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Abstract: This paper presents a novel narrow band wavelength selective optical reflector
implemented by indirectly coupling two micro ring resonators in silicon-on-insulator technology.
The device is studied using an analytical model based on the transfer matrix method. With the
proposed configuration, by electrically driving the integrated micro heaters, a single reflection
wavelength with narrow bandwidth can be tuned. The experimental results show a good agreement
with the model outcomes. The average measured reflectivity over a wavelength span of 37 nm
is 0.55, with a peak of about 50 pm full-width-half-maximum, which corresponds to a quality
factor of ~30, 000. The proposed device can offer an alternative approach to realize compact
reflective structures for single wavelength reflection operations in photonic integrated circuits.
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1. Introduction

Optical ring resonators have been first proposed by Marcatili in 1969, to investigate propagation
losses in waveguide bends [1]. They are attracting and versatile components, particularly suitable
for many applications ranging from wavelength channel filters [2—4] to laser cavities [5,6],
modulators [7], routers or switches [8—11]. Ring resonators can be fabricated with different
integration technologies. In the recent years, high index contrast integration platforms made the
fabrication of small footprint photonic devices possible; among them silicon-on-insulator (SOI)
technology [12], attracting for its compatibility with CMOS devices, is of particular interest.

In this paper we propose the use of micro ring resonators (MRRs) for the realization of tunable
integrated mirrors with good performance: single wavelength, high reflectivity, large free spectral
range (FSR) and narrow bandwidth. Mirrors realized by MRRs have been previously proposed
in literature for various applications such as laser cavities and sensing, as well as reflective filters
in wavelength division multiplexing (WDM) systems [13-25]. Resonator-based reflectors can be
implemented by using many different configurations. For example, devices based on two rings
[18,19,21] or three and even more rings [20] have been proposed. A major drawback of these
solutions is that they exhibit multiple reflected wavelengths, spaced according to the device overall
FSR. Increasing the FSR to obtain a single working wavelength requires a reduction of the MRR
radius, with an immediate fallout in an unacceptable increase of bending loss attenuation. To
tackle this issue, cascaded ring resonators have been proposed to enhance the FSR and pass band
flatness without suffering from the reduced radius [26-28] issues (see [29] for more examples).
Coupled resonators could benefit of the vernier effect, which increases the wavelength tuning
range (e.g. as end mirrors in laser applications [17,24,30]). Other approaches for realizing single
wavelength reflectors combine a Y-branch splitter with an embedded microring/microdisk [16,23]
or sidewall Bragg grating assisted ring and racetrack resonators [22,25]. The main problem
with these approaches, though interesting results have been recently presented [31], is related
to the footprint: indeed, a very high number of periods is needed to guarantee high reflection.
Moreover, precise fabrication of these gratings requires a high quality lithography process.
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Previously reported double ring based reflectors use directly coupled rings. They exhibit
reflections in presence of resonance mode splitting induced by coupling between the clockwise
(CW) and counter clockwise (CCW) propagation modes. However, mode splitting for wavelength
reflection occurs only in specific coupling conditions, especially when coupling between cavities
is weak [19]. This requires an additional design effort to precisely determine the cavity-to-cavity
coupling coefficients. Moreover, fabrication issues such as sidewall roughness, which may
produce strong reflections that propagate back to input port [32], can harshly influence the
performance of the device.

In this work, to get rid of the mentioned problems, we propose a different approach to realize
optical reflectors. The structure consists of two crossed waveguides with two rings placed behind
the cross and mutually coupled through the central bus waveguide, as shown in Fig. 1. When the
rings resonate at the same wavelength, the light propagating from the input port is coupled to
the two rings and then driven toward the respective drop ports. However, due to the coupling
with the other ring in the drop path (which resonates at the same wavelength), the light is driven
back to the input port, thus giving rise to the desired reflection. In this case, the only condition
for the reflection to take place is the existence of a common resonance for the two rings. This
requirement can be satisfied by manufacturing rings with the same radius or, for the case of rings
with different radii, through thermal tuning using integrated micro heaters. For our structure,
coupling between rings and waveguides can only influence the performance of the device, but is
not at the base of the reflection mechanism, which only depends on the phase shift difference
induced on light propagation by the two rings. All the other paths for the traveling light, in fact,
are shared. When the phase mismatch is zero or an integer number of 27, i.e. when the two rings
are synchronous for a specific wavelength, reflection occurs and the structure operates as a mirror
(Fig. 1(a)). On the contrary, if the rings are not synchronous (Fig. 1(b)), the device behaves as a
router. Although this application is interesting, it is outside the scope of this work, which will be
therefore focused on the mirror function it allows.
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Fig. 1. Working principle of the device when used (a) as a reflector, in the case of phase
shift synchronization (#; = 6, at the common resonance of the two rings), and (b) as a
router, when 61 # 6, for all the ring resonances.
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Besides its versatility, the device is attracting also for its simplicity. The preliminary design
work concerning the coupler sections requires only the optimization of bend-to-waveguide
coupling for maximizing the performance. This ease the use of the standard Process Design
Kits (PDKs) for single MRRs, available in any fabrication facility. In fact, MRRs are one of the
well-known basic building blocks among the photonic integrated circuits. Consequently, once
the single ring resonator parameters are known, designing the whole device is straightforward.
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The paper is organized as follows. In the next section, the device’s working principle and the
analytical model based on transfer matrices are introduced. The design parameters maximizing
the reflection are also addressed. In Section 3, we show the experimental results obtained from
the fabricated device and briefly describe the details of the fabrication. The spectral behavior for
different tuning conditions are presented and discussed. Finally, conclusion remarks about the
device performance are provided.

