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Abstract

Optical coherence tomography (OCT) has demonstrated considerable potential for a wide range of
medical applications. Initial work was done in the time domain OCT (TD-OCT) approach, but recent
interest has been generated with spectral domain OCT (SD-OCT) approaches. While SD-OCT offers
higher data acquisition rates and no movable parts, we recently pointed out theoretical inferior aspects
to its performance relative to TD-OCT. In this paper we focus on specific limitations of swept source
OCT (SS-OCT), as this is the more versatile of the two SD-OCT embodiments. We present
experimental evidence of reduced imaging penetration, increased low frequency noise, higher
multiple scattering (which can be worsened still via aliasing), increased need to control the distance
from the sample, and saturation of central bandwidth frequencies. We conclude that for scenarios
where the dynamic range is relatively low (e.g., retina), the distance from the sample is relatively
constant, or high acquisition rates are needed, SS-OCT has a role. However, when penetration
remains important in the setting of a relatively high dynamic range, acquisition rates above video
rate are not needed, or the distance to the tissue is not constant, TD-OCT may be the superior
approach.

1. Introduction

Optical coherence tomography (OCT) is now being used to examine a wide range of human
pathologies [1,2]. Based on low coherence interferometry, OCT allows micrometer scale
imaging at or in excess of video rate [3,4]. The original OCT studies were performed with time
domain OCT (TD-OCT), while recently Fourier domain OCT (FD-OCT) and swept source
OCT (SS-OCT), referred to collectively as spectral domain OCT (SD-OCT), have attracted a
considerable amount of attention [1,5-9]. The theory behind each has been reviewed elsewhere
but, in general for TD-OCT, an optical group delay is produced in the reference arm, although
some methods work via a variant of this approach [1]. For SD-OCT, which generally has no
moving parts, the whole spectral interferogram is recorded from the sample, and depth/
amplitude information is obtained via the Fourier transform of the interferogram [1]. Among
the major reasons for the recent attraction to SD-OCT are the high data acquisition rates and
the claimed superior performance with respect to detection sensitivity. We recently
demonstrated that, at least with current embodiments, the theoretical performance in terms of
dynamic range and penetration of SD-OCT could be inferior to that of TD-OCT [1,10]. In this
work, experimental data further supporting these conclusions is presented using a phantom of
consistent composition and high scattering. In addition, the deleterious effects of high multiple
scattering, complex conjugate ambiguity, and aliasing are demonstrated for SS-OCT in a
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moderately scattering sample. We conclude that for scenarios where the sample dynamic range
is relatively low (ex: retina), the distance from the sample is relatively constant, or high
acquisition rates are needed, SS-OCT may be the superior embodiment. However, when
penetration remains important particularly in the setting of a relatively high dynamic range,
acquisition rates above video rate are not needed, or the distance to the tissue is not constant,
TD-OCT has distinct advantages.

2. Methods

The focus of this paper is to expand upon SS-OCT limitations identified in our previous work,
particularly providing supporting experimental evidence for the conclusions [10]. Since direct
comparisons are made between SD-OCT and TD-OCT, schematics of both SS-OCT and TD-
OCT are shown in Fig. 1. The principles of both are described elsewhere in detail [1,10].
Spectral radar or FD-OCT, whose dynamic range is the least of the three embodiments and
whose use is the most limited for reasons discussed previously, is not addressed here [10]. As
stated, TD-OCT performs ranging primarily by mechanically introducing an optical group
delay in the reference arm. With SS-OCT, the source is frequency swept across its bandwidth,
and the total interferogram for each A scan is obtained. Several aspects of SS-OCT imaging
are relevant to expand upon. First, with SS-OCT, the power on the sample at any given
frequency is higher than TD-OCT because the frequencies are swept. The importance of this
is shown in Section 4, particularly with respect to multiple scattering and saturation of the
central frequencies via the detector/preamplifier. In the latter case, this results in only the off-
center frequencies being detected and Fourier transformed, resulting in a sinusoidal artifact.
Second, while the reference arm mirror does not move, the path length in the reference arm is
kept shorter than that in the sample arm (z offset, typically 500 um), which is designed to better
isolate the autocorrelation function [1,7]. The fact that fixing the mismatch at a specific distance
may not be ideal for imaging is discussed in Section 4. Third, the system is low pass, so low
frequency noise is less effectively removed than in TD-OCT, reducing performance [1,10].

