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ABSTRACT
This paper explores the challenges of signal processing when using optical coherence tomography (OCT) imaging instruments 
driven by asymmetric MHz bidirectional sweeping lasers. A downconversion master–slave (DMS) method is proposed as a vi-
able alternative to the traditional OCT protocol. Unlike conventional swept source OCT, which requires a separate calibration 
for each sweep, the DMS approach does not require calibration of the acquired channeled spectra; its operation is independent 
of the tuning direction. We demonstrate the practicality of the DMS method with en-face OCT images obtained with an OCT 
instrument equipped with a fast bidirectional swept laser (tuning speed 1.6 MHz) and a slow acquisition card of only 2.5 MS/s 
sampling rate.

1   |   Introduction

Two optical coherence tomography (OCT) methods are known 
for processing the spectrum at the OCT interferometer output: 
spectrometer (Sp) based and swept source (SS) based. Sp-OCT 
is limited by the speed of linear cameras used, with demonstra-
tions of up to 312 kHz in the rate of spectrum interrogation [1]. 
Although there are alternatives to overcome this issue, such 
as using multiple spectrometers, the complexity and cost of 
multi-spectrometer systems render such systems too expensive 
and difficult to calibrate [2]. SS-OCT technology has evolved 
from a few Hz [3] axial scans per second (i.e., A-Scan rate) to 
multi-MHz sweeping rates [4]. Imaging performance and speed 
improvements in SS-OCT have been largely depended on the de-
velopment of the light sources. Moreover, SS-OCT has shown 
similar sensitivity to that delivered by Sp-OCT but larger imag-
ing depth [5–8], and speed [9]. With improvement in both speed 

and imaging depth, new applications are achievable, such as 
real-time surgical guidance [10], widefield OCT imaging, and 
delivering volumetric images less affected by the sample move-
ment (such as micro-saccades in the eye, which are essential for 
optometry and ophthalmology). Faster imaging reduces phase 
variations, which is crucial in applications where phase instabil-
ity may obscure tiny axial displacement [11–14] or where phase 
processing is essential such as in OCTA.

Among the many solutions researched for fast tunability, two 
main categories can be distinguished: akinetic and nonakinetic 
(involving nonmoving or moving elements, respectively). For the 
time being, nonakinetic solutions dominate the landscape of SSs. 
Two main examples in this respect are represented by the micro-
electromechanical systems with vertical-cavity surface-emitting 
lasers (MEMS–VCSEL) [14] and the Fourier Domain mode-
locked (FDML) lasers concepts [15, 16]. In these systems, a mirror 
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is moved within a Fabry–Perot cavity, which produces tuning. 
Compared to other tunable sources, the MEMS–VCSEL sources 
exhibit a short cavity. Their single-mode operation and narrow 
instantaneous line widths enable long axial range in OCT images.

A SS can sweep from red to blue or blue to red, that is, forward 
or backward sweep. “Unidirectional sweeping” refers to the use 
of only one of the sweeps, as opposed to both. The majority of 
SSs on the market are unidirectional, some with duty ratios less 
than 50%. Making the tuning bidirectional increases the duty 
ratio and doubles the tuning rates. However, high-speed SSs and 
bidirectional multi-MHz MEMS–VCSELs provide two funda-
mental challenges that need to be addressed prior to imaging:  

a.	 The ability to use forward and backward sweeping demands 
precise phase corrections due to the asymmetry in the two 
tuned spectra [17]. Therefore, signal processing requires dif-
ferent phase corrections for forward and backward sweep-
ing to be applied during each sweep [18].

b.	 Another problem for unidirectional and bidirectional 
sweeping lasers is that the high sweeping rate demands 
high-speed digitizers, and complex software to display the 
image in real time. Because of the narrow line width of 
these sources, a long axial range exceeding many centime-
ters becomes attainable. Therefore, a densely modulated 
channeled spectrum (CS) may be generated at the inter-
ferometer output. This can lead to a radio frequency (RF) 
spectrum of many GHz of the photo-detected signal. A 
high-speed digitizer required to sample 2 GHz can exceed 
$10 000. This increases the cost of fast-sweeping solutions, 
limiting fast OCT technology to research purposes only.

Yet another concern is the instability in the tuning curve of the 
SS, which requires frequent calibration. Using k-clocks can ad-
dress the nonlinearity variation over time, but that is only pos-
sible if digitizers with input for k-clocks are used. Hence, new 
OCT protocols [19–21] are needed to address or alleviate the 
problems listed above.