2. Working principle and theoretical background

Figure 1 illustrates the two previously introduced different working regimes supported by the
investigated device. The resonators are fed by the input port placed in the left hand side. Unlike
the other implementations of ring-based reflectors, where two cavities are directly coupled, the
configuration presented in this work has indirectly coupled rings. In fact, they are coupled to each
other through a central bus waveguide. The strength of the field coupled to each cavity depends
on both the waveguide-to-bend separation and on the radii of the resonators (R; and R;). The
coupling varies according to the wavelength. The resonant wavelengths are dropped by the rings
and driven to the respective output ports. However, when the rings are synchronized the light
is readdressed back to the input port, thus giving rise to reflection (as shown by the dotted-red
path in Fig. 1(a)). In this case the rings have, at the wavelength corresponding to the shared
resonance, the same optical lengths. This implies 81 = 6,, being 61 = ne1L; and 6> = negals,
where n. and L; are the effective refractive index of the mode and the circumference of each
ring, respectively. Once the phase shift synchronization condition at a specific wavelength is
fulfilled, the transmitted powers at the drop and at the through ports vanish and the back reflection
to the input port reaches the maximum intensity (Fig. 1(a)). This is the configuration of interest
for the application of this device as a reflector.

For the resonances where the synchronization condition is not fulfilled, routing to the drop
ports takes place. In this case, in fact, the rings have different optical lengths, that implies 61 # 6,.
The top and bottom drop ports therefore receive different wavelengths, reversely routed by the
resonators as shown in Fig. 1(b).

The phase shift synchronization can be obtained by fabricating rings with the same radii or, in
case of different rings, through thermo-optical tuning. In the former case, all the resonances are
synchronized and a comb-type reflected spectrum, i.e. a spectrum where many peaks are present,
results. Reflected wavelengths are spaced depending on the FSR of the rings, with peaks not
equally spaced due to effective index dispersion. In the latter case, two close resonances can be
superimposed by shifting one to coincide with the other, and a single reflected wavelength is
then obtained. Thermal tuning can also be used to shift the operating wavelength of the device
by heating both rings, in order to adjust the reflected wavelength to the desired value, or to
reconfigure it as a router avoiding any superimposition of the resonances, as it will be explained
in the next section of the paper.

To investigate the behavior of the proposed device, an analytical model based on the transfer
matrix method has been implemented. This method uses, as input quantities, the propagation
parameters of the waveguide mode such as the group index (ng) and the effective refractive index
obtained from a Finite Element Method (FEM) solver [33]. The bend-to-straight waveguide
coupling parameter, on the contrary, has been calculated through Finite Difference Time Domain
(FDTD) simulations [34]. For the sake of simplicity, we assume that all the components except
the rings are lossless. The crossing is also crosstalk free. This is a reasonable assumption, since
present fabrication standards guarantee a very low crosstalk for this component [35]. Moreover,
crosstalk is not fundamental for the reflection to take place, and can only possibly influence
the final performance of the device. In the analytical model, we also neglect the stochastic
backscatterings that may occur due to the sidewall roughness in the straight waveguides and
bends. These simplifications, though important, do not significantly alter the overall behavior of
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the device and allow the development of a model which is extremely useful in determining the
role of the different parameters on the device behavior, when used as a reflector.

2.1.  Transmission matrix equations

The schematic of the device, as well as the quantities necessary to describe how it works, are
illustrated in Fig. 2. The incident (E;,) and outgoing (Ep», Ep3, E,4) complex mode amplitudes are
grouped according to their propagation direction. The couplers with two waveguides (DC; and
DC5) are in vertical direction, while the three waveguide coupler (DC3) is placed horizontally. In
the schematic, the propagation direction of the positive superscript sign amplitudes is represented
with red arrows, while the negative ones are green colored.

Fig. 2. Schematic of the indirectly coupled resonator with indication of the mode amplitudes.
Red colored arrows represent the positive sign mode amplitudes while the green ones depict
those of negative signs.

