are
wavelength-dependent.

Experiment
The basic components of a sine-modulated full-range
complex spectral OCT system are shown as Figure 2.
A 50 W tungsten halogen lamp is used as the lowcoherence broadband light source of the developed
OCT system. The light from the lamp is delivered into
a Michelson interferometer using a biconvex lens.
Light is then split into reference and sample beams by
a beam splitter (50/50). The light was focused to a
200 mm diameter spot on the sample and the reference
mirror. Therefore, 200 mm is the lateral resolution of
the developed OCT system which is possible to perform
2D OCT imaging, such as for non-destructive testing
(NDT) of thermal barrier coatings and glass-fiber reinforced plastic (GFRP) materials. Both the backscattered lights from the sample and the mirror travel back
toward the beam splitter and are finally collected by a
broadband CCD-based spectrometer (USB2000 + ;
Ocean Optics, USA). The spectrometer works in a wide
range from 594.5 to 1028 nm with a high spectral resolution of 0. 2 nm. Interference occurs when both the
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Figure 2. Experimental configuration of sine-modulated fullrange complex spectral OCT.
BLS: broadband light source; L: lens; BS: beam splitter; S: sample; MS:
moving stage; M: mirror; C: closed-loop controller; SP: spectrometer;
PZT: lead zirconate titanate stack actuator.

other traditional OCT systems, the developed system
could also be used for characterization of optical scattering media.
For the sinusoidal modulation strategy, a PZT stack
actuator (Thorlabs) is employed to achieve the sinusoidal vibration of a mirror and therefore to get a series of
spectral interferogram with different phase delays. The
PZT accurately produces sine vibrations by a closedloop controller. The sinusoidal PZT motion control is
performed using a home-made software written in
C++ . The spectrometer records a series of spectral
interferogram while the mirror vibrates. Using equations (10) and (11), we obtain the useful information by
dividing the value of the Bessel function. The recon~
structed complex interference fringes G(k)
in equation
(12) are greatly affected by the value of the Bessel function which is related to the vibration amplitude. After
some experimental investigations, we suggest that the
suitable vibration amplitude could be in the range of
100–180 nm. In this case, we selected the parameters of
vibration function t(t) = b  sin(2pfc t + u), where
vibration amplitude b = 160 nm, vibration frequency
fc = 30 Hz, and initial phase angle u = 0. The interference spectroscopy is acquired in the high-speed mode
(integration time of 1 ms) using the current spectroscopy. It only takes about 33 ms to obtain all the spectral interferogram for a sinusoidal vibration. The
corresponding computation can be achieved only in
few microseconds.

Results and discussions

Figure 3. OCT spectral interferogram.

two beams are spatially matched in size and orientation, and their optical path lengths are matched within
the coherence length of the light source. Figure 3 shows
the typical OCT spectral interferogram obtained by
spectrometer. For our current setup, the central wavelength is l0 = 752 nm, and full width at half maximum
(FWHM) bandwidth is Dl = 236 nm, corresponding to
a measured axial resolution of ;1.1 mm (in air) calculated by the formula 2ln2  (l0 )2 =(p  Dl).1 The simple
sample here is a 10-layer polymer film which is used to
compare the performance of complex-conjugate artifact
elimination using five-phase shifting and sinemodulated methods. However, it does not mean that
the developed OCT system could only be used to characterize the sample with clear interface layers. Like

When a series of OCT spectral interferogram were
obtained during the sinusoidal vibration of PZT, we
rearrange the spectral interferogram along the time
axis. We applied Fourier transform along the time axis
to pick up the amplitude of multiple harmonics. After
dividing the coefficient provided by the Bessel function,
the real and imaginary components of interference
fringes can be reconstructed. Figure 4 demonstrates the
reconstructed real and imaginary components of interference fringes. A clear and full-depth tomography can
be obtained after applying inverse Fourier transform of
the reconstructed signals.
Figure 5 shows the imaging results of a single-point
measurement on a two-layer sample. Figure 5(a) shows
the result of conventional five-phase polarization complex spectral method, and Figure 5(b) shows the result
of sine-modulated full-range complex spectral method.
From the figures, it can be found that no DC background and autocorrelation item noise appear, and
therefore, the two methods have good performance in
dealing with DC background and autocorrelation item
noise. For the conventional five-phase polarization
method, there still is one obvious complex-conjugate
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Figure 4. The reconstructed real (solid line) and imaginary
(dashed line) components of interference fringes. The inset is
the zoom view of the reconstructed signal in the dashed
rectangle.

Figure 5. Results of (a) conventional five-phase shifting fullrange complex spectral method and (b) sine-modulated fullrange complex spectral method based on a single-point
measurement.

mirror error compared with the noise background.
However, the complex-conjugate mirror error almost
submerged in the background using the sine-modulated
full-range complex spectral method. Here, the ratio of
the wanted signal and its complex-conjugate mirror signal as complex-conjugate mirror image suppression
ratio (CCMISR) is defined to demonstrate the ability
of complex-conjugate artifact elimination. Figure 6
shows comparison of the suppression ratio of complexconjugate mirror image by conventional five-phase