In this paper, we present a solution to address both challenges 
raised by the high sweep rates and those raised by bidirec-
tional sweeping. Using a second interferometer for any depth 
of interest, driven by the same SS, as for the OCT interfer-
ometer, signal with similar chirpt to that in the OCT inter-
ferometer is created. By multiplying the photodetected signals 
delivered by the two interferometers, depth resolved informa-
tion is obtained according to the protocol of master–slave OCT 
[22]. This by calculating the product of the photodetected sig-
nals from both interferometers, and integration of values over 
the sweeping time, �, the processing frequency bandwidth is 
largely reduced from the large frequencies present in the two 
signals to a maximum frequency comparable with inverse of 
�. We refer to such a method as downconversion master–slave 
(DMS) [23]. The issue of specific processing required for for-
ward and backward sweep is also automatically addressed as 
the same SS drives both interferometers. However, in order to 
address the dilemma of signal processing speed that is exacer-
bated by bidirectional sweeping, the DMS is implemented here 
using analogue mixing.

In order to present the DMS implementation and illustrate the 
nonlinearities dependent on each sweep of the SS, complex 
Master–Slave method [24, 25] is used, as described in the next 
section.

2   |   Complex Master Slave

The light source used in this work is a MEMS–VCSEL with a 
bidirectional sweeping rate of 1.6 MHz. The details of the source 
have been described in previous reports [26, 27]. In prior work, 
only a single sweep was used to generate OCT images, produc-
ing an effective repetition rate of 800 kHz [28]. To exploit the 
SS's full performance, both bidirectional sweeps are used in 
this study. As the tuning curves are different from forward to 
backward sweeps, a specific calibration must be applied for each 
sweep to obtain resolution limited A-scans.

This problem is illustrated using the complex master–slave 
(CMS) protocol. As explained in previous reports, CMS is a 
phase retrieval method that allows to generate A-scans from 
pre-calculated datasets of channeled spectra [24, 25]. The CMS 
protocol requires a sync pulse only, employing a λ-trigger at a 
specific wavelength and no clock. Hardware calibration uses 
a digitizer with clock provided by a fixed OPD interferometer. 
Conventional numerical procedures, such as phase calibra-
tion by dispersion compensation (PCDC), correct for non-
linearities in tuning and dispersion by resampling the data, 
that is, the photodetected signal corresponding to the CS. 
Conventional software processing is based on the phase varia-
tion over the wavenumber, employed in a suitable resampling 
procedure that leads to a linear in phase CS. The resampled 
CS is then subject to a FFT operation, that returns an A-scan. 
The CMS technique does not require a linear variation of the 
CS phase. Using a mirror, a few experimental spectra (at least 
two) are acquired for different optical path differences in the 
interferometer. Then using these collected channeled spectra, 
two functions are obtained: a function g(k), which describes 
the nonlinear tuning, and a function h(k), related to the un-
balanced dispersion in the interferometer. In the next section, 
we will show that due to different nonlinearities in sweeping 
between the two consecutive sweeps, a bidirectional sweep-
ing laser requires more sophisticated signal processing than 
unidirectional sweeping lasers. The function g(k) is respon-
sible for such differences. Once functions g(k) and h(k) are 
obtained, then all other shapes of channeled spectra can be 
inferred for any OPD using the protocol described in reference 
[25]. These theoretically inferred spectra are called masks 
they are top hat channeled spectra, which are chirped due to 
sweeping nonlinearities. The masks obtained are unique for 
each sweep hence they must be calculated for both forward 
and backward sweeps.

2.1   |   OCT Interferometer and Acquisition—
Numerical Generation of Masks

The instrument, presented in Figure 1, is based on a 
Michelson interferometer composed of an 80/20 directional 
coupler where 20% of the light is guided toward the sample 
arm, and 80% toward the reference arm. The back-scattered 
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light from the sample interferes with light from the reference 
arm in a 50:50 directional coupler before reaching a balanced 
photodetector.

The output of the light source includes a built-in booster that 
can deliver optical powers ranging from 20 to 40 mW. In the 
first experiment, the source was set to 20 mW. A system sensi-
tivity of 90 dB was measured when the optical power toward 
the sample was 1.9 mW. In the sample arm, the light is conveyed 
via a galvanometer scanning head composed of 2-D orthogonal 
scanners. For precise measurements, a high-speed oscilloscope 
(Teledyne Lecroy, WaveMaster 820Zi-B) was used for digitizing 
the signal at the output of a 23 GHz bandwidth balanced photo-
detector (Optilab, BPR-23-M). For imaging purposes, a balanced 
photodetector with lower noise and higher gain was employed 
(Thorlabs, PDB482C-AC, 1 GHz). The photo-detected signal 
was digitized at 4 GS/s using an acquisition card (AlazarTech, 
ATS9373). A LabVIEW software was created to enable real-
time display of the OCT images using the CMS approach. The 
software simultaneously displays three images: a confocal, an 
en-face OCT image (C-scan), and a cross-section OCT image (B-
Scan). To ensure synchronization, the SS triggers the acquisition 
card using a TTL signal, which operates in synchronism with 
the signal driving the galvanometer scanners.