Table 1 lists the design parameters that are used in the model. Starting by setting E;, = 1,
the power transmissions at the output ports are normalized. As previously stated, the straight
waveguides are assumed to be lossless (.= 1). This does not limit the validity of the results,
since waveguide propagation loss contributes only to the overall insertion loss of the device. In the
vertical direction, E,» and Ej4 are the field amplitudes at the drop ports connected by the crossing.
The distance between them, Ly, which is also the distance between the two vertical couplers,
depends on the radius of the rings. The phase shift between the ports of the vertical couplers
DC| and DC, can be defined as ¢ = ¢l where the propagation constant 8, = 2715/ A.
Similarly, the central input (E]) of DC3 can be written as E} = e'% E;,, where the phase shift
between the input port and DCs is defined as e/®= e+!+, and L, is the length of the input
waveguide measured from the excitation port.

The coupling matrices of the two-waveguide couplers DCy and DC, can be therefore defined
as [36-38]

Ep| cos(kiLe,) — —i-sin(kiLe)| |EY 1))
E; —i-sin(kiLe,)  cos(kiLe,) | |Ej
Ep| cos(kz2L,) —i-sin(koLe,)| | E7, )
E; —i-sin(koLe,)  cos(koLe,) | | Eg
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Table 1. Design parameters

Parameter North ring South ring Waveguides
Radius Ry Ry -
Loss coefficient @) [e2) Qg
Propagation constant B B2 Bug
Phase shift per round trip 0, 6, -
Phase shift in horizontal wg section - - Oy
Phase shift in vertical wg section - - 6y
Coupler length of DC1 L, - -
Coupler length of DC2 - L, -
Coupler length of DC3 - - L,
Coupling coefficient of DC1 K| - -
Coupling coeficient of DC2 - K2 -
Coupling coefficient of DC3 - - K3
and
E}| _ cos(ki1Le,) —i-sin(k1Le,)| | O 3)
E; —i-sin(kiLe;)  cos(kiLe) | |ES
Ejy| | cos(koLe,)  —i-sin(koLe,)| | O @
E§ —i-sin(kaL.,)  cos(kaLe,) EZ .

Furthermore, the coupling matrices of the three-waveguide coupler DC3 can be defined as [39]

EF c1+ 0.5 Cc2 C1 -0.5 E;'

2
Epg = Cc 26‘1 (o) ET (5)
E6+ c1—05 ¢ ¢1+05 E;r
ES c1+05 ¢ 1 -05||E
E; = 1653 2¢q ) 0 (6)
Eg_ c1—05 ¢ ¢ +05 Eg

| .
where ¢| = 3 COS(\/§K3LL-3) and ¢; = —; sin(\/§K3Lc3). Since only the forward propagation

excited from the input port is considered, the zeros in right hand side matrices have the meaning
of non existing propagation from the output ports to the input one.

By solving the above matrices, the final explicit expressions of the drop ports (E2, E,4) can be
found as (see Appendix for a full derivation)

—i- sin(KzLCZ)653(’2/4a;/4ei"*ei"~" [Aca(By + BoMy sin(ki L, ) sin(k2Le,)) + BycaM3 ]

Eyp = 7
2 Acos(kiLe,) @
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oo sin(ki Le, )P4 e e [Acy(By + BoMj sin(kiLe,) sin(xoLe, ) + BieaM; ] ®
p4 =

Acos(kyLe,)

along with the through port (£,3)

2c1A + C% [B; cos(ki L, Ye'"a; + By COS(KQch)eiQZ(YQ]
p3 =
A
and finally the reflection (E7)

(€))

—C% sin(k; L, ) sin(KzLCZ)eBG‘ /4ei392/4eigxeiQ)'Ble(af/4 + 03/4) (10)
A2

where B = 1 - M(J'LZ) + M(_l,z) and A = (1 - M{)(1 — MJ) — MM letting M(f]’z) =
(C(l,z) +0.5) COS(K(l,z)LC(l_z))eie{lvz) Q(1,2)-

To better highlight the behavior of the device, lossless rings with different radii have been
initially considered. As anticipated, depending on the phase condition at the resonance, two
different transmission schemes are possible, as shown in Fig. 3 and Fig. 4. Figure 3 refers to
the situation in which there are no common resonances for the rings (asynchronous case), while

Fig. 4 is for the synchronous case, where at least a common resonance exists.
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Fig. 3. (a) Theoretical transmission spectra of reflection (Red), through (Black), North drop
(Green) and South drop (Blue) ports, when all the resonances in the spectrum are in the
asynchronous case (61 # 6); (b) enlarged view in the central region of the spectrum.

In the asynchronous case, all the resonances of the two rings are different, and the power
reflected back to the input port is negligible. As seen from Fig. 3(b), the reflected powers at the
resonances are determined by the drop port Extinction Ratio (ER). In fact, for each resonance the
only contribution to the reflection comes from the power re-routed toward the input port by the
off resonant ring, and it is proportional to the ratio between the power at the through port and
the power at the drop. This power re-routing toward the input port is also responsible for the
transmission dips observed in the drop spectra.