We have previously defined our use of terms such as dynamic range, signal to noise ratio
(SNR), and penetration to reduce ambiguity, a problem in the literature [10]. Defining these
terms is critical, as unconventional definitions have led to significant misinterpretation of many
past publications. They are also briefly reviewed here:

Dynamic range: In a system or device, the ratio of a specified maximum level of a parameter,
such as power, current, voltage, or frequency, to the minimum detectable value of that
parameter, is usually expressed in dB. Here, we are interested in the dynamic range of the final
digitized image as it correlates with penetration in nontransparent tissue.

Signal to noise ratio (SNR): This is the ratio of the amplitude of the maximal signal to the
amplitude of noise signals at a given point in time. SNR is usually expressed in dB and in terms
of peak values for impulse noise and root-mean-square values for random noise. In defining
or specifying the SNR, both the signal and noise should be characterized (e.g., peak signal-to-
peak noise ratio) to avoid ambiguity. Photo current is the detected parameter in TD-OCT and
SS-OCT, whereas photo-generated charge numbers are the detected parameter in FD-OCT.
The different parameters do not affect the SNR if the parameters are appropriately defined.
Here SNR describe the analog or radio frequency (RF) signal prior to digitization, which can
be a point of confusion in the literature. Furthermore, groups have termed the described
parameter the dynamic range, which again can be a considerable source of misinterpretation.

Sensitivity: In an electronic device (e.g., a communications system receiver) or detection
device (e.g. PIN diode), the minimum input signal required to produce a specified output signal
having a specified SNR, or other specified criteria is termed “sensitivity”. With OCT, the SNR
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is often chosen as 1. So the minimum input signal, usually defined as the minimum sample
reflection intensity, equals the amount of signal that can produce the same amount of output
asnoise. As discussed below, image penetration is the contrast as a function of depth, dependent
more on the dynamic range than on sensitivity, as opposed to other technologies. In other words,
effective OCT imaging is not measuring the total backscattered photons but the contrast
between the point spread function (PSF) at different spatial points.

Decibel: We define decibel as

decibels=10 log x. (1)

However, this can be confusing since some authors use a definition found in the electronics
literature:

decibels=20 log x. (2)

The reasons for this are discussed elsewhere [10]. Therefore, this can result in the second
yielding SNR and dynamic range values twice that of the first for the same system.

Resolution: The resolution here is defined as the FWHM of the point spread function measured
from a totally reflective surface in a vacuum (air for approximation).

Contrast: There are many definitions of contrast, which are distinct from resolution [1]. It is
contrast at depth which defines penetration. One method for calculating the contrast C is using
the standard formula

-b
sz s
f+b )

where f is the mean (average) gray-level value of a particular object in an image (foreground)
and b is the mean gray-level value of the surrounding region media (background).

Penetration: In describing penetration with OCT, we are not discussing individual photon
penetration but the contrast as a function of depth. Essentially, we are looking at the ability to
discriminate structure and not assessing backreflected absolute photon counts. This penetration
is determined by the dynamic range, multiple scattering, resolution, and, to a lesser degree,
total power. For OCT, high sensitivity will allow photon numbers of lower intensity to be
detected, but is not equivalent to image contrast as a function of depth, as either low dynamic
range or high multiple scattering would yield poor imaging penetration in spite of the increased
photon counts.

Both TD-OCT and SS-OCT systems used are commercially available. These commercial
systems were chosen because, with the extensive amount of engineering put forward in their
development, they appear to have optimized performance to a point at least as good as anything
quoted in the literature, particularly the detection electronics [11,12]. System parameters
between each modality were matched as closely as possible. The Lightlab imaging engine
(Westford, Massachusetts) (TD-OCT) used has a median wavelength of 1287 nm, an axial
resolution of 13 um, total power of 13 mW, and an A-scan rate of 3:13 kHz [11]. The
OCM1300SS SS-OCT system (Thorlabs, Newton, New Jersey), was used for SS-OCT imaging
[12]. This system had a median wavelength of 1325 nm, an axial resolution of 12 pum, total
power of 10 mW, and an A-scan rate of 16 kHz. The spot size at the beam waist for the TD-
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OCT system is 24 um, compared with 15 um for the SS-OCT system, which corresponded to
confocal parameters of 0.7 and 0.3 mm, respectively.