3   |   Results CMS

3.1   |   Digital or Numerical Master Slave: Numerical 
Generation of Masks

The driving signal of the MEMS–VCSEL is shown in Figure 2a. 
Figure 2b presents the output spectrum of the SS. Two sets of 
five calibration channeled spectra are acquired where each spec-
trum contains two channeled spectra for the two directions of 
tuning, forward, and backward sweeping. Then, these were split 
into two sets each, by suitably shifting the trigger delay from the 
�-trigger. The functions g(k) for the forward and the backward 
sweep are obtained from the calibration spectra. Relative dif-
ferences between the g(k) functions corresponding to the two 

sweeps cannot be seen in Figure 2c, and are barely seen in the 
inset in Figure 2c. As shown in Figure 2d, the differences are 
minimal, for less than 1%. Although the differences are small, 
the A-scans and B-scans obtained with a mirror are corrupted 
if the wrong masks are used, as illustrated in Figure 3. In 
Figure 3a, the A-scan profiles are affected in shape and position. 
Even at a relatively small OPD, the resulting axial resolution is 
poorer by a factor of larger than three when the incorrect set of 
masks are employed. The experimental axial resolution worsens 
from ~20 to ~70 μm on the backward sweep. This difference is 
even more noticeable at larger OPD values.

The coherence length of the MEMS–VCSEL used in this work 
can reach over 9 cm. Therefore, it is essential to process the sig-
nal to perfection to enable a comparable value for the axial range 
to that of the coherence length, that is, for differences between 
the two sweeps to not be visible even at larger OPD values. As 
observed in Figure 3b, the T-scan corresponding to a mirror sur-
face is represented by two sets of small stripes of different ex-
tensions. This demonstrates the need to perform separate signal 
processing on each sweep in order to make use of both sweep 
directions.

It was observed that once g(k) and h(k) are obtained and masks 
calculated, the calibration obtained does not guarantee good 
image processing over time. In less than 10 min the thickness 
of the T-Scan increases. As a consequence of these sweep-to-
sweep variations, the output peak as a result of the initial cal-
ibration differs, as shown in Figure 4. A mirror is placed in the 
sample arm to obtain a sharp peak for forward sweeping with 
the initial calibration, and channeled spectra are obtained every 
2 min until 10 min. Figure 4 shows the peak degradation over 
time; right after calibration the FWHM of the peak is ~20 μm, 
and after 10 min the FWHM evolves to ~45 μm. Moreover, the 
peak height drops to half, hence the sensitivity of the system 
falls down. In order to perform CMS based imaging is recom-
mendable for the calibration files to be collected after a warm-up 
time of 10 min. The thermal variations are then less noticeable, 
but some differences will still be present, unless calibration is 
not done.

FIGURE 1    |    Schematic of the SS-OCT system. SS: MEMS-VCSEL swept source, interferometer (C: Couplers, TSL: Translation stage launcher, 
DCG: Dispersion compensating glass, SXY: 2-D lateral scanning head, L1-5: lenses), and acquisition (DAQ: digitizer, BPD: balanced photodetector, 
PC: computer); SG: dual signal generator.
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4   |   Downconversion Master Slave

The problems signaled above in terms of different g(k) values 
on the two sweeps and time instabilities of g(k) are addressed 
in a modified master–slave configuration. The method pro-
posed here is inspired by the master–slave protocol [22], where 
the mask is generated in real time using another interferome-
ter, called as Master. In principle, many Master interferometers 
can be used, to produce masks corresponding to different OPD 
values in real time, to generate as many en-face images as the 
number of Master interferometers.

In practice, to achieve DMS, the integration of the product of the 
two CSs is performed using a RF analogue mixer. Such mixer pro-
duces the product of the two RF signals, obtaining signals pulsat-
ing at the addition and subtraction of the frequencies of the two 
RF signals. The subtraction signal is called downconverted signal; 
hence, the method is referred to as DMS OCT. The interferometer 
presented in Figure 1 is now employed as the Slave interferometer 
and the second interferometer acts as a master interferometer, as 
initially described in reference [25]. Considering the object in the 
Slave interferometer made of scattering centers at different axial 
positions along the depth determining OPD values zi, and the 

FIGURE 3    |    (a) A-Scan plots of consecutive sweeps, forward and backward, where masks of the forward sweep are used for forward (blue) and 
backward (red) sweep; (b) B-Scan obtained under the same conditions.

FIGURE 2    |    Forward and backward sketch. (a) Waveform applied to the MEMS in the swept source; (b) tuning spectrum as shown on the optical 
spectrum analyzer; (c) superposition of g function for forward and backward sweeps. (d) Differences between forward and backward sweep.
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OPD in the master interferometer as zM, the modulation in the 
two channeled spectra, Slave, 1 and Master, 2 can be written as:

Then the downconversion signal, DMS, can be expressed as:

where hS(k) and hM (k) represent the uncompensated dispersion 
in each interferometer. The essence of downconversion lies in the 
fact that the factor multiplying the OPD, zM and zi, is the same in 
both signals, g(k), as both interferometers are driven by the same 
SS. As a result, when both signals exhibit the same modulation 
periodicity, that is, they are obtained for the same imaging depth 
zi = zM, the output signal is at its main peak. When the two sig-
nals exhibit different periodicities, the product oscillates up and 
down and the integral for the duration of sweeping exhibit insig-
nificant values. A low-pass filter is used after the mixer to perfect 
the spectral integration for the sweep duration and eliminate the 
fast varying signals at the added frequencies.

