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In this paper, a fast dual resonance akinetic optical swept
source operating at 1550 nm is demonstrated. Instead of
modulating the optical amplifier gain reported in our previ-
ous studies, here we employ a fiber intensity modulator as a
mode-locking element. A chirped fiber Bragg grating is used
to provide sufficient dispersion in the laser cavity. A tuning
range of 25 nm is obtained for a sweep frequency of 900
kHz with a 6-dB drop-off in sensitivity at 2.6-mm optical
path difference.

Published by Optica Publishing Group under the terms of the Cre-
ative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published arti-
cle’s title, journal citation, and DOI.
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Introduction. Optical coherence tomography (OCT) is a
non-invasive, non-contact imaging technique based on low-
coherence interferometry [1,2]. The essential parameters deter-
mining the OCT performance are the axial resolution, imaging
range, and speed, as well as the sensitivity drop-off with imag-
ing depth. One of the OCT methods that in the last decade has
proven MHz sweep rates is the swept source (SS)-OCT [3]. This
allows not only a high speed, but a larger axial range than the
spectrometer based-OCT method.

Several operation principles for fast wavelength tuning have
been demonstrated. The most widely used mechanical solutions
employ Fabry—Perot tunable filters [4,5], polygon mirror scan-
ners [6], or tunable micro-electromechanical systems (MEMS)
together with an optical amplifier [7]. Akinetic wavelength-
swept source lasers (AKSS) with an integrated semiconductor
opto-electronic design at central wavelengths of 1060, 1310, and
1550 nm [8,9] have been reported recently. Akinetic wavelength
tuning based on an active mode-locking (AML) method of a
dispersive cavity [10,11] has also been reported.

Previously, we have reported on mode-locked dispersive
cavity lasers for SS-OCT systems based on the so-called dual res-
onance sweeping regime. Several configurations implementing
this regime were demonstrated at 850 and 1550 nm [12,13]. In
these reports, sweep frequencies close to 1 MHz were achieved
in long length cavities, where otherwise conventional AKSS
configurations would allow only a few-kHz sweeping rate. One
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commonly used approach to increase the sweep frequency is to
reduce the cavity length [11,14].

In the previous reports on the dual resonance regime,
mode-locking was achieved by modulating the gain of the semi-
conductor optical amplifier (SOA) in the laser cavity. A first
drawback of modulating the gain originates from the nonlinear
operation of SOA chips, where both the optical power and the
spectral bandwidth depend on the value of the driving current.
For a more stable tuning, it would be preferable to operate the
SOA at a constant injection current. A second drawback is due
to the frequency limitation of commercial SOAs, where their
surrounding electronics circuitry does not accept direct current
modulation at GHz rates. For a more stable tuning, it is also
preferable to operate with modulation frequencies larger than
1 GHz [10]. In the present study, the optical amplification is
separated from the mode-locking mechanism by employing an
additional component, an intensity modulator, responsible for
the mode-locking of the optical field in the cavity only. Intensity
modulators can operate at frequencies in excess of 10 GHz.

Methods and results. The AKSS researched is depicted
in Fig. 1. The setup uses an SOA as a gain medium and a
chirped fiber Bragg grating (cFBG) as a dispersive element. The
operation of the AKSS is based on dispersion mode-locking
technique. Mode-locking is achieved by modulating a Sumit-
omo Osaka Cement Co. 14-GHz fiber Mach—Zehnder intensity
modulator (FMZIM) in the cavity. The modulator’s pigtails con-
sist of polarization-maintaining single-mode fibers (PMF). All
other fiber connections are implemented using non-polarization-
maintaining single-mode fibers. To maximize transmission in
the cavity, inline polarization controllers (PC) are employed.
Output light is extracted via a directional coupler (DC) with
80% of power reinjected into the cavity.

As a gain medium, a CIP Technologies SOA with 3-dB band-
width of 60 nm and central wavelength 1525 nm at a current
of 100 mA is employed. The SOA is driven and controlled by
a Thorlabs laser diode controller and a Thorlabs temperature
controller. The SOA is followed by a polarization-insensitive
optical isolator (FOCI Inc.), ISO, and by an SMF-28e delay
of approximately 200 m in length. An optical circulator (AFW
Technologies), CIRC, conveys the light to a chirped fiber Bragg
grating (VFibre), cFBG. The cFBG exhibits 40-nm spectral
bandwidth and chromatic anomalous dispersion of 10 ps/nm.
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Fig. 1. AKSS setup. SOA, semiconductor optical amplifier; ISO,
optical isolator; CIRC, optical circulator; cFBG, chirped fiber Bragg
grating; PC, polarization controller; FMZIM, fiber Mach—Zehnder
intensity modulator; PMF, polarization-maintaining fiber; FC, fiber
coupler; BOA, booster amplifier; AFSG, arbitrary function signal
generator; VCO, voltage-controlled oscillator; RFA, RF amplifier;
PS, power supply.