When the two rings resonate at the same wavelength (4 ~ 1547 nm in Fig. 4), i.e. in the
synchronous case, the reflection reaches its maximum value. As one can notice, this is observed
only for the wavelength corresponding to degenerate resonance modes. For non-degenerate
resonant modes, i.e. for asynchronous resonances, the same behavior previously described can be
observed. Close resonances show reflection peaks too, but not as high as the one observed when
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Fig. 4. (a) Theoretical transmission spectra of reflection (Red), through (Black), North drop
(Green) and South drop (Blue) ports, when a synchronous resonance exists (6] = 6, for
A =~ 1547 nm); (b) enlarged view with insets of the transmission curves for this resonance
(top plot) and (bottom plot) for two asynchronous resonances.

the resonances of the two rings are synchronous. The side mode reflections, i.e. the reflections at
non-degenerate resonances, have double peak profiles due to the proximity of the two different
resonances with suppression (defined as the difference between the maximum intensity of the
main peak and the maximum intensity of the strongest minor peak) below -15 dB.

The presence of a high reflection for the synchronous resonance has a direct impact also on the
through and drop port transmissions, as it can be observed in the top inset of Fig. 4(b). Indeed,
both through and drop ports have high transmission rejection in a very narrow band. The depth
of these dips is related to the critical coupling condition. If the critical coupling condition is
fulfilled, in fact, the device acts as an optical isolator with respect to the output ports and totally
reflects the incoming light back to the input, as it will be discussed in the next section.

2.2. Critical coupling

The critical coupling is a required condition to achieve the highest ER of the through port (E,3)
transmission. The transmitted power at this port at the resonance, in fact, can theoretically be
canceled. This depends on the balancing among the power coupled to the ring, the power coupled
back by the ring to the waveguides and the power lost in the resonators. In a single ring device,
the critical coupling condition is present at the resonance when the propagation losses in the ring
are compensated by the power coupled into it, if the coupler is assumed to be lossless [40]. In
the double ring structure proposed in this paper, if the rings have the same radii and the same
coupling with the waveguides, they are synchronized in terms of round trip phase shift and new
parameters can be replaced as it follows

) =) =a
01=0,=0

K1 = K2 = Ky

1n
K3 = Kj.

Here, we define new coefficients «, and «;, as the vertical and horizontal coupling coefficients
and the analysis mainly investigates their ratio. To make coupling strengths more significant in
the solutions, they can be redefined as K;l = k3L, and K; = kyL¢, = k,L,. By substituting the
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new parameters from (11) into (9), one can get the through port transmission function

2¢1A + 2Bc? cos(k, e a
p3 = A

12)

Since the cavities are identical, A and B can be written as A = (1 - M*)(1 - M*) — (M™)? =
(1-M*-M")1-M"+M")and Bip = (1 - M* + M~) where M = My = M*. Finally, the
simplified expression of the through port transmission can be obtained as

cos(V2k;) — cos(x; e a

3= - — (13)
- COS(\/EKh) cos(k, e«
and the corresponding power can be written in the form
/ N
5 cos(V2k,) — cos(k; e a
Pp3 = |Ep|” = p T (14)
1- cos(\/zkh) cos(k,)e? a

When the rings are on resonance, § = 2xm and m = 1,2,3 - - -, the critical coupling condition is

found to be )

cos(\/ikh)

a=—7 " (15)

cos(k,)

As Eq. (15) shows, the critical condition holds when the internal cavity loss is equal to the
power coupling ratio of the horizontal and vertical couplers. If the rings are lossless (@ = 1), the
critical coupling ratio becomes k, = \/fk}l, which allows to define the ratio between the power
coefficients in the form Kj; = K, /2. As a result of this condition, critical coupling is achieved
when the horizontal power coupling is half of the vertical one. It must be pointed out that this
condition reduces to the well known Kj, = K, for the case of single micro ring resonator [41]. On
the other side, in lossy cases (a<1) the critical coupling condition is met by specific values of K;l
and K;. From the design point of view, this means a need of optimization of either horizontal or
vertical couplers according to the value of «, since the relationship between « and the ratio K,; / K;
defines the device performance in terms of ER of the through port and of IL of the drop port
transmissions at the resonance.

2.3. Loss and coupling ratio analysis for the device performance

In this section, we investigate how the cavity radiation losses and the coupling coefficients of
the horizontal and vertical couplers affect the transmission and the reflection characteristics of
the proposed device. The critical coupling condition for the double ring resonator is defined
by Eq. (15). When this condition is verified, and rings are synchronous, the transmission is
minimized and the reflection is maximized. However, examining how the device performs when
this condition is not fulfilled can be useful to understand the role of the different parameters on
the device behavior. The effects of the cavity radiation losses and of the power coupling ratio
K, /K, on the reflection and on the transmission at the through and drop ports are illustrated in
Fig. 5. In this analysis, K, /K, varies from 0.1 up to 2. The figure has two rows: the top line
shows the results of the synchronous case (61 = 6,), for the wavelength of the peak of Fig. 4(b)
near A = 1547 nm. The figures on the bottom lines, on the contrary, refer to the asynchronous
case (A # 6,) and results for the resonant peak near 4 = 1545 nm of Fig. 3(b) are reported.
Transmissions and reflections are all plotted in dB.