Figure 5 was produced from simulating the CS in Matlab using 
a source with central wavelength at 1060 and 40 nm band-
width. A Gaussian shape was used for the spectrum envelope. 
Nonlinearities in sweeping are introduced by a cosine function 
in k. The same reflectivity value has been considered for two 
scattering centers in the object determining OPDs of z1 and z2. 
In Figure 5, the photodetected signal obtained due to the mod-
ulation of the CS at the slave interferometer output delivered 
by BPD1 is shown in the first row, either for a mirror placed 
at a distance that determines z1 in the first column, or larger 
z2 in the second column. Then the third column shows the 
slave signal in case of an object composed of two interfaces at 
z1 and z2. This is obtained by simple addition of channeled spec-
tra modulations according to (1). In the second row, the signal 
mask delivered at the output of BPD2 by the master interfer-
ometer (2) is shown for an OPD in the master interferometer 
chosen to match the OPD in the slave interferometer, that is, 
zM = z1. Their multiplication is shown by the mixed signal (3), 
in the third row. The integral values of oscillations during the 

(1)

CSM = rMsin
[

g(k) zM +hM (k)
]

CSS =

N
∑

i=1

ri sin
[

g(k)zi+hS(k)
]

(2)DMS
(

zM = zi
)

= filter
(

CSM ×CSS
)

= rMri cos
(

Δh(k)+�rand
)

FIGURE 4    |    A-Scan over time. A-Scans produced by CMS with the 
same calibration files over 10 min from powering up the source.

FIGURE 5    |    Signal evolution from the two photodetectors blocks through multiplication and integration. (1) and (2) BPD1. (2) Balanced 
photodetectors. (3) Multiplier. (4) Computer, signal integrator.
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sweeping interval, �, are shown at (4). The multiplied result 
in the third row for the same OPD in both interferometers is 
shown in Column 1, displaying a large DC value and the inte-
gration result calculated below as (4), of 685.67. The DMS op-
eration recognizes in this way the existence of modulation in 
the CS from the slave interferometer, similar to that selected by 
the OPD in the master interferometer. If in the slave interfer-
ometer the interface is moved to z2, that is, for the case in col-
umn 2, then the multiplied result exhibits oscillations up and 
down and the integration is much lower, 0.41. This low value 
means that in the CS from the slave interferometer there is no 
component pulsating at the modulation in the CS of the master 
interferometer, determined by z1. In the last Column 3, third 
row, again, DMS recognizes existence of modulation for OPD 
selected in the Master interferometer, for an object consisting 
in two interfaces, at z1 and z2, by a large value of the integration 
calculation.

A low-pass filter cleans the signal. Its cut-off frequency should 
be according to Nyquist 2∕�, in order to conserve the bandwidth 
of lateral scanning over each pixel [29]. DMS delivers significant 
DC components only for mixing signals that differ in frequency 
by less than the bandwidth of the low pass filter, that is, favoring 
signal from the depth corresponding to the OPD used to infer 
the mask. The strength of the result of such an integration is 
nothing else but the amplitude of the A-scan for the depth in the 
sample selected by the OPD value of the mask.

4.1   |   Interferometers and Display—Real-Time 
Generation of Masks

The output power from the SS is split with a broadband 95/5 cou-
pler to the master and slave interferometer, with larger power 
to the slave interferometer. As seen in Figure 6, both interfer-
ometers use recirculation of the reference path, employing a 
broadband directional coupler, 20/80. In both interferometers, 
80% is sent to the recirculating reference path. The light from 
the two arms is then recombined in a 50/50 coupler, whose out-
puts are connected to balanced photodetectors, BPD1 (Thorlabs, 
PDB482C-AC, 1 GHz). The two interferometers are similar, 
with the only difference being that of a lateral 2D scanner, 
which consists of two orthogonal galvo-scanners in the object 
arm of the slave interferometer. Lens L1 is a 3 cm focal length 
(Thorlabs, AC254-030-B), and L2-L7 are aspheric objective 
lenses (Newport, 5724-C-H). Glass rods minimize the unbal-
anced dispersion between the two interferometers. The RF elec-
trical signals from BPD1, the master, and from BPD2, the slave, 
are sent toward the local oscillator (LO) and RF inputs, respec-
tively, of a double balanced passive mixer (Minicircuits, ZFM-
4-S+). The output signal is amplified and filtered using a filtered 
preamplifier, S&F (Stanford Research, SR560). The output signal 
from S&F is then digitized with a slow digitizer (NI PCI 6132, 
2.5 MSa/s) and the low frequency signal is displayed in form of 
an en-face OCT image. A custom software delivers a real-time 
en-face image, where the number of lines in the frame, speed of 
the scanners, and gain in the images can be modified. In con-
ventional Fourier transform based OCT, where a FFT processor 
is used, the signal from the OCT interferometer is multiplied nu-
merically with that of multiple harmonics; here, the signal from 
the slave interferometer is multiplied with the signal generated 

by the master interferometer using a RF mixer and the role of 
harmonics is replaced by the chirped signal generated by the 
master interferometer.