The ISO together with the CIRC ensure unidirectional lasing in
the laser cavity. The total cavity round trip length was evaluated
as 226 m. After isolation, the laser cavity output is amplified
with a booster amplifier (CIP Technologies), BOA.

A schematic diagram of the electronic circuitry driving the
modulator is detailed in Fig. 1 as well (inside the green dashed
rectangle). A voltage-controlled oscillator (Mini-Circuits Inc.),
VCO, is driven by a ramp signal from an Agilent Technologies
arbitrary function signal generator, AFSG, through an in-house
bias-tee. The VCO output signal is amplified by a Mini-Circuits
radio frequency (RF) amplifier, RFA, and then applied to the
intensity modulator through a high-frequency bias-tee. The oper-
ating point of the modulator is controlled separately by DC
voltage from a regulated power supply, PS.

For lasing characterization of the AKSS, the laser output is
connected to an interferometer whose scheme is depicted in
Fig. 2. The interferometer consists of two couplers with recircu-
lation of the reference wave to avoid light being directed back

RFSA

reference
arm

Fig. 2. SS-OCT setup used for characterization of the AKSS in
Fig. 1. The recirculation of the reference wave is depicted with an
arrow. AKSS, akinetic swept source system; BOA, booster optical
amplifier; FC, fiber coupler; L, launcher lens system; M, mirror;
bPhD, balanced photodetector; RFSA, RF spectrum analyzer; OSC,
oscilloscope.
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into the optical source and terminated with a balanced photode-
tector (Thorlabs 200 MHz), bPhD. The signal from the bPhD was
observed on an RF spectrum analyzer, RFSA, and oscilloscope,
OSC.

To mode-lock the laser, the modulation frequency f,, of the
signal applied to the FMZIM must match an integer number m
of the fundamental resonant frequency of the laser cavity (free
spectral range of the cavity), f,(1), [14]:

mc _ mc
n(/l)Lround(/l) B n(/l)(Lcav + 2Lg(/1)) ’

JuA) = mf () = 1)

where c is the speed of light in a vacuum, L,,,,,(1) is the cavity
round trip length, n(Q) is the effective group index of refraction
of the fiber in the cavity, L., is the cavity fiber length, and L,(1)
is the penetration depth of the wave of wavelength A in the cFBG.
The chromatic dispersion in the laser cavity due to the fiber and
cFBG is indicated by the wavelength A dependence of n and L,
in Eq. (1), respectively.

Two tuning regimes are possible. In a first regime, the change
in the modulation frequency Af,, = |f,.(4,) — f,.(1o)| to tune the
lasing wavelength is smaller than the resonant frequency]_‘,. This
is similar to previous reports from all other groups [10,11,14];
therefore, we will refer to this operational regime as a conven-
tional dispersive cavity tuning modality. In this case, there is a
single resonance condition involved, that of mode-locking by a
signal with the modulation frequency multiple of the inverse of
the cavity round trip, as indicated in Eq. (1). A second regime,
which is employed here, is when in addition to the first resonance
condition, the sweep frequency f; is close to the fundamental res-
onant frequency f, of the cavity. This allows operation at much
larger sweeping frequencies that can be controlled by the cavity
length [see Eq. (1)]. We refer to this regime as a dual reso-
nance dispersive cavity tuning modality. As explained further
below, in this case, Af,, is several times larger than ]_‘,. To dis-
tinguish between the first and the second regime, we will label
the parameters involved using one of the two subscripts single
or dual, respectively. The wavelength tuning range in the first
regime is given by [10,11]

1
TDDroundf nf m0

where f,0 = f,,(Ao), TDD,pyq = DosvLeaw + TDD, is the effective
time delay dispersion of the light traveling a round trip through
the laser cavity, TDD, is the time delay dispersion due to the
cFBG, whereas D,,, is the effective dispersion coefficient due
to the fiber only and other optical parts in the cavity. The pro-
portional constant S, in Eq. (2) is the so-called wavelength
tuning sensitivity.