From the left side column plots it can be noticed that, regardless the phase shift conditions,
there are certain cases where the ER reaches —45dB. On the other hand, the drop port transmission
reduces by around -9 dB when the two rings are in phase at the common resonant wavelength.
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Fig. 5. Relationships between the loss coefficient () and the power coupling ratio K /K,
of the horizontal and vertical couplers on the transmissions of the through port (left column),
drop ports (middle column) and Reflection (right column). The upper row plots are for the
synchronous case (] = 6,) and refer to the common resonant wavelength A ~ 1547 nm,
while the bottom row charts show the results for the asynchronous case (6; # 6;) when
A = 1545 nm.

As shown in the right column plots, the highest value of the reflection, which is theoretically
0 dB, can only be achieved for the synchronous case (top row of Fig. 5) when the rings are
lossless (@ = 1) and the horizontal coupling is half of the vertical coupling (K, /K, = 0.5). In
the asynchronous case (bottom row of Fig. 5), the reflected light intensity at the resonance does
not exceed —15 dB. For both cases, the reflection is very sensitive to ring losses, as it rapidly
decreases when raising the attenuation inside the resonators.

These results demonstrate that the device can be configured to exhibit, at a synchronous
resonance, optical isolation at the transmission ports. In this case, in fact, the only outgoing field
is the reflected one. Once the loss coefficient of the resonators is known, the coupling coefficients
of DCy, DC,, and DC3 can be designed accordingly. For instance, if @ = 0.995, in order to
achieve a reflection > — 1 dB (equivalent to a reflectivity of 0.794), the ratio K;,/K, must lie
between 0.4 and 0.75.

3. Experimental results

A microscope image of the narrow band optical reflector is shown in Fig. 6(a). The device has
been fabricated on SOI technology. The layer stack of the structure is illustrated in Fig. 6(b). The
gold made metal pads and wide electric connections are used to apply the voltage to the titanium
metal heaters placed above the resonators. The resistance of each electrode is 14 Q and depends
mainly by the length of the titanium strip covering the ring. Focusing grating couplers are used to
transfer the light between the fibers and the device. Coupling losses are of the order of 5 dB. The
deep etched SOI waveguide of Fig. 6(b) has 480 nm width and 220 nm height and supports single
quasi-TE mode in the operation wavelength span. The ring-to-waveguide separation (gap) in both
vertical and horizontal coupling sections is 150 nm; rings radii are Ry = 18 ym and R, = 19 um.
As rings are different, the synchronous resonances at the desired wavelength must be configured
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by thermal tuning. During this operation, because of the proximity of the rings, thermal crosstalk
is possible and an undesired drift of the resonance could be observed. To overcome these effects,
approaches such as thermal crosstalk cancellation described in [42] should be applied.
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Fig. 6. (a) Microscope image of the fabricated reflectors with metal deposition for micro
heaters and probe pads; (b) cross section of the single quasi-TE mode SOI waveguide with
the titanium heater on top.

The transfer function of the transmissions and reflections have been obtained with an optical
tester, fed by a tunable laser. The reflection spectrum is retrieved from the input port using a
circulator. In this way, the input and reflected signals can be independently measured. The
integrated heaters used for resonance tuning are driven by a suitable power supply. Figure 7 shows
the wavelength shift according to the power applied to the resistor on the ring. The calculated
tuning efficiency obtained from the slope of the linear fit was found to be 115 pm/mW. The
resonators have FSR of 5.04 and 4.76 nm for the radii of 18 and 19 wm, respectively. Therefore,
the maximum required power to tune the reflected wavelength within the FSR is below 45 mW.
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@40
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Fig. 7. Measured resonance wavelength shift with respect to the applied power.

The experimental results of the drop and through ports when the electrodes are not polarized
are shown in Fig. 8(a). In the following, we will refer to this configuration as the OFF state. When
no voltage is applied to the electrodes, all the resonances are phase-unmatched and separated in
the considered wavelength range. As shown in Fig. 8(b), the two dropped wavelengths near 1540
and 1542 nm have Q = 17,500 and 10 GHz of bandwidth. The North and South drop ports both
show weaker secondary resonance wavelength peaks driven by the other ring. This is caused
by backscattered signals induced by the sidewall roughness of the waveguides, which are not
considered in the analytical model. These signals, in fact, induce counter propagating modes
which appear in the spectrum of each drop. Such resonances occur at the wavelengths where the
model predicts coupling effects between the rings. Without backscattering, such effects would
be a further decrease of the signal at the drop output. With backscattering, on the contrary,
some undesired signal is present in the channel. It however adds in spectral positions where the
signal level is much lower, being then less harmful for the device performance. As said before,
differently from the previously reported configurations based on side-by-side coupled double
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rings, the coupling of these modes is not required for the reflection condition. Our device in fact,
thanks to its topology, performs reflections using mutually shared light paths for re-routing the
dropped wavelengths back to the input port.
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Fig. 8. (a) Measured transmission spectra of through (Black), North drop (Green) and South
drop (Blue) ports in the OFF state (no applied voltage to the electrodes); (b) enlarged view
in the 1540 + 1550 nm wavelength range. In this figure, the dotted Black curve is the fit,
with the analytical model, of the through port. In the same plot, the calculated drop outputs
are also illustrated (dashed curves). In this situation, all the resonances in the considered
portion of the spectrum are asynchronous, and therefore separated.