5   |   Results DMS

5.1   |   Downconversion Master Slave: Real-Time 
Generation of Masks

With the master interferometer set at a chosen OPD value, the 
axial resolution can be estimated by changing the OPD in the 
slave interferometer when the object is a single surface reflector 
(mirror). This procedure is different from Figure 1, where the 
axial resolution is obtained from the FFT or MS protocol giving 
an A-scan peak, whose width along the axial extension of the A-
Scan is measured. Two measurements are presented.

In a first method, the axial resolution was measured from the 
RF spectrum analyser of the mixer signal, close to |OPDM-
OPDS| = 0 where the OPD in the master interferometer is OPDM 
and the OPD in the slave interferometer is OPDS. For this, the 
lateral scanning was stopped and on a span of 30 MHz, we first 
identified the relation between OPD and frequency, correspond-
ing to 12.8 μm/MHz. From this conversion, the width of the 
peak generated from the mixer is measured to be 5 MHz corre-
sponding to 32 μm axial resolution along the depth coordinate, 
as shown in Figure 7. In order to evaluate the time behavior of 
the axial resolution, the RF signal was recorded in intervals of 
2 min during a total span of 10 min. The RF signal is composed 
of multiple peaks spaced at 1.6 MHz. For proper localization of 
the peak, the curve has been smoothed over the maxima of mul-
tiple peaks. As illustrated in Figure 7, tolerance to inter-sweep 
variations has been obtained, as shown by consistent axial res-
olution over time, even during the initial time interval of the la-
ser's thermal stabilization.

FIGURE 6    |    Schematic of the DMS-OCT system. SS: MEMS-
VCSEL swept source, interferometers (C: couplers, TSL: translation 
stage launcher, DCG: dispersion compensating glass, SXY: 2-D lateral 
scanning head, L1-8: lenses, DCG: dispersion compensating glass), 
and display (LS DAQ: slow digitizer, BPD: balanced photodetector, PC: 
computer, S&F: signal amplifier and filter); SG: dual signal generator.
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In a second method, the axial resolution is inferred from the 
projection of the coherence gate over the en-face OCT image of 
a tilted single surface object. Figure 8a shows the en-face OCT 
image of a coin. A plain section on the coin surface was used. 
The coherence gate width was evaluated along the yellow line 
displayed on the image. The brightness variation along the 
yellow line in the OCT en-face in Figure 8a is represented in 
Figure 8b. A set of six consecutive images have been acquired 
every 2 min over a period of 10 min. Overall the axial resolution 
measured by the systems is Δz = 32 �m on average.

In both experiments, it can be highlighted that the effect of 
sweep variations on the tunning curves does not alter the res-
olution. The axial resolution in the DMS system drops slightly 
below the bandwidth limited resolution of the source. In fact, 
the unmatched uncompensated dispersion between the master 
and slave interferometer degrades the resolution, which is a dis-
advantage of the DMS method. Hereby, the differences between 
the theoretical and experimental values are strongly dependent 

to the mentioned mismatch. The sensitivity was measured with 
1.9 mW in the sample arm, obtaining 72 dB.

The functionality of the system is demonstrated with example of 
images collected. To this goal, the interferometer in Figure 1 is 
used as slave with the master interferometer of Figure 6 images 
of a coin are shown in Figure 9. The fast galvanometer scanner 
is driven at 500 Hz and 7.8 Vpp with a triangular signal. This 
means that each T-scan is obtained at 1 kHz. The slow scanner 
moves through 512 points in the orthogonal direction, driven by 
a sawtooth signal. The voltage applied is equivalent to a lateral 
size of 6.10 mm using a 3 cm focal length lens. Both ramps of the 
fast galvanometer scanner are used, together the fast and slow 
scanner form a square image. The following images are gener-
ated with 1.9 mW on the sample. Figure 9 shows 4 en-face im-
ages for different values of the OPD in the master interferometer, 
stepped at 100 μm in panels 1–4, acquired at f = 300 MHz corre-
sponding to an OPD = 3.84 mm, in both interferometers. In pan-
els (5)–(8), the images are repeated at a frequency of 600 MHz, 
which corresponds to an OPD of 7.68 mm. The coherence gate 
is visible in both sets of images. During the imaging process, 
the position of the translation stage in the reference arm of the 
master interferometer was manually adjusted.