Dual resonance sweeping regime. A negative ramp sig-
nal with DC offset of 5 V, peak-to-peak amplitude of 10 V,
and reference frequency f;, = 912 kHz is applied to the VCO.
The negative direction of the ramp function is used, as it
was noticed that better coherence properties are achieved than
when using a positive ramp. For the sign of dispersion in the
cavity (anomalous), this determines tuning from a short to a
long wavelength region (forward sweeping) [11]. An exper-
imentally recorded RF spectrum of the VCO output signal
is displayed in Fig. 3. The spectrum consists of a frequency
comb with repetition f;, and bandwidth approximately given
by Af,, = Ngefio = 185 MHz, where Ny, is here defined as the

A/lsingle(Af;n) = IS.vinglﬁlAfm = Af;’m (2)
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Fig. 3. Experimentally recorded RF spectrum at the output of the
VCO swept at fp = 912 kHz over Af,, = 185 MHz giving a number
of frequency components Ngr 2 200. PSD, power spectral density.

number of frequency components of the comb of whose intensity
decays by less than 6 dB.

For convenience, let us consider the sweep frequency f; written
as

fs = foo + 0f; = (o) + Of;, (3)

where f,(1y) = f; is the resonant frequency for the lasing wave-
length A, and &f; is the frequency detuning from f,(,) that could
assume both positive and negative values. The frequency com-
ponents of the comb in Fig. 3 can be then written in the general
form as

Jn(A) = fuo + Plfi(0) + Ofi], 4

where p is an integer going through the set of values: (1 —
Ngr)/2,...,-1,0,1,...,(Ngr — 1)/2. For no detuning, when
of; = 0, the comb in Fig. 3 consists of components ..., [, —
F:(A0)s fnos fuo + f(Ao), . .. made of multiples of the fundamen-
tal resonant frequency f,(1,) only. If this signal is applied to the
modulator, any component determines the same single lasing
wavelength A, emitted, as shown in Fig. 4(a) for an example
of just three RF components. This happens because each of the
components is at the center of the RF tuning bands illustrated
by the small rectangles at the bottom of the sketches in Fig. 4.
These bands are repeated at f; and their width is Af, < ]_‘,.

The only way to obtain wavelength tuning is to detune f; from
f+(Ap) in Eq. (3). When 6f; # 0, the RF comb in Fig. 3 consists
of components .. .,f . — () = fss finos fo + [ (A0) + 6f;, . ..
made of multiples of different fundamental resonant frequencies
f+(2), deviated by ¢f, from one RF tuning band to the next. The
principle of lasing when ¢f; # 0 for the example of just three
lasing wavelengths A_;, A,, 4, is displayed in Fig. 4(b) [15].
The wavelengths A_,, Ay, A, are generated by RF components
Juo = Fr(A0) = s [0 fino + [1(Ao) + Of;, respectively, as given by
Eq. (1). Assuming Ngr frequency components and that S, in
Eq. (2) is approximately constant over Af,,, the wavelength tuning

Ao A1t Ao M

ofs

Afy A

e - ... 00O O o -
fmo = fr(N0)  fmo  fmo + fr(No) fmo = fr(Mo) =0fs  fmo  fmo+ fr(Xo) +6fs
fm fm

(a) (b)

Fig. 4. Tuning principle of the AKSS when employing a dual
resonance regime: (a) of; = 0; (b) of; # 0.
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range A, in the dual resonance regime can be estimated as

. A m
A/ldual(df-\') = Sdt«a[|6ﬁ| f

= NRF|S.\'ingle||6f\'| |S\mgle||6f| (5)
where S, is the wavelength tuning sensitivity in the dual
resonance regime. Equation (5) shows that AA,,, increases
approximately linearly with Jf;.

The dependence of laser coherence on the detuning df; can be
assessed by defining a number of RF tuning bands per optical

spectral line N, calculated by

NRF ~ Aﬁn 6/1st
NA/I ﬂ A/lduul(éf\'),

where Nji = Adga(0f;)/ 04, is the number of distinct optical
spectral lines within the tuning range AAdu.(df;) and 64, =
0.13 nm is the linewidth measured in the static regime. If N5, <1,
degradation of laser coherence properties are expected.

The optical peak-hold spectra obtained without the BOA for
different values of the detuning frequencies df; from 912 kHz
are depicted in Fig. 5. To obtain flat optical spectral shapes,
the polarization state was altered by fine adjustments applied
to the PCs in Fig. 1. The right vertical axis in Fig. 6 shows
FWHM tuning range against detuning Jf;. According to the
experimental results in Fig. 6, Ad,,,(df;) exhibits a tuning sen-
sitivity S = 9 nm/kHz down to ¢f, = —2.8 kHz. The laser
output power dependence against Jf; without BOA is shown in
Fig. 6 on the left vertical axis. The drop in the output power with
of, can be associated with the decrease of effective number of
round trips of the photons circulating in the cavity [4,16].