In order to compare the model outputs with the experimental results, we first extracted the
technological parameters, such as group index, coupling and loss coefficients, by fitting our
model to the measurements in the OFF state. The fitting plot of the through port is the dotted
Black curve of Fig. 8(b). The parameters extracted from this fit are reported in Table 2. The
fitted loss coeflicients @ and a, are in good agreement with the expected propagation losses in
the cavity, considering 3 dB/cm waveguide loss. The curves of the North (dashed Green) and
South (dashed Blue) drop ports obtained through the transfer matrix model using the parameters
obtained from the fitting are also plotted in Fig. 8(b). The same fitted parameters have been also
used in the analytical model to reproduce device responses when the resonators are synchronized
(ON state) for the common resonance. In this case, thermally induced effective index change is
reintroduced in the model.

Table 2. The extracted parameters obtained by fitting the parameters of the model with
experimental results.

ng 6neﬂ/6/l R] R2 kl k2 k3 ag [0%)
4.08 1.046-106 18.02 19.01 0.232 0.236 0.033 0.986 0.987

To configure the device as a reflector, i.e. to turn it from the OFF to the ON state, 1.7 V have
been applied to the electrodes of the North ring. This causes a shift of 1.7 nm on the peak of E,4,
which now superimposes to the peak of Ej, for 4 ~ 1547 nm. The power required for this shift
is about 14 mW. As seen in Fig. 9(b), in this situation the power of the dropped wavelength is
reduced to about -10 dB and the power reduction compared to the OFF state is close to 5 dB.
Furthermore, the ER of E,3 increased up to 22 dB, with a difference of AER = 11 dB with respect
to the non synchronized case.

The measured spectra of E| (reflection) and Ep3 (through) are shown in Fig. 10(a). When the
rings are tuned to have a common resonance at 4 ~ 1547 nm, a very narrow band reflection
peak (Q = 30,000) with 50 pm (6.4 GHz) of linewidth and 11 dB of ER becomes maximized
at the resonance (4 ~ 1547 nm). The measured reflection to transmission ratio is found to be
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Fig. 9. (a) Measured transmission spectra of through (Black), North drop (Green) and South
drop (Blue) ports with an applied voltage of 1.7 V to the North ring; (b) enlarged view in
the 1540 + 1550 nm wavelength range. As it can be noticed, the phase synchronization is
present for A ~ 1547 nm.

0.96 (linear scale). As seen in Fig. 10(b), a secondary peak 9.87 nm on the right from the main
resonance appears. This secondary peak has an intensity 2 dB below the intensity of the main
peak. This undesired peak occurs because of the proximity of two non-degenerate resonant
modes. The suppression of side modes gets higher when resonances are more separated in
wavelength. We also found from the model results that reflection port suppression depends on
Q-factor: the higher the Q factor, the higher the side mode suppression.

0

1547.3 1547.4

Normalized Power [dB]
>

Normalized reflection
o
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20 —Reflection 0.2
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() ()

Fig. 10. Transmission and reflection as a function of the wavelength when the device is in
the ON state (a). Comparison of the measured reflection spectra in the OFF (Black curve)
and ON (Red curve) states (b). The enlarged view shows the spectra in the region of the peak
comparing also measurements with simulated results (Red dotted curve) for 4 ~ 1547 nm.

Evaluation of the actual reflectivity by comparing the ratio between reflected and the transmitted
signals is not straightforward. In fact, thermal tuning for phase alignment is sensitive to
measurement errors and the maximum reflection is achievable in a very small wavelength
range. Moreover, other contributions to the reflection such as fiber to waveguide coupling,
backscattering and Fabry-Pérot oscillations between input and output gratings, result in a
reflection floor distributed over the spectrum even in the OFF state, as shown in Fig. 10(b).
Since the measurements of ON and OFF states can have different reflection floors, we calculated
the reflectivity by measuring the reflection enhancement with respect to the floor level at the
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wavelength of the resonance. As a result, each reflection peak is investigated with its own
reflection floor and the difference is considered as the actual reflectivity coefficient.