In order to demonstrate the capabilities of our system against 
moving objects, we imaged a human thumb. The power of the SS 
was increased to the point where sample plane receives 2.9 mW. 
The scanning speed was increased to 1 kHz for the fast scanner 
while preserving the same number of lines. As a consequence, 
the frame rate was doubled to 10 Hz. The image size remained 
constant during the imaging session with 7.8 Vpp. Since both 
ramps of the galvo scanners are used, an effective T-Scan is pro-
duced at 2 kHz. The first set shown in Figure 10 (1)–(4) is gener-
ated at f = 300 MHz, and the second set (5)–(8) at f = 1000 MHz. 
The two sets were acquired at different times. The white band 
seen in Figure 10 (1) corresponds to the coherence gate through 
the fingerprint, sampling the stratum corneum. As the OPD is 
varied in the master interferometer, the coherence gate moves 
through the finger. In Figure 10 (2) the sweat ducts are visible 
on the left side of the image. At a deeper layer, the epidermis 
can be observed on the left side of the Figure 10 (4). The volume 

FIGURE 7    |    Stability of the axial resolution. Output of the beating 
signal measured through an RF analyser. Six graphs superposed 
acquired at a 2 min interval between them.

FIGURE 8    |    (a) En-face image of a coin where the part selected by the coherence gate is seen. (b) Presentation of the signal strength over the yellow 
line. A total of 10 graphs superposed acquired at a 2 min interval between images. Scale bar 1 mm, image size 6.09 mm × 6.09 mm.
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8 of 12 Journal of Biophotonics, 2024

represented in Figure 10a,b, is an illustration of volumes recon-
structed after scrolling through the reference stage in the master 
interferometer, with both sets at different OPDs. Volume recon-
struction is done in post-processing, where the images have been 
registered axially. Although the source allows for larger OPD, 
the photodetector used here limits the system's maximum axial 
range. A higher frequency balanced photodetector may extend 
the capabilities of this system.

Moreover, the slave interferometer is adapted for eye imag-
ing. A chin rest is used to stabilize the patient head and limit 

movement. Power was adjusted to 1.8 mW in compliance with 
the ANSI standard when imaging the eye [30]. The fast galva-
nometer scanner runs at 1 kHz and the slow galvanometer scan-
ner at 4 Hz, both driven by 3.4 Vpp. This represents a square 
image of 9.3 mm × 9.3 mm lateral size. For this set of images, the 
master interferometer was set to f = 150 MHz, corresponding 
to an OPD of 1.92 mm. In Figure 11 (1)–(3) three different en-
face images of the foveal area are presented at different depths, 
showing that despite poorer depth resolution due to dispersion 
mismatch, sufficient axial resolution capability is demonstrated 
in vivo by the DMS system. The same occurs in the consecutive 

FIGURE 9    |    En-face images generated by DMS. Each set of en-face OCT images are collected at four different OPD values in the master 
interferometer. (1)–(4) en-face images at f = 300 MHz in the master interferometer, OPD = 3.84 mm, (5)–(8) en-face images at f = 600 MHz in the slave 
interferometer, OPD = 7.68 mm. Scale bar 1 mm, image size 6.09 mm × 6.09 mm.

FIGURE 10    |    In vivo en-face images generated by DMS. Each row represents a set of images at significant different OPD. (1)–(4) En-face images 
generated at an OPD correspondent to 3.84 mm and f = 300 MHz. (a) Volume representation of the consecutive en-face images acquired around 
3.84 mm OPD. (5)–(8) En-face images generated at OPD = 12.8 mm and f = 1000 MHz. (b) Volume representation of the consecutive en-face images 
acquired around 12.8 mm OPD. Scale bar 1 mm, image size 6.09 mm × 6.09 mm.
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images in depth in Figure 11 (4)–(6) from the optic nerve. The 
coherence gate is moved axially by actuating on the reference 
arm of the slave interferometer. In this way, the visualization of 
deeper layers is possible. This can be seen in Figure 11 (4) and 
(6), while in Figure 11 (6), the lamina cribrosa is seen bright. In 
this figure the other pixels are closer to the anterior part of the 
eye, well outside the depth of the lamina, not within the axial 
resolution interval, hence they appear as dark.

6   |   Comparing MS Procedures

Figure 12 provides a flow chart graphical representation of the two 
methods under consideration, namely the conventional numeri-
cal protocol (CNP) and DMS. As such, the methods mentioned in 
the introduction based on subsampling are categorized as CNP. 
On the left, conventional numerical procedures (FFT or CMS) 
are shown; the two columns of steps illustrate the need for sep-
arate processing steps for each sweep. When using FFT, calibra-
tion handles a separate vector of data for backward and forward 
sweeping. In FFT, the calibration vector contains data resampled 
according to each sweep. Only after data is resampled, an FFT can 
be computed. For CMS, this may mean different masks. CMS uses 
the raw data, but requires masks to perform the CMS protocol on 
each sweep [25].