3D reconstructions of samples were made during postprocessing using Image J. The saved
JPEG stream was converted to gray scale. The parameters set were a projection method of the
brightest point, and a rotation angle increment of 3°. The reconstructions were saved as MPEG
movies.

Choosing the appropriate sample to assess SS-OCT and TD-OCT reliably is challenging.
Tissues with high dynamic range requirements, such as coronary atherosclerotic plaque and
gastric mucosa, are very heterogeneous [3,13-15]. This would undoubtedly leave the results
subject to criticisms that differences are solely the result of this variability. We therefore elected
to use a tissue engineering scaffold with a well-defined biological composition, poly (lactide-
co-glycolide) (PLGA) (Boehringer Ingelheim, Ingelheim, Germany) [16,17]. It is also known
to be a relatively high scatterer, leading to a large dynamic range for achieving maximum
penetration. This polymer consists of biomolecules present in the body but in a well-defined
configuration, making it an ideal phantom. While the scattering coefficient has not been
published, it is known to have a penetration of 300 um by confocal microscopy and minimal
absorption, supporting the assertion that it is representative of tissue with moderate to high
dynamic range [18]. The scaffolding was selected based on experience with a wide range of
materials, both biological and nonbiological. The scaffolding has the advantage of having
homogeneous composition as well as reproducible structure and a high dynamic range. A total
of five scaffolds were examined with a minimum of 200 B scans obtained per sample. The
scaffolds were submersed in normal saline. The scaffold bundle widths by OCT were assessed
by the average FWHM = the standard error (SE) at the surface and at 1 mm depth (n = 6 for
each of the five samples). The drop in intensity for both technologies at 1 mm was obtained
by dividing the peak intensity at that depth by the intensity at the surface (n = 6 for each of the
five samples). Data is expressed as percent reduction + the SE. Statistical significance was
assessed using a pairwise Student's t-test.

Focusing issues are also addressed here. While this topic does not involve limitations in
dynamic range or penetration, there are difficulties with SD-OCT that do not occur with TD-
OCT, adding further challenges to the use of the technology. To demonstrate difficulties with
focusing, particularly the generation of inverted images (complex conjugate ambiguity), a
bovine meniscus was used as heterogeneity was not problematic in identifying the effect [19,
20]. The meniscus was obtained within three hours postmortem and kept in normal saline prior
to imaging.

Direct comparisons are made of SS-OCT with TD-OCT on the PLGA scaffolding. 2D images
are shown of the scaffolding imaged with both the TD-OCT and SS-OCT systems in Fig. 2.
In the TD-OCT images, penetration extends beyond four layers, with the scaffolding bundles
being easily resolvable at this depth (over 1:5 mm) while results were substantially worse with
SS-OCT. A scanning electron microscopy micrograph of the image is shown in Fig. 3 [21].
The porous structure and layering of the scaffolding is shown, where the pore size ranges from
100 to 250 um. The intensity dropped 24% * 2% at 1 mm for TD-OCT versus 46% + 3% over
the same distance for SS-OCT (p < 0:001). With respect to the FWHM of the bundles at the
surface, for TD-OCT they were 0:17 mm £ 0:05 mm versus 0:24 mm + 0:05 mm for SS-OCT
(p < 0:05). At 1 mm, the bundle widths were 0:24 mm % 0:06 mm for TD-OCT versus 0:35
mm £ 0:08 mm for SS-OCT (p < 0:005). In addition to reduced penetration and FWHM,
multiple artifacts are noted in the SS-OCT images that affect performance. The mechanisms
are theorized below but briefly: the middle arrow in the SS-OCT image shows detector
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saturation of the central frequencies, the left arrow shows heavy multiple scattering, the lower
right and farthest left arrow illustrates aliasing of the multiply scattered light, and the lower
right corner arrow points to a loss of structural detail likely from limited dynamic range
(resulting from a combination of mechanisms as described below).

The effect seen by the insert and the line shown by the red arrow is well known to those using
SD-OCT and occurs primarily at sites of high reflection. The important aspect of this line is
shown in the insert of the figure, which is that it is sinusoidal in nature and not constant in
intensity. The relevance of this is discussed in Section 4.

In the 3D images shown in Fig. 4, the scaffolding appears artificially wide or blurred out for
SS-OCT and structural definition is lost less than 1 mm into the sample. Qualitatively, structural
detail is seen far deeper and is more sharply defined with TD-OCT.

