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Abstract: We present a Mach-Zehnder interferometer assisted ring resonator configuration
(MARC) to realize resonator transmission spectra with unique spectral signatures and significantly
large effective free spectral ranges. Transmission spectra with unique spectral signatures are
generated by changing the angular separation between the through port and the drop port
waveguides of the ring resonator (RR). These spectral signatures are comprised of several
distinct resonance lineshapes including Lorentzian, inverse Lorentzian and asymmetric Fano-like
shapes. One of the spectral signatures generated from the MARC device is utilized for the
temperature sensing measurement to demonstrate a MARC-based sensor with high Q-factor and
wide measurement range.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon ring resonator based optical devices are widely utilized for various applications such
as optical filters [1,2], modulators [3], and sensors [4–8]. This can be mainly attributed
to the combination of high index contrast platform and the availability of complementary
metal–oxide–semiconductor (CMOS) fabrication technology [9]. A conventional RR consists of
a closed loop waveguide and a bus waveguide. The bus waveguide evanescently couples light into
the closed loop waveguide. When the optical path length of the closed loop waveguide is equal
to an integer multiple of the source wavelength, light inside the loop interferes constructively
and results in resonance. Ring resonators support multiple resonances. The separation between
adjacent resonances is defined as the free spectral range and depends on the optical path length of
the closed loop. A resonance lineshape of optical resonators is generally symmetric Lorentzian,
and its linewidth determines the performances of RR-based filters and sensors.

In recent years, extensive research has been specifically devoted to the modification of the RR
resonance lineshape [10–13]. By modification of the resonance lineshape, sharp, and asymmetric
Fano lineshapes and square, triangular, sinusoidal shapes are realized. The sharpness and
the asymmetry of the Fano lineshape define the sensitivity of the device and enable photonic
sensors with high sensitivity and switches with low switching energy [14–16]. Tunability of
the asymmetry in Fano resonance lineshapes enables the realization of reconfigurable optical
filters [17]. Square, sinusoidal, and triangular shapes are relevant for optical filtering applications
[11,18].

The above-mentioned resonance lineshapes are commonly realized by ring-coupled Mach-
Zehnder interferometer (MZI) devices, and they can be divided into two categories. One
configuration, all-pass ring resonator inserted into one arm of the MZI, is utilized to convert the
phase response at the through port output into the intensity response. This resultant response is
comprised of Fano resonances spaced by the RR free spectral range [10,17,19,20]. The Fano
resonance lineshape can be tuned into different asymmetrical ones by using an active or passive
component on one of the arms in the configuration. The other configuration, add-drop ring
resonator inserted into one arm of the MZI, is designated to translate the phase response at
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the drop-port output into the intensity response [11,18]. In addition to the ring-enhanced MZI
configurations, a double injection configuration has been explored to realize intensity responses
with sinusoidal, triangular and square shapes [12].

Throughout this paper, we shall use the terms ‘lineshape’and ‘transmission spectrum’for the
shape of an individual resonance and the intensity response over a wavelength range including
several resonances, respectively.

In this paper, we present a Mach-Zehnder interferometer assisted ring resonator configuration
(MARC) to tailor the RR drop port phase response and the resulting transmission spectrum. The
phase response at the drop port is altered by carefully designing a RR geometry, specifically
the angular separation constituted by two bus waveguides in the immediate vicinity of the ring.
By incorporating a particular angular separation in the MARC device, it produces transmission
spectra with unique spectral signatures and significantly large effective free spectral ranges. These
unique spectral signatures are comprised of several distinct lineshapes including Lorentzian,
inverse Lorentzian and asymmetric Fano-like shapes. Furthermore, these unique spectral
signatures in the transmission spectrum remain unchanged even when the spectrum is shifted.
(Note: Tuning and control of individual resonance lineshapes are out of the scope of this paper.)
The combination of this characteristic and the large effective free spectral range is experimentally
verified and utilized for a temperature sensing experiment to demonstrate a MARC sensor with
high Q-factor of 60,000 and 2-fold enhanced measurement range compared with the conventional
RR.

2. Theoretical analysis of the MARC

A MARC device is comprised of a balanced MZI and an add-drop ring resonator as shown in
Fig. 1. The aim of this study is to investigate the effect of an arbitrary angular separation, θ,
between the through and the drop port waveguides on the MARC intensity response. To analyze
the MARC intensity response, we first consider a RR with an arbitrary angular separation and
investigate the effect of the angular separation on the drop port phase response. The drop port
amplitude transmission response, t, of a RR with an arbitrary angular separation as shown in
Fig. 2(a) is given as [21]:

t = −

√︂
1 − γ2

1

√︂
1 − γ2

2ad exp[i(ψ θ
2π )]

1 − γ1γ2a exp[i(ψ)]
, (1)

where ψ = ω
c n(2πr) is the round-trip phase shift, n is the effective refractive index, r is the ring

radius, a is the single-pass amplitude transmission factor, γ1(γ2) is the self-coupling coefficient
of the coupler and ad is the fraction of the round-trip amplitude transmission factor between the
input and output coupler.