The reflector has been tested in the wavelength range of 1520 - 1560 nm by applying suitable
polarization voltages to the integrated heaters in order to tune the reflection, i.e. in order to
superimpose two ring resonances, at the desired wavelength. Figure 11 shows the measured
reflectivity over a span of 37 nm. The maximum measured value is found to be 0.63 (linear
scale), similar to the predicted value of 0.68 obtained from the model using the fitted parameters.
The measured reflectivity has an average value of 0.55 in the considered wavelength span and
the maximum oscillation of about 15%. The change in the measured reflectivity, which was not
foreseen in the analytical model, is due to the dependence on the wavelength of the coupling
coefficients of the couplers. Since the horizontal and the vertical couplers are different, their
ratio changes when tuning the device and therefore also the reflectivity, as shown in the reflection
plot of Fig. 5.

0.65

Reflectivity
o
o o
(&)} (o)}
n

o
(&)
[

0.45 : ‘
1520 1530 1540 1550 1560

wavelength [nm]

Fig. 11. Measured reflectivity as a function of the wavelength obtained through thermal-
tuning.

In order to have a uniform reflections in the tested wavelength range, the difference between
the cavity lengths should be reduced. However, in this case, the identical radii will increase the
strength of the side mode reflections and eventually lead to a periodic comb reflection spectrum,
since more resonances could be simultaneously phase synchronized. Using different radii, such
as 18 and 19 um, allows to restrict the number of simultaneous resonances to a single one at a
fixed wavelength.

As stated earlier, higher reflectivity and side mode suppression require low losses in the cavity.
According to simulations, a propagation loss of 1 dB/cm in the rings, neglecting the bend loss,
would be sufficient to achieve a reflectivity higher than 0.9 and to improve side mode suppression
up to 10 dB.

Wavelength dependence of other important quantities such as ER and FWHM of the reflection
peaks are shown in Fig. 12(a). The linewidth of reflected resonances varies from 40 to 52 pm
while the ER range is between 6.65 and 11 dB. Since the propagation losses in bend sections can
be minimized by increasing the radius, the preliminary study on the coupling coefficient takes an
important role for the critical coupling condition to achieve narrow linewidth reflection spectra.

Figure 12(b) shows the measured ER in the ON state (synchronous rings at the resonance) and
its increase AER compared with respect to the OFF state (asynchronous rings at the resonance).
The maximum observed ER is near a wavelength of 1560 nm, where AER = 29 dB. From this plot
it is possible to observe that, even though the reflection condition requires a high ER in through
port transmission, reflectivity strength and ER can be uncorrelated. In fact, as it can be noticed
from the plots in the first row of Fig. 5, there is no correspondence between high reflection and
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Fig. 12. (a) Measured ER and FWHM of the reflected peaks as a function of the wavelength
while tuning the common resonance of the two rings through the heaters; (b) measured ER
of the through port transmissions with its enhancement AER compared to OFF state.

high ER. Moreover, regardless the phase matching condition is satisfied (bottom row in the same
figure), the through port always presents a high ER region depending on the coupling ratio of the
horizontal and vertical couplers. As an example, by considering the asynchronous case (6 # 6;)
with the values of K;,/K, = 2 and a loss coefficient @ ~ 0.95, it is still possible to obtain the
highest ER achievable and keep the reflection power to less than -15 dB.

Comparisons among previously reported ring based reflectors [21-25] and the device proposed
in this work are shown in Table 3. Only the experimental works are included in the list. While the
grating assisted resonators show higher reflectivity [22,25] our device, together with the reflector
in [23], produces much narrower reflection bandwidth. Unfortunately, the results reported in [23]
do not provide the reflectivity value. That device is a different implementation of the one originally
fabricated in Polymer [16] (not in the list because of lack of information on both reflectivity and
FWHM), where the ring is substituted by a microdisk. The reflectors in [21] and [24] are made
by two rings that are side by side coupled to each other. While the former was fabricated in
Polymer, the latter was made of silicon and used as an external cavity to realize a tunable laser.
As said before, the working principle of these mirrors is based on counter propagating modes
coupling. The devices presented in [23] and [25] combine a resonator with two Y-branch splitters
that connect the input and output ports to implement Mach-Zehnder interferometer, where the
branches of such interferometer are coupled to a resonator as in add/drop configuration.

Table 3. Comparison of experimental demonstrations of ring based reflectors

Reference Device Type Material Reflectivity FWHM (pm)
[21] Directly coupled double MRRs” Polymer 0.23 120

[22] Grating assisted single MRR? SizNy 0.92 400

[23] Single microdisk resonator® Silicon N/A 17

[24] Directly coupled double MRRs” Silicon 0.7¢ 160

[25] Grating assisted racetrack resonator” Silicon 0.744 147

This work Indirectly coupled double MRRs” Silicon 0.63 51

4not tunable,

b tunable,

Cestimated,

dsimulated



Research Article

Optics EXPRESS

All reflectors listed in Table 3 use MRRs in either all-pass or add/drop configurations while
our device uses a grid configuration, with two perpendicular waveguides connected through
a crossing waveguide. MRRs in grid configuration offer compact and scalable wavelength
switching matrices and the indirectly coupled resonators in such configuration can benefit from
its single wavelength reflective property. Note that the device is also scalable, in the sense that,
to realize a multi-wavelength reflector, devices of the same kind can be cascaded on the through
port and independently tuned at the desired wavelength.