Figure 5(a) shows SS-OCT imaging with the focus on the surface of a bovine meniscus. The
bovine meniscus has a smooth surface and discrete banding patterns from birefringence [19,
22]. The arrows identify the tissue surface. However, when the focus has been 1 mm below
the surface (as shown in Fig. 5(b), the image becomes severely distorted by the inverted image
of the surface (complex conjugate ambiguity) [23].

SS-OCT is a low pass system that does not remove as effectively low frequency noise sources
such as 1/f and thermal noise in the detector compared to TD-OCT, as we have previously
described [1,10,24]. Figure 6 demonstrates low frequency noise that degrades the image and
is noted most obviously in the high background signal. The postprocessing removal of noise
results in a further reduction of dynamic range.

4. Discussion

Technological advances with SD-OCT represent one of the most important progresses in OCT
research over the last decade, particularly its high data acquisition rate relative to TD-OCT.
However, as we have pointed out in a previous publication [10], theoretical analyses as well
as evaluation of data in the literature indicate that current embodiments have substantial
detection limitations when compared to TD-OCT under the appropriate circumstances. We
demonstrated that much of the previous work claiming essentially universally superior
detection capabilities compared with TD-OCT are misleading, as either the experimental
conditions (e.g., tissue used of relatively low dynamic range) or the inconsistent definitions of
parameters result in comparison limitations. In the current work, by using a tissue engineering
scaffold (PLGA), chosen because of the homogenous organization of its biological constituents
and high scattering (i.e., large dynamic range), we are able to demonstrate in a relatively
straightforward manner some of these limitations. The synthetic scaffold was used rather than
human tissue to prevent variability and the criticism that differences were due to tissue
heterogeneity. The literature quotes the average PLGA fiber size of 12 um, which is consistent
withthe 17 + 5 um found with TD-OCT [25]. The slightly greater PSF of SS-OCT at the surface
is consistent with multiple scattering, even with the superficial bundles seen in the images. The
limitations of SS-OCT for the samples examined include a statistically significant reduced
penetration, statistically significant reduced resolution with penetration, increased multiple
scattering, aliasing of multiply scattered light, central wavelengths saturation, high background
noise, and mirroring from negative z offsets (complex conjugate ambiguity).

The lines identified by the farthest left arrows in Fig. 2 are well known to those using SS-OCT,
particularly when imaging a highly reflective surface. They do not occur with TD-OCT. The
localized structure of this line has been demonstrated more clearly in an enlargement in the
picture in right bottom corner of Fig. 2. Analysis of the data and an understanding of the
underlying theory behind SS-OCT strongly suggest a mechanism. The phenomenon is most
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likely due to central wavelength saturation or “chopping out” of frequencies in the
backreflected light by intensity limitations of the detector/preamplifier. When these lines are
examined at high resolution, consistent with theory, it is noted that the lines are not DC in
intensity but are actually sinusoidal. When saturation occurs with TD-OCT, blindness results
in that, for a given A scan, the detector/preamplifier is exposed to ALL frequencies at once,
resulting in complete loss of signal from the reflector and typically the area behind it. TD-OCT
then analyzes backreflected data detected time sequentially. If a backreflected signal from a
place in the tissue is above the saturation point of the detector, that time point (and subsequent
recovery time of the detector) will be lost from the image. In other words, a localized collection
of pixels in the vicinity of the saturating surface is “blinded”. In contrast, with SS-OCT, the
frequencies are swept across the sample, and then all frequencies are used to reproduce the A
scan via the fast Fourier transform (FFT). Therefore, if the central frequencies of the swept
radiation are above the threshold of the detector/preamplifier (i.e., the center frequencies are
removed), only they will be lost and those at the edges of the spectrum will be processed (i.e.,
again the source is swept). The FFT is therefore only performed on these frequencies, which
are well below and above the central frequencies. This principle is seen in Fig. 7. What results
is a quasi-delta function pair, the FFT of which is almost sinusoidal (rather than DC) in nature
[26]. This is the same pattern seen in the SS-OCT images. Since the sides are not true delta
functions but have a finite width, the FFT is not purely sinusoidal. This phenomenon is a
function of intensity (does not occur below saturation) and does not occur with TD-OCT.

