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1. Introduction

Tunability is a desired feature in any optical filter [1]. This also
applies to the fiber ring resonator (FRR) case due to the high op-
tical quality factor (Qop) that can be obtained and to the simplicity
in its fabrication [2]. Indeed, the FRR is a very useful element for
many applications as it can be used as a high selectivity add-drop
optical filter, a high resolution gyroscope, a fiber laser etc. We can
particularly mention the phase noise performance that can be
achieved for microwave signals generated by an optoelectronic
oscillator (OEO) when a high Qop: FRR is used as the frequency
stability element in the oscillator setup [3]. Besides the importance
of achieving high spectral purity for the generated microwaves,
the tunability is also greatly desired in OEOs. For that reason,
numerous studies have been performed to tune the oscillation
frequency in different OEQ's architectures [4-6].

Certainly, tuning the FRR's frequency response is possible by
changing the resonator's temperature or by using the effect of
polarization and birefringence in the resonance loop [7]. On the
one hand, the FRR's response to the temperature is too weak and it
is also very slow. In a previous work [2], we have performed a
detailed study on this matter. It has been found, for example, that
the FSR response to the temperature in a 20 m-long FRR is equal to
|70Hz|/K. This means that a temperature variation of

AT =14 x 10°K is theoretically required to tune the FRR's
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frequency response by a full FSR (FSR ~ 10 MHz in a 20 m-long
FRR), which is clearly impractical to achieve. On the other hand,
the effect of polarization and birefringence is limited and could be
sensitive to external perturbations.

In this paper, we first give a brief description of the FRR and
later on we present our theoretical and experimental investiga-
tions on a particular architecture of the FRR. This architecture is
principally based on the enclosure of a phase shifter and a tunable
optical coupler (forming a Sagnac mirror) at the same time in a
double coupler add-drop FRR. While some research works study-
ing separately similar architectures were reported in the literature
[8-11], to our knowledge, no detailed study has been performed to
show the effect of the combination of both the phase shifter and
the tunable optical coupler on the double coupler add-drop FRR's
response. In the present work, our investigations show that such
combination allows a complete tuning of the absolute frequency of
the generated final optical resonance comb (ORC) and of its free
spectral range (FSR) as well. In addition, the results of a study
performed on the possibility of tuning independently both of
these characteristics of an ORC are also addressed.

2. Fiber ring resonator

The architecture of the double-direct-coupled FRR, considered
in our studies, is shown in Fig. 1(a). This FRR is fabricated using
two low loss two-by-two directional optical fiber couplers (C; and
C,) linked together with a single-mode fiber loop. The resonator
generates a transverse single ORC with microwave spacing called
FSR. The FSR is given by FSR=c/nL, where (L) the fiber loop length,
(n) is its refractive index and (c~3-108 m/s) is the light speed in
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Fig. 1. (a) Architecture of the double-direct-coupled FRR (a phase-shifter is in-
serted to control the phase delay inside the FRR's loop). (b) ADS model of the FRR.

free space. The Qg of this resonator particularly depends on the
couplers' coupling coefficients (x; for C; and k; for C;) and on the
overall losses in the resonator architecture: couplers' excess loss
(71,2), splices' loss (&) and fiber linear loss (ay).

3. Absolute frequency tuning using an optical phase-shifter

As already reported in Ref. [8], it is possible to tune the absolute
frequency of an ORC generated by a FRR by inserting an optical
phase-shifter (PS) within the FRR's loop [see Fig. 1(a)]. The PS
enables the control of the phase delay inside the ring loop and,
therefore, the control of the phase matching condition. An addi-
tional phase-shift added inside the FRR's loop (Agps) will lead to a
proportional absolute frequency shift (Afop; fope being the optical
resonant frequency) in the ORC as follows [8]:

Mope = 327 = 52 FSR

From the above relation, we can clearly notice that when an
additional 2z rad phase-shift is added to the optical signal inside
the FRR's loop, the resonant frequency will shift by one complete
FSR. In order to simulate the response of such FRR architecture, we
have used an upgraded version of a model of the FRR developed in
a previous work [12]. This FRR model is based on an original ap-
proach using electronic design software (ADS from Agilent), typi-
cally used for microwave systems' design. With this FRR's model
[depicted in Fig. 1(b)], we have been able to simulate the trans-
mission response of a 20 m-long FRR including a phase-shifter.
Consequently, the abovementioned frequency tuning technique
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Fig. 2. Transmission spectrum at the third output of a 20 m-long FRR simulated,
using an ADS model, while changing Agps's value by  rad. An absolute frequency
shift of the ORC by one half of the FSR is obtained.

has been confirmed by changing A@ps from 0 to 27 while mon-
itoring the FRR's responses (see Fig. 2; For clarity's sake, the pre-
sented results are for a change in A@ps's value by 7). Furthermore,
we have found that such a tuning technique does not modify the
FRR's transmission characteristics (insertion loss (IL), Qops €tc...).

The abovementioned theory on the optical absolute frequency
shift has been experimentally confirmed using a narrow linewidth
laser and the wavelength scanning technique [13]. This wave-
length scanning technique consists of a frequency fine-tuning of a
narrow linewidth (~1 kHz) Koheras fiber laser to explore the FRR's
ORC by recording the FRR's response on a photodiode followed by
an oscilloscope. In our experimental setup, we have used a 23 m-
long FRR including a PS (abbreviated by FRR-PS) and a second
20 m-long FRR as a spectator to witness the absolute frequency
shift in the FRR-PS's ORC (see Fig. 3). The results are depicted in
Fig. 4 and they confirm that when an additional phase-shift
Ag@ps=r is added inside the FRR-PS's loop, its ORC shifts by FSR/2.

4. Free spectral range tuning using a variable optical coupler

A fiber loop mirror (FLM), or a Sagnac reflector [14], is a device
made by connecting the ports on one side of a two-by-two fibered
directional optical coupler. This FLM is usually used in its simplest
form as a reflecting device [15]. In that case, the input optical
signal is split so that two counter-propagating waves are formed in
the fiber loop, which then return to recombine (interfere) at the
coupler. Since the optical paths for both counter-propagating
waves in the loop are the same, the reflectivity of the FLM will be
only determined by the coupling ratio of the optical coupler (if the
thermal effects and the polarization rotation inside the fiber are
disregarded).

In our case, the same effect has been used to tune the ORC's
FSR. This has been achieved in a configuration based on a classical
FRR architecture including a FLM inside its loop (abbreviated by
FRR-FLM). The FLM, of a length Lg;,,, has been made by connecting
the ports on one side of a tunable optical coupler (TC) [see Fig. 5
(a)]. A similar architecture to this FRR-FLM has been studied in
Refs. [9,10], where analytical expressions have been derived for a
tunable single-direct-coupled ring resonator. Also, in Ref. [11], the
effect of the Sagnac phase-shift by the rotation of the Sagnac loop
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Fig. 3. Experimental setup used to detect the absolute frequency shift in a FRR-PS's
ORC. RUT: resonator under test; Csgqp: 3dB directional optical coupler; PD:
photodiode.
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Fig. 4. Absolute frequency shift by FSR/2 in the FRR-PS's ORC (in yellow) occurred
when an additional phase-shift Apps=7 was added inside the 23 m-long FRR-PS's
loop. The second 20 m-long FRR (in green) has been used as a spectator ring re-
sonator to witness this absolute frequency shift. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

on the single-direct-coupled ring resonator's response has been
studied. In our studies, however, the case of an all-tunable double-
direct-coupled FRR is considered and investigated in detail. As we
will see later this section, this has allowed us to point out many
important differences in the characteristics of the second and third
outputs of the FRR-FLM. Moreover, the use of a tunable coupler
seems to be a robust way to benefit from the Sagnac effect in the
FRR-FLM.