4. Conclusion

In this work, a novel tunable reflector based on indirectly coupled ring resonators has been
presented. This device can be configured through thermal tuning and allows obtaining a single
narrow-band selective mirror. An analytical model based on transfer matrices has been used to
investigate the device behavior and to identify the role of the different building parameters on the
maximization of the performance. Experimental results demonstrate the device functionalities.
The tuned reflections (FWHM < 55 pm) in a 37 nm of wavelength range show Q = 30,000 and
an average reflection coefficient of 0.55. The reflection strength is found to be sensitive to round
trip propagation losses. However, as the analytical model suggests, higher reflectivity can be
obtained by improving the fabrication quality.

The design considerations allowing to achieve a single wavelength reflection with high side
mode suppression have been addressed. Unlike conventional directly coupled ring based reflectors,
which require the backward coupling of counter propagating modes, the presented indirectly
coupled ring topology uses forward propagation and needs only phase shift alignment of the
resonators.

The proposed scheme offers more precisely tuned reflected wavelength and can be an alternative
device to Distributed Bragg gratings and photonic crystals for the use as an external reflective
cavity as well as an internal cavity in the integration platforms that use active materials for single
wavelength laser applications, sensing schemes as well as feedback systems in scalable ring based
switching architectures.

Appendix

36, /4 i36,/4
b

It can be seen from the Fig. 2 that E5, E5 and EZ, E5 have phase difference of e and e
respectively. Similarly, £, E5 and Eg, EJ have one quarter of total round-trip phase shift defined
as ¢/ and ¢/, The constituting equations can be written from the coupling matrices for the

(+) signed amplitudes as

EJ =(c1 +0.5)ES+c2E] +(c1 — 0.5)E] (16)
36, 3

Ef=Eje 4 o an

E; =Ej cos(kiLc1) (18)
6 1

Ef=Eje 4 o} (19)

E{ =(c1 — 0.5)ES+c2E] +(c1 + 0.5)Eg (20)
36, 3

Ei=Efe 4 of @1

E§ =E7 cos(koLeo), (22)
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6 !
22
Ef=Efe 4 a3 (23)
E-IFO = —ix E;— Sin(kchz) (24)
Eyy = Ejoe™ ary (25)
and the (—) signed mode amplitudes,
E] =cy(E5+Ey) (26)
360, 3
Ey=Eje 4 o @7)
E; =Ej cos(kiLc1) — i * sin(ki Le1 ) EY, (28)
o L
N
E;=Eje 4 (29)
E5 =(c1 = 0.5)Eg+(c1 + 0.5)E; (30)
36, 3
R R
Eg=Eje 4 a, 31
E; =Eg cos(koLep) — i # sin(koLep )E (32)
6, 1
T
Eg=Ege 4 a, (33)
Eg =(c1 = 0.5)E; +(c1 + 0.5)E, (34)
Ejy=Eqe®ar, (35)
Ej, = —i*sin(k;Lc)E;. (36)

According to the matrices (1), (2) and (5), the through port E,3, North drop port E,> and South
drop port E,4 can be defined as followings

E, = Ej,cos(kiLci) — i+ sin(kiLe1)E; (37)
Ep3 = C2(E;+E;r) + chEzr (38)
Ep = E cos(kpLep) — @ % Sin(kchz)Eg. (39)

Starting from Eq. (16), by substituting the redefined E;r and E; obtained from the Eqs. (17), (18)
and (21), (22), E; can be found as

o ET+MES
; — 1 276 (40)
1 -Mf
and by substituting the same equations to Eq. (20), one can get,
cET+MTES
* = 251 P (1)
1-M;

where M(il,z) = (c12) £0.5) cos(k(l,z)LC(l’z))ei9<l,2>a(l,z),



Research Article Vol. 28, No. 9/27 April 2020/ Optics Express 13513 |

Optics EXPRESS

Finally, E5 and E{ can be written in terms of input port:

S = " 42)
and 0
Bt = Epne"apyBico @3)

A
where B(12) = 1-— M*L2 +M, andA = (1 -M7)(1 -M3)- M M;.
Using (42) and (43), all the other positive sign equations can be defined according to the input.
Similarly negative signed E, can be derived by substituting the Eqs. (28) , (29) and (30) (34), as
following

) E M —i  sin(k| L1 )P /*E},

E5 44
2 1-M} “4)

whereas E, can be redefined by substituting the Eqs. (32), (33) and (34) to (31)

E; M3 —i * sin(kyLeo)e /4 E,
E6_= e (2 62) 10' (45)
1 -M;
Next, by substituting (45) to (44) one can get

_ —E My sin(kyLe2)e%/* — i(1 — M) sin(ki Lot ) A ET, “6)

2 A
Since the £, and E7, are known from the previous calculations, the overall equation system can

be solved with having explicit descriptions of E and EZ. Therefore, the final explicit expressions
of (37), (38) and (39) can be obtained.
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