Because SS-OCT sweeps the bandwidth in small frequency intervals, the amount of power that
can be and is delivered at a given frequency is much higher than with TD-OCT. In other words,
the interferogram (single A scan) is determined from the FFT of a spectrum with much higher
powers for each contributing frequency. This can result not only in central frequency saturation,
but also increased multiple scattering [27-29]. Since multiple scattering increases much faster
than penetration with power, a well described phenomenon, the multiple scattering deleterious
effects outweigh any benefits penetration power has [28,29]. This is represented by the farthest
leftarrow in Fig. 2, where the classic tailing effect (shower curtain effect) [30] after the scatterer
is seen due to multiple scattering by the dense scaffold. This results in reductions of both
resolution and penetration.

The z offset between the reference and sample arm (target surface) is typically set around 500
um, with the reference arm having the shorter length. When the z offset between the target and
reference arm increases, such as with deep structures in the sample, higher frequencies are
present in the backreflected signal, and their capture is required for correct reconstruction of
the A scan. Therefore, resolving deeper structures can be ultimately limited by the frequency
sensitivity of the detector/preamplifier. If the detection of higher frequencies fails, aliasing and
distortion of the PSF will occur. This is a phenomenon that does not occur with TD-OCT. In
addition to distorting normal structure, the aliasing or distortion of the multiple scattering can
also occur (right arrow in Fig. 2), based on the same principles, which further degrades the
image [29].

As has been pointed out in the original theoretical analysis, two of the reasons that SD-OCT
has a reduced dynamic range are that it is a low pass system and it does not undergo logarithmic
demodulation before A-D conversion. The fact that SD-OCT is low pass results in low
frequency noise, such as thermal and 1/f noise, being mixed with the autocorrelation function.
This is seen in the background of Fig. 6. The low frequency noise is generally removed with
digital postprocessing, but this results in a further reduction in the dynamic range of the image
as low frequency components of the autocorrelation function are also removed. With TD-OCT,
the interferogram is Doppler shifted to higher frequencies by mechanical movement in the
reference arm, allowing a bandpass filter to be introduced after the detector to reduce low
frequency noise.
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The other major reason for reduced dynamic range is the lack of logarithmic demodulation
before A-D [1,10]. The A-D conversion and its respective signal loss are different for TD-OCT
and SD-OCT. The maximum level of the quantizer is 2MA, where M is the bits of an A-D
converter and A is the intervals of discrete levels. In TD-OCT, digital processing is applied to
the analog autocorrelation A scan, which allows log 10 demodulation to maintain a high
dynamic range. In a SD-OCT system, digital Fourier transform is conducted to calculate the
A-scan signal from the quantized spectral interferogram. Prior to A-D conversion, in TD-OCT,
the RF signal undergoes logarithmic demodulation. This leads to a theoretical maximal
dynamic range near 80 dB. In contrast, with SD-OCT, the RF signal does not undergo
logarithmic demodulation in current embodiments prior to A-D conversion, resulting in a
maximum potential (excluding other sources of loss) dynamic range of less than 40 dB. For
tissue with a low dynamic range, such as retina, this does not represent a major problem.
However, if the backreflected signal intensity is greater than 30 dB between the surface and
structures deeper within the sample, penetration can be limited by this lower dynamic range.

In Fig. 2, the ability to resolve structures greater than 500 um below the surface is severely
compromised in SS-OCT compared with TD-OCT. This is consistent with statistically
significant reductions in the point spread function as well as intensity with SS-OCT relative
to TD-OCT. The scaffolding was chosen because of its homogeneity and high scattering (i.e.,
dynamic range) [18]. Therefore, the difference in performance between the two embodiments
on this medium, which was statistically significant at 1 mm penetration, can be assumed to
occur for a combination of several reasons as discussed above and are consistent with the
hypothesis of this paper. These include reduced dynamic range, low pass nature of the system,
substantial multiple scattering, and potentially the large z offset resulting in aliasing (including
aliasing of multiply scattered light).