The phase of the transmitted light at the RR drop port, ϕ, is given as [21,22]:

ϕ = arctan
Im[t]
Re[t]

= π + ψ
θ

2π
+ arctan

γ1γ2 sin(ψ)
1 − γ1γ2a cos(ψ)

. (2)

To simplify the numerical analysis in the following, all the ring resonators are assumed to be
identical (r=30 µm), lossless (a=1) and critically coupled (γ1=γ2).

In the MARC, the balanced MZI is used to convert the phase change introduced by resonances
at the drop port into a transmission intensity. The intensity transmission response, Tout, obtained
from the MARC can be expressed as [11,13]:

Tout =
1
4
[1 + |t |2 + 2|t | cos ϕ]. (3)

Figure 2(b) presents the phase response at the drop port with different angular separations.
The ring resonator with the angular separation of 180◦ is a conventional add-drop resonator
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Fig. 1. Schematic of a MARC device with an angular separation of θ between the through
port and the drop port waveguides.

Fig. 2. (a) Schematic of a ring resonator with an angular separation of θ between the
through port and the drop port waveguides, and (b) Drop port phase response for different
angular separations.

configuration, and its phase increases monotonically as a function of wavelength, leading to π
radians phase accumulation between resonances. For 90◦ angular separation, the accumulated
phase difference between resonances is reduced to π/2 radians. The accumulated phase difference
is further reduced to π/4 radians by setting the angular separation to 45◦. The phase response at
the drop port is a function of angular separation and wavelength, and thus it can be controlled by
choosing a specific angular separation.

Figure 3 shows six transmission spectra of the MARC with angular separations of 180◦, 135◦,
90◦, 60◦, 45◦, and 30◦. The transmission spectrum for θ = 180◦ (Fig. 3(a)) is comprised of
two distinct resonance lineshapes, separated by a free spectral range of 3 nm. These lineshapes
exhibit Lorentzian and inverse Lorentzian resonance lineshapes corresponding to the interference
maxima and minima. Figure 3(c) shows the transmission spectrum for θ = 90◦ with three distinct
resonance lineshapes. These resonance lineshapes display Lorentzian, inverse Lorentzian and
Fano-like shapes. The Fano-like lineshape is located in the middle of the Lorentzian and the
inverse Lorentzian lineshapes, induced by the interference when the total phase accumulation
is π/2 + nπ. Furthermore, seven distinct resonance lineshapes are found in the transmission
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spectrum of θ = 30◦ as depicted in Fig. 3(f), and five of them show asymmetric Fano-like shapes.
Based on these transmission calculations, it is concluded that there is an inverse relationship
between the angular separation and the number of distinct resonance lineshapes in a transmission
spectrum. Consequently, a specific angular separation can be designated for a transmission
spectrum in combination with multiple distinctive resonance lineshapes. Moreover, that makes it
possible to have a unique spectral signature within a relatively narrow band.

Fig. 3. Transmission spectra of MARC devices with angular separations of (a) 180◦, (b)
135◦, (c) 90◦, (d) 60◦, (e) 45◦, and (f) 30◦.

When the accumulated phase reaches an integer multiple of 2π, the resonance lineshape repeats
itself. This results in a transmission spectrum with a certain period, defined as the effective free
spectral range (FSRe). The FSRe is related to the free spectral range (FSR) of the given ring
resonator. The FSR is defined as the separation between two consecutive resonances, and given
by λ2

ng2πr , where ng is the group index, λ is the vacuum wavelength and r is the ring radius. For a
given angular separation (θ = 2π

L ), the FSRe of a transmission spectrum can be expressed as,

FSRe = N · FSR, (4)

where N satisfies the condition θ = 2πM
N , that results in L = N

M , where N and M are integers.
The parameter L can be divided into two cases. In one case, L is a rational number given as
an irreducible fraction L = p

q , and its solutions are N = p and M = q. In the other case, L is a
positive integer, and its solutions N=L and M=1.

The effective free spectral range (FSRe) for a given angular separation is governed by the
positive integer N. The value of N is inversely proportional to the angular separation, which
leads to an increase in the FSRe. As shown in Fig. 3(f), the FSRe is calculated to be 36 nm, and
this is 12 times larger than the normal FSR of 3 nm. Figures 3(b) and (e) show that both spectra
of 45◦ and 135◦ have the same FSRe of 24 nm, but these spectra are highly distinctive. This
phenomenon can be explained by the accumulated phase shift between the resonances. For the
135◦ case, the resonances occur with the phase shift of 3

8π radians, which is three times larger
than that of the 45◦ case, and correspondingly this difference differentiates one transmission
spectrum from another. However, both cases require the same number of phase-shift steps to
attain the total phase accumulation of an integer multiple of 2π, and these transmission spectra



Research Article Vol. 29, No. 3 / 1 February 2021 / Optics Express 3768

have the same FSRe. Thus, unique spectral signature and extended effective free spectral range
are achievable by means of the