A major challenge when utilizing either FFT conventional 
method or CMS, both based on numerical calculations, is their 
inability to correct for changes in the sweeping parameters over 
time. This is because the resampling in the conventional FT 
based OCT as well as the calibration masks are obtained only 
once before the imaging step, and if the phase alters for any rea-
son, the acquired masks will not account for these fluctuations. 

Thus, sweeping stabilization is typically necessary when uti-
lizing computational phase methods, which can possible be 
achieved by using a clock. This possibility could not be tested 
here as no clock was available. However, in the case of DMS, the 
sweep changes take place in both interferometers at the same 
time, resulting in no degradation of their mixing over time due 

FIGURE 11    |    In vivo en-face eye images generated by DMS. (1)–(3) En-face images of the foveal area, generated at an OPD corresponding to 
1.92 mm and f = 150 MHz (4)–(6) En-face images of the optic nerve area, generated at an OPD correspondent to 1.92 mm and f = 150 MHz. Scale bar 
1 mm, image size 9.3 mm × 9.3 mm.

FIGURE 12    |    Comparison of conventional numerical protocol (left) 
and downconversion (right). Green and blue dots meaning sweep was 
used, forward and backward, respectively. White dot meaning, no 
sweep was used while having the sweep.

 18640648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbio.202400201 by T

est, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 12 Journal of Biophotonics, 2024

to sweep variations. This means the “masks” are generated in 
real-time for each en-face image, enhancing the system toler-
ance to sweep-to-sweep variations.

For several-MHz swept-sources, digitizers are available and pro-
cessed data may be still produced with a maximum delay of one 
lateral scan or one volume, that is, quasi real time and accept-
able if the time lag is not too high. For larger than a few MHz 
sweeping rates, digital oscilloscopes are needed, where data are 
sampled at much higher speed, but data obtained is stored lo-
cally [31, 32]. This precludes any chance of real time processing, 
as transfer of data may require few minutes. Even if the system 
is perfectly designed with zero dispersion and fully linear, where 
no operation apart from a FFT is required, such as in k-clock sys-
tems, the signal still requires digitization, plus k-clock circuitry 
of much larger frequency.

On the left of Figure 12, M pixels are along the lateral direction, 
M = T/(2τ), where τ is the unidirectional sweep time, with a pe-
riod of sweeping 2τ and a period of lateral scanning 2T. Each 
image has M pixels. To produce an image with both sweeps, the 
conventional procedure on the left requires an extra step of in-
terlacing the two images, with an image for each sweep. The raw 
signal is used in the DMS, as shown in Figure 12 right, where 
the final image contains 2 M points from both sweeps. The dif-
ference to numerical method MS is that the masks for the depth 
of interest is generated in real time.

The DMS proceeds on both sweeps continuously and lateral pix-
els are created in the T-scan as the lateral scanner progresses, 
that is, in the image, there will be alternative pixels due to 
each sweep (white and green in Figure 12). Interlacing the two 
T-scans or frames for each sweep to create an image based on 
alternate sweeps is unnecessary when performing DMS. The 
DMS produces an en-face view with 2 M pixels straight away, 
that is, the image generated contains both sweeps (with no need 
for an extra operation of interlacing).

7   |   Discussion

Recent developments of fast SSs that in addition exhibit narrow 
instantaneous spectral linewidths, determining a long axial 
range, demand digitizers for 10's of GHz. By employing analogue 
mixing, the dilemma of high-speed digitization to be used specif-
ically on each sweeping direction is addressed. Instead of sam-
pling photodetected signals at GHz rate, the digitizer needs to 
sample at the much smaller rate comparable to that of the sweep-
ing rate.

In respect of using a digitizer to produce images corresponding 
to an axial range exceeding that determined by its sampling rate, 
there are already reports on OCT literature. A two input digitizer, 
with limited sampling rate was used to extend the axial range of 
a SS OCT system by engaging two inputs in sampling a 0° and 
90° shifted replica of the photodetected signal [33]. For objects 
of limited extension in depth, optical subsampling was proposed 
that can produce correct cross section images of the object even 
if the object is placed at distances several times larger than its 
axial extension [34]. Using frequency combs, circular ranging 
was reported to image single layer extended objects [35].

It is therefore interesting to place DMS reported here in the 
landscape of other OCT methods addressing the high sam-
pling rates needed. In comparison with other methods that 
reduce the digitization burden, such as optical subsampling, 
DMS can generate en-face image correctly with no superpo-
sition from any other depth of an extended object. The object 
can be as extended in depth as the axial range determined by 
the instantaneous spectral line width [23, 36, 37]. In opposi-
tion, the optical subsampling will lead to an en-face slice with 
backscattered light from multiple depths outside that of inter-
est. An en-face OCT image from any depth can be obtained 
with MS by simply changing the mask file (pre-stored from an 
experimentally collected CS in [22] or from a pre-calculated 
mask [38] or with DMS [23] by simply changing the optical 
path difference in the master interferometer). Any depth 
means from the whole axial range determined by the spectral 
line width of the SS [36, 37] and not restricted to a stripe in 
depth as in optical subsampling.