Figure 5 demonstrates mirroring or complex conjugate ambiguity, which does not deal directly
with either dynamic range or penetration, but represents a significant disadvantage of SD-OCT
compared with TD-OCT. This occurs because, as a Fourier transform on any real-valued
function (in the direct space) is Hermitian symmetrical around the origin (in the transform
space), it generates a complex conjugate part that mirrors with the targeted A scan around the
zero-optical-path-mismatching point. This could lead to the overlapping of the targeted A scan
and its inverted/ghost image if the sample is too close to the zero-optical-path-mismatching
point, or even if it intersects that point. In 5(a), an image of bovine meniscus is presented where
the tissue surface represents a 500 um z offset from the reference arm. The surface as well as
the banding pattern from cartilage birefringence is sharply defined. However, the complex
conjugate ambiguity is noted when the focus is too far into the tissue (reversed z offset) as a
mirror image of the surface will develop. This is seen in Fig. 5(b) and results because of the
need for a shorter length in the reference arm compared with the sample arm because the surface
is brought too close. The fact that the point of focus cannot be too close, resulting in image
inversion, or too far, resulting in aliasing and loss of resolution, makes it difficult to evaluate
how it will be easily implemented in situations where the tissue is moving, image depth is
sufficiently large, or for radial images where a large luminal diameter exists. Three major
approaches attempting to rectify this problem, aiming on construction of complex spectral
interferograms, have been put forward to reduce these issues, all of which are for FD-OCT,
though potentially applicable to SS-OCT. However, they all involve manipulation of the
reference arm, either through mechanical movement or modulation such as electro-optically
[23,31,32]. However, they have only been of limited success and the addition of reference arm
manipulation makes the techniques far from attractive and, at the very least, reduces acquisition
rate.

A significant limitation of this study was that, while very close with respect to optical
parameters, the systems were not identical. In particular, there was a difference in the confocal
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parameters between the two embodiments. This means that the spot size will increase in
diameter more rapidly away from the beam waist for SS-OCT in this experiment compared
with the TD-OCT setup. While this does not significantly affect axial resolution, central
bandwidth saturation, low frequency noise, dynamic range, large z-offset frequency loss, or
complex conjugate ambiguity, it can lead to a degradation of lateral resolution and potentially
some increase in multiple scattering. Although this is not likely to represent a major problem
in data interpretation due to the fact the difference is not substantially large and performance
limitations described are occurring at the beam waist (in addition to off focus), this potential
limitation of the study needs to be mentioned.

5. Conclusion

SS-OCT in its current embodiments, while having a faster data acquisition rate, has reduced
performance relative to TD-OCT under the appropriate circumstances. These limitations
include a reduced dynamic range, increased multiple scattering, aliasing of multiple scattering,
loss of resolution with depth due to a large z offset (high frequency loss), central wavelengths
saturation, low frequency noise vulnerability, and complex conjugate ambiguity. Therefore,
when penetration remains important in the setting of a relatively high dynamic range,
acquisition rates above video rate are not needed, or the distance to the tissue is not constant,
TD-OCT has distinct advantages. However, where the sample dynamic range is relatively low
(e.g., retina), the distance from the sample is relatively constant, or high acquisition rates are
needed, SS-OCT may represent the superior embodiment.
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Fig. 1.
Schematics of both TD-OCT and SS-OCT are shown. Images courtesy of [1].
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Fig. 2.
(Color online) 2D images are shown of the scaffolding imaged with TD-OCT (left) and SS-
OCT systems (right).
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Fig. 3.
Scanning electron microscopy micrographs of the porous structure of PLGA scaffolding. The
pore size ranges from 100 to 250 pum.
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Fig. 4.
Still frames of the 3D projection of PLGA scaffolding using TD-OCT (left) and SS-OCT

(right).
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Fig. 5.

() SS-OCT imaging with the focus on the surface of a bovine meniscus. The bovine meniscus
has a smooth surface and discrete banding pattern from birefringence. The arrows identify the
tissue surface. (b) When the focus has been moved 1 mm below the surface, the image becomes
completely distorted by the inverted image of the surface (complex conjugate ambiguity).
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Fig. 6.

This figure demonstrates low frequency noise that is not removed in the detection electronics
because SS-OCT is a low pass system. Postprocessing to reduce this noise is required, which
degrades the image by removing the low frequency components of the autocorrelation function.
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Fig. 7.

A demonstration that, if the central frequencies of the swept radiation are above the threshold
of the detector (i.e., the center frequencies are removed), the FFT is only performed on the
frequencies well below and above the center, as can be seen in the figure. This FFT of the
remaining two peaks, if their width is sufficiently small, produces a sinusoidal like pattern.
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