shifting and sine-modulated full-range complex spectral
methods for up to 100 experiments. The suppression
ratio using sine-modulation strategy is about 50 dB,
which is better than that of the five-phase shifting
method of about 20 dB. It means that a sine-modulated
FRCSD-OCT has better complex-conjugate artifact
elimination ability and can detect more subtle change
in the object when full-depth imaging is realized.
In order to make further investigation on the
complex-conjugate artifact elimination ability, a
10-layer polymer thin film was measured by using the
five-phase shifting and sine-modulated FRCSD-OCT
methods. Figure 7(a) and (b) show the 2D OCT images
obtained by conventional five-phase shifting method
and sine-modulation methods. Figure 7(c) shows the
scanning electron microscopy (SEM) image of the sample which is used to calibrate the OCT results. It can be
seen from the figures that the two methods clearly and
accurately detect the internal structure of the multilayered polymer sample. However, the image of the
conventional five-phase shifting method still has mirror
trace residues, which is the mirror of surface, as indicated by an arrow in Figure 7(a). For the sinemodulated method, mirror trace residues have nearly
been eliminated, as shown in Figure 7(b). Therefore, it
has been demonstrated that the sine-modulated
FRCSD-OCT has a better performance than five-phase
shifting FRCSD-OCT in complex-conjugate artifact
elimination.
As mentioned previously, for an OCT system with
broadband light sources, the polychromatic error gets
more obvious with increase in the bandwidth of light
sources. The FWHM bandwidth Dl = 236 nm of our
current setup is relatively broader than the light used in
phase-shifting methods,7–10 and therefore, the larger
complex-conjugate artifact is inherent to the technique.
On the other aspect, the reference mirror is generally
driven by a PZT. The phase shifting for the five-phase
shifting method is 0, p=2, p, 3p=2, and 2p. For our
light source with central wavelength of 752 nm, fivephase shifting of 0, 188, 376, 564, and 752 nm is needed
to implement the five-phase shifting method.
Compared with the conventional five-phase shifting
method, only small shifting (e.g. b = 160 nm) is used in
the sine-modulated method. Therefore, the sinemodulated method is independent of light source wavelength, and it has more flexible range in phase shifting
than the conventional wavelength-dependent phaseshifting method.
Figure 8 shows the dynamic hysteretic behavior of
PZT in the experiment, which is measured by homemade optical coherence vibration tomography system.21
The hysteretic curve of PZT was carried out by varying
the input voltage on the whole range in the ascending
and descending directions. The dashed line denotes the
input voltage from 0 to 30 V in the ascending and
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Figure 6. Comparison of the suppression ratio of complex-conjugate mirror image by conventional five-phase shifting and sinemodulated full-range complex spectral methods: the solid and dashed lines denote sine-modulation and phase-shifting methods,
respectively.

Figure 7. Two-dimensional OCT images by (a) conventional five-phase shifting and (b) sine-modulated methods; (c) SEM image of a
10-layer polymer film. The arrow in (a) indicates the mirror trace residues for the five-phase shifting method.
Downloaded from ade.sagepub.com at University of Strathclyde on July 3, 2015
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Conclusion

Figure 8. Dynamic hysteretic behavior of PZT: the dashed line
denotes the input voltage from 0 to 30 V in the ascending and
descending directions; the solid line denotes the input voltage
from 0 to 10 V in the ascending and descending directions.

descending directions, while the solid line denotes the
input voltage from 0 to 10 V in the ascending and descending directions. The hysteretic behavior of PZT can
be used to explain the performance comparison
between the two methods. Ideally, if precise five-phase
shifting can be achieved, the performance of five-phase
shifting method in complex-conjugate artifact elimination will be perfect. However, the performance of the
five-phase shifting will be affected by the hysteresis
error of PZT used. From Figure 8, it can be seen that
there is larger hysteresis error when the displacement
shifting is larger. For example, the hysteresis error is
about 3.5 nm when the shifting is 752 nm, while it is
about 0.2 nm for the shifting of 160 nm. The larger hysteresis error for the five-phase shifting method results in
the poor performance of complex-conjugate artifact
elimination, as shown in Figure 7(a). More recently, a
precision control method based on hysteresis model22
was proposed to significantly improve the positioning
precision of piezoelectric actuators. The method could
contribute to enhance the PZT positioning performance
for both five-phase shifting method and the sinemodulation method. Furthermore, for the real application, the speed of sine modulation is to be considered
since it needs more time than the five-phase shifting
method.
In the field of mechanical engineering, the developed
OCT system provides a potential NDT tool for evaluation of GFRP materials, thermal barrier coatings, and
multi-layered thin film structures. In theory, a higher
speed sinusoidal vibration strategy and a higher speed
spectroscopy will lead to faster imaging. However, in
order to implement real-time 2D OCT imaging, the
availability of an ultrahigh-speed spectroscopy and a
high-speed sample scanning device will be an issue
which will be considered as our future work.

An FRCSD-OCT method based on sinusoidal phase
modulation is presented for complex-conjugate artifact
elimination. Bessel separation of the signal sequence at
each wavelength of the spectrometer is used to reconstruct the real and imaginary components of interference fringes. After inverse Fourier transform of
interference fringes, a double range and low-noised
image will be obtained. The sinusoidal modulation
method is independent of light source wavelength, and
it has an excellent performance in a complex-conjugate
suppression of 50 dB for a FWHM bandwidth of
236 nm. The experimental results demonstrated that the
sinusoidal modulation method has better anti-artifact
ability than the conventional wavelength-dependent
phase-shifting method on a full-range complex spectral
OCT System. However, for real applications, the speed
of sine modulation is to be considered. The effect of
hysteresis error of PZT actuator on the performance of
complex-conjugate artifact elimination was discussed,
and the solution of PZT positioning performance for
both five-phase shifting and sine-modulation methods
was suggested as well.
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