We anticipate that DMS may become more useful for sweeping 
rates exceeding 10 MHz, where only digital scopes can be used to 
sample the multi-GHz signal, in which case the data acquired is 
stored and processed offline later [32, 39]. In such cases the DMS 
may find an useful niche in providing real time information on 
the imaged sample. This may be useful in adjusting the sample in 
front of the interface optics and can speed up the whole process 
that currently requires iterative adjustments of sample position.

Overall, DMS is able to produce en-face images without heavy com-
putation and with low-bandwidth electronics. In practice there 
are also losses, but not due to the principle, more to do with the de-
vice employed for producing the multiplication effect. As such, the 
passive Minicircuits, ZFM-4-S+ mixer has a 7 dB conversion loss. 
There is also cross talk between the inputs, RF and LO signals on 
one side and the output on the other side. Perfecting the MS in 
a single interferometer, that is, CMS using pre-calculated masks 
and performing calculation with a digitizer leads to a sensitivity of 
90 dB. Using the downconversion 72 dB was obtained. Most of the 
difference in sensitivity is attributed to uncompensated dispersion 
mismatch between interferometers. For future system designs, 
these issues can be amended by careful dispersion compensation, 
and use of electronics with lower figure noise.

There is however a degrading factor, if deterministic oscilla-
tions pulsate similarly in the two interferometers, then these 
determine an extra source of noise. When perfecting FFT, the 
harmonics are clean. When perfecting CMS (that employs pre-
calculated masks), the masks are also clean. Pulsations seen in 
the two interferometers in a single arm concur in creating noise 
by the very process of multiplication.

8   |   Conclusions

In this study, we address key challenges associated with bidirec-
tional sweeping in OCT. Two alternative imaging approaches are 
compared, both based on the MS protocol. We refer to the first 
approach as complex master slave, where complex masks are ob-
tained from several experimentally collected spectra followed by 
a numerical synthesis. Its calibration procedure replaces the step 
of resampling and linearization of data, widely used by the OCT 
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community [32] before applying a Fourier transform. CMS uses 
masks obtained by employing the same interferometer for both 
calibration that is, generation of experimental spectra followed by 
calculation of masks as well as for imaging. Once masks are gen-
erated, A-scans, B-scans, and C-scans can be obtained, similar 
to the FFT-based method. (FFT based method also uses a single 
interferometer, for calibration with a mirror and imaging when 
the mirror is replaced by the object to be imaged). When driven 
by bidirectional sweeping lasers, we demonstrate here that even 
minor variations in sweep between forward and backward scans 
can substantially influence image quality, hence, the need for 
separate processing of signal obtained from each sweep direction. 
In addition, CMS or FFT-based methods often require calibra-
tion if sweeping parameters vary over time. Such an instability 
problem is addressed using the DMS-OCT procedure. In addition, 
the mask generated by DMS contains both sweeps straight away, 
eliminating the need for the interlacing step required by both 
FFT based and CMS based methods. Tolerance of instabilities in g 
comes from the generation of such masks in real-time. As another 
advantage, the signal provided by DMS is of much lower band-
width (i.e., downconverted in frequency), enabling the generation 
of en-face OCT images for much higher sweeping speeds.

DMS presents a promising solution for bidirectional sweeping la-
sers thanks to its simplicity. This approach eliminates the need 
for resampling, additional calibration, or processing of the two 
sweeps separately. Moreover, it offers a cost-effective implemen-
tation by simplifying the digitization process. Despite its limita-
tions, such as generating a single en-face OCT image and potential 
dispersion mismatches between the slave and master interferom-
eters impacting axial resolution, more master interferometers can 
be utilized with careful interferometric design. Nevertheless, the 
DMS capability can potentially benefit systems such as; few-MHz 
sweep rates, where computational demand is high, long axial 
range systems needed to capture GHz signals, systems using bidi-
rectional sweeping, and finally conventional systems with a need 
for rapid en-face display as it can be installed as an add-on with 
minimal modifications to an already functional setup.

As long as calculations of FFT, resampling, phase compensation 
can be done within the sweeping interval, then digital process-
ing can keep pace with sweeping and volume processing can be 
performed sufficiently fast to enable an en-face cut with mini-
mum delay (as long as the extra time of en-face calculation is less 
than the duration of a volume frame, then there is no need for 
DMS). This is possible with ultra-fast digitizers up to a few MHz 
sweeping rate as demonstrated by several reports. Here DMS 
may only be used as a low cost alternative, eliminating the high 
cost of the digitizer with an accepted compromise of limited in-
formation delivered in a single or a few en-face OCT images, 
depending on how many master interferometers are assembled.
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