In the FRR-FLM that we have designed and studied, we have
found that the optical resonance can experience a split leading to
the creation of a new ORC. This split value (As), or what we can
call the new ORC's absolute frequency shift from the main ORC,
was depending on the TC's coupling coefficient (krc). By tuning k¢
from 0% to 100 %, we were able to adjust As from zero to one
complete FSR in the FRR-FLM. Here it is noteworthy that the FSR
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Fig. 5. (a) Architecture and (b) ADS model of the FRR including a fiber loop mirror
(FRR-FLM). A phase shifter can be inserted into the fiber loop mirror in order to get
an all-tunable FRR (TFRR; see Section 6).

for both main and new ORCs in the FRR-FLM is the same. This FSR
is given by FSRFRR—FLM:C/n(LFRR+LFLM)v where Lrrr is the FRR's
length excluding the FLM.

Based on our FRR's ADS model, we have developed a model of
the FRR-FLM, with an 18 m-long FRR and a 2 m-long FLM [see
Fig. 5(b)]. We have considered a 0.5 dB/km fiber loss (Af) because
polarization maintaining fibers have been used in order to get a
stable polarization behavior of the optical carrier inside the FRR-
FLM [3]. The excess losses for the three couplers used were con-
sidered as the following: y, =y>=y7c=0.03 dB (all these values can
be technically achieved). Moreover, an optimal optical coupling
has been found for couplers C; and C, (k;=k;=8%), allowing to
obtain the best achieved transmission characteristics for the FRR-
FLM (i.e. low IL, high Qop. etc...) [3]. The optical transmission
spectrum at both second and third outputs of the FRR-FLM has
been simulated while changing xrc's value from 1 to 100 %. For
clarity's sake, in Fig. 6 we only show the simulation results ob-
tained for xy¢c = 1% and for k¢ = 50%. From these results we can
notice that the main ORC will remain fixed while the new ORC is
uniformly shifted when changing xy¢'s value. This particularly in-
teresting FRR-FLM's behavior has not been reported in Refs. [9,10].
In Refs. [9,10], the authors predict that each ORC will experience
an equal but opposite frequency shift which also depends on the
coupling coefficient xzc but spans a value from 0 to + FSR/2 when
xkrc's value varies from 0 to 100 %. Our simulation results show that
a frequency shift by FSRerr_rni/2 is observed for the new ORC
when x7¢'s value is equal to 50%. This observed behavior is crucial
for many applications if one needs to keep one ORC fixed while
tuning the other. On the other hand, if one takes into account the
amount of the frequency split reported in Ref. [10] in function of
krc's value, the reported results agree with the results obtained
using our model: a frequency split that is equal to a complete FSR
is obtained when «7¢ is equal to 100 %.

Aside from that, the results in Fig. 6 show that the combs at the
FRR-FLM's second and third outputs seem to have different
characteristics. For that reason, we have compared both outputs'
characteristics versus krc's value, particularly regarding the main
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Fig. 6. Optical transmission spectrum at both (a) second and (b) third outputs of
the FRR-FLM simulated, using an ADS model, while changing xrc's value. 1 and|
notations indicate an increasing or a decreasing xzc's value.

and new resonances' full width at half maximum (FWHM), IL and
worst-case out-of-band rejection (see Fig. 7).

The simulation results presented in Fig. 7(a) show that, at both
outputs, the FWHM is the same for the main and the new ORC.
However, they show that a narrower FWHM can be obtained at the
FRR-FLM's third output on a wider range of xrc's variations. This
FWHM is in the range of 345 kHz, resulting in a Qqgp of 5.6 x 108 at
a laser wavelength 4,=1.55 pm. Likewise, the results in Fig. 7
(b) show that, for both outputs, the transmission loss is the same
for the main and the new ORC. On the other hand, a constant
transmission loss can be obtained at the FRR-FLM's second output
versus K¢ (transmission loss=8.6 dB), which is not the case at the
FRR-LM's third output. Indeed, the transmission loss at the third
output varies from 8 dB to 9.1 dB versus kr, which is still accep-
table if we take into account the behavior of the FWHM and the
worst-case out-of-band rejection of the resonances at the third
output. Fig. 7(c) results show that, for both outputs, the worst-case
out-of-band rejection is the same for the main and the new ORC.
However, a higher out-of-band rejection can be obtained at the
FRR-FLM's third output on a wider range of x7c's variations.
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5. Experimental results for a FRR-FLM