Employing the BOA at the cavity output, the output power
increases to 6.9 mW. The roll-off measurements are obtained
in Fig. 7 using the interferometer sketched in Fig. 2. For of; =
—1.6 kHz, —2.2 kHz, and —2.8 kHz, for which tuning ranges
of 15 nm, 20 nm, and 25 nm are achieved, respectively, similar
decays of sensitivity are observed with optical path difference

Na/t(‘sfv) = (6)

Sfs = —1.1kHz
5fs = —2.8kHz |

S5fs = —0.6kHz
fs = —2.2kHz

§fs = 0kHz
0H Ofs = —1.6kHz
5fs = —3.5kHz

PSD [dBm]
S
|

AP Y LA
A G W'v»w,u,':w .

—60 ! ! ! |
1,530 1,540 1,550 1,560 1,570

A [nm]

Fig. 5. Measured peak-hold spectra when employing a dual
resonance regime. PSD, power spectral density.

80 T T T T T
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— 40 <
5 ~| —©— output power measurements | | §
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= - — - tuning range estimation Eq. (5) <
0 e | | T T T I
o -05 -1 -15 -2 -25 -3 73%
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Fig. 6. Output power values P,,, (left) and tuning ranges Ay,
(right) measured without the booster.
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ofs = —1.6kHz, AAg,; = 15nm, OPDgyqp = 3.2mm
6fs = —2.2KHz, Mgy = 20nm, OPDgqp = 2.7 mm

intensity [dB]

0 — §fs = —2.8KHz, Ad g,y = 25nm, OPDggp = 2.6mm | |
6fs = —35kHz, A ge = 28nm, OPDggp = 0.6mm
I I I I
0 1 2 3 4
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Fig. 7. Axial point spread profiles at 1 mm for different tuning
ranges. For better display, the profiles are normalized and aligned
atz =1 mm.

Table 1. Comparison of the Measured Axial Resolution
Values 6z in Fig. 7 with the Theoretical Calculations 6z;_,
Obtained for a Top-Hat Optical Spectral Shape

Adgua [nm] 10 15 20 25
6z [mm] 0.13 0.10 0.08 0.06
8z, [mm)] 0.14 0.10 0.07 0.06

(OPD) over 2 mm. For ¢f; = —3.5 kHz, degradation of coher-
ence is observed. Using Eq. (6) for |6f;| < 2.8 kHz, Ns,(5f;)>1,
while for |6f;| = 3.5 kHz, Ns,(df,) = 0.88, which explains the
quicker decay in sensitivity with OPD for this detuning.

Sensitivity n obtained from the interferometer is measured
for an OPD value close to zero and is calculated as 5 =
201og(Aoprn/Asioor), Where Aopp and Ay, represent peak ampli-
tude and floor level, respectively. The noise level is measured
when the object signal is obstructed and at the same frequency
as that of the peak. A sensitivity of 66 dB without the BOA is
obtained. By adding the BOA, the sensitivity at the same OPD
value increases to 82 dB.

To measure the axial resolution, correction is necessary for
the chirp in the optical spectrum output modulation, due to
nonlinear sweeping and due to dispersion in the interferometer.
To this goal, the method of master-slave interferometry [17] is
used. Axial point spread functions for different tuning ranges
in Fig. 8 are produced at z = 1 mm. In Table 1, the measured
axial resolution values ¢z measured at FWHM are compared
with the theoretical 6z,_, ~ 0.604>/AA calculated for a top-hat
optical spectral shape [18]. The measured resolution values are
in good agreement with the theoretical calculations.

Conclusion. In this paper, the feasibility of employing the
dual resonance sweeping regime in a swept source OCT at
1550 nm using an intensity modulator is presented for the first
time. A tuning bandwidth of 25 nm at a sweep rate of ~ 900 kHz
is obtained. Better sensitivity decay with OPD of 2.6 mm at 6 dB
is obtained than 0.75 mm reported in [13] for an even smaller
tuning range of 10 nm only. The wavelength tuning range achiev-
able in the dual resonance regime is restricted by the modulation
frequency range available and by the coherence properties degra-
dation. A rather slow decay in power with wavelength tuning
range is observed. The relatively low output power is due to the
mix of PM fiber components with non-PM fiber components in
the laser cavity and due to the low power SOA available in the
study. We believe that by assembling a laser cavity equipped
with a higher gain and more powerful SOA and using only
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Fig. 8. Axial point spread profiles at 1 mm for different tuning
ranges. For better display, the profiles are normalized and aligned
atz =1 mm.

PM fiber components, substantially higher output power may
become possible.
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