In order to experimentally confirm the aforementioned theo-
retical results, we have fabricated a FRR-FLM with some optical
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devices available at our laboratory. To this purpose, we have firstly
characterized a polarization-maintaining variable-ratio optical
coupler. This TC's coupling coefficient was adjustable by two dif-
ferent means: a fast tuning, by means of a micrometric screw, and
a fine tuning that is remotely controlled using a piezoelectric ac-
tuator. The main drawback of this device was its high excess loss
[~20% (~1 dB)]. Moreover, the TC's outputs were not well equili-
brated and the TC was not hysteresis-free.

Here, it is noteworthy that this FRR-FLM was made for a single
test. Therefore, fiber connectors were used to connect the different
optical devices in the FRR-FLM instead of splicing them. Moreover,
the input and output couplers of the FRR part in the FRR-FLM had
the following characteristics: k1 =k>=30% (no 8% couplers were
available at the laboratory to achieve an optimal coupling in the
FRR-FLM) and y;=y,=0.1 dB. As a result, the fabricated FRR-FLM
had very high transmission loss [see Fig. 5(a)]. This FRR-FLM was
7 m-long (Lrg=5m and Lgy=2 m), resulting in a theoretical
FSRerr-riy Of about 29 MHz.

Once fabricated, the 7 m-long FRR-FLM has been characterized
using a microwave frequency domain characterization technique
(see the illustration in Fig. 8). To be able to use this technique, the
laser carrier must be first stabilized onto the center of one of the
FRR-FLM's optical modes. This is achieved using the Pound-
Drever-Hall laser stabilization technique [16]. Later on, the laser
carrier is modulated by means of a frequency-shifter modulator
(FSM) driven by a sweeping radio frequency (RF) signal delivered
by a microwave vector network analyzer (VNA). As a result, the
obtained sweeping single modulation sideband (MSB) will explore
the different optical modes of the FRR-FLM. Later on, the beat note
of the laser carrier and this optical MSB on a fast photodiode will
transcribe the FRR-FLM's transmission characteristics in the RF
domain on a given frequency bandwidth. This is done by mea-
suring the S»; transmission parameter on the VNA. More details on
this microwave frequency domain characterization technique can
be found in Ref. [17].

In order to correctly characterize the FRR-FLM in the micro-
wave frequency domain, it is essential to use the FSM. In point of
fact, the optical resonances belonging to the main and the new
ORC in the FRR-FLM are not equidistant regarding each other (see
the illustration in Fig. 8). Therefore, if a classical linear amplitude
modulation of the optical carrier is used, this will result in a de-
formation of the RF response. This is because, in that case, two
MSBs are generated, that will not overlap at the same time with
two optical resonances belonging each to a different ORC of the
two ORCs generated by the FRR-FLM. On the contrary, the FSM
produces only one optical MSB besides the optical carrier. Conse-
quently, it is possible to stabilize the laser carrier onto one of the
optical resonances of the main ORC (ideally) where the single
optical MSB will therefore properly explore the other resonances
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Fig. 9. Absorption output of a 7 m-long FRR-FLM characterized using the micro-
wave frequency domain characterization technique.

of the two ORCs generated by the FRR-FLM and accurately tran-
scribe them in the microwave frequency domain.

Aside from that, the transmission loss of the fabricated re-
sonator was high, thus preventing a correct description of the
FRR-FLM's transmission characteristics. Yet, we were still able to
describe the FRR-FLM's absorption characteristics using our mi-
crowave characterization bench because we were able to detect
more optical power at the absorption port of the FRR-FLM [the
FRR-FLM's first output; see Fig. 5(a)]. The S,; transmission para-
meter measurements are presented in Fig. 9. These results are in
very good agreement with the theory as they confirm a total
FSRerr-riv Of 31 MHz and, particularly, a frequency shift in the new
ORC by half of the FSRrrr_rip When krc's value is around 50%. The
observed difference in the absorption resonances’ depths is likely
due to the non-equilibrated outputs of the variable optical coupler
we were using.

Likewise, the 7 m-long FRR-FLM has been characterized in the
optical domain using a narrow linewidth laser and the wavelength
scanning technique [13]. Because of the high transmission loss
issue, an optical amplifier had been added at the FRR-FLM's third
output and we were therefore able to measure the transmitted
signal while changing xrc's value (krc=1%, 30%, 70% and 87%). The
measurements are depicted in Fig. 10 and they show a qualitatively
good agreement with our theoretical predictions on the new ORC's
tunability versus krc in a FRR-FLM. The amplitude deformation in
the transmitted signal is most probably due to the non-equili-
brated outputs of the variable coupler we were using.

Finally, we can establish that these different theoretical and
experimental studies strongly confirm the feasibility of an all-
tunable FRR. Obviously, the 7 m-long FRR-FLM that we have
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Fig. 8. Illustration of the microwave frequency domain characterization technique. This illustration shows the importance of using a FSM to modulate the laser carrier in
order to generate a single sweeping MSB (rather than two MSBs if a classical linear amplitude modulation of the optical carrier is used) and therefore accurately transcribe
the transmission characteristics of a TFRR (or a FRR-FLM) in the RF domain on a given frequency bandwidth.
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Fig. 11. Optical transmission spectrum at the third output of a 20 m-long TFRR,
simulated using an ADS model. A tuning of the new ORC's absolute frequency is
obtained by changing the coupling coefficient of the tunable coupler. In-
dependently, a uniform tuning of both the new and main ORCs’ absolute fre-
quencies is obtained by changing the phase-shift added by the phase-shifter.

experimentally characterized was a non-optimized test-resonator
used only to validate what our ADS models predicted on the FRR's
tunability. Such an all-tunable FRR is certainly very advantageous
for many applications in the microwave photonics field (e.g. nar-
row bandwidth tunable filter, tunable OEO, etc,...), particularly if
the resonator characteristics can be improved in terms of losses.

6. All-tunable FRR

The simulation results of Section 4 and the experimental re-
sults of Section 5 are very interesting as they predict, together
with Section 3’s simulation and experimental results, that an all-
tunable FRR (TFRR) can be designed if we combine the tunable
coupler effect with the phase-shifter effect in the same FRR. This
TFRR architecture therefore includes a FLM and a PS as illustrated
in Fig. 5(a). Here, it is noteworthy that our model predicts exactly
the same TFRR's transmission characteristics either when the PS is
inserted inside the FLM's loop or inside the FRR's loop.

The optical transmission spectrum at the third output of a

20 m-long TFRR has been therefore simulated using an ADS model.
The results are presented in Fig. 11 and they show that a tuning of
the new ORC's absolute frequency is obtained by changing the
coupling coefficient of the tunable coupler. Also, independently, a
uniform tuning of both the new and main ORCs’ absolute fre-
quencies is obtained by changing the phase-shift added by the
phase-shifter.

Unfortunately such TFRR structure has not been experimentally
tested. This was due to the high insertion losses introduced by the
PS inside the TFRR. Still, the theoretical and experimental results
in this article proves that if one is able to design a TFRR with low
loss devices or technology (e.g. a phase shifter and a tunable op-
tical coupler in integrated ring resonators), a complete tunability
of the resonator can be obtained as expected in Fig. 11.

7. Conclusion

In this paper, the optical fiber ring resonator (FRR) tunability
has been theoretically studied in detail and we have been able to
demonstrate a full tunability of the FRR response. This has been
achieved in a particular resonator architecture based on the ad-
dition of an optical phase-shifter and a fiber loop mirror inside the
FRR's loop. In this architecture, the absolute frequency and the free
spectral range of the optical resonance comb generated by the
resonator could be both changed independently. This all-tunable
FRR has been modeled and a large part of the theoretical results
were later on qualitatively validated through different experi-
mental tests. Such an all-tunable FRR can be certainly advanta-
geous for many applications in the microwave photonics field. Our
ongoing researches are currently focused on the full experimental
characterization of such all-tunable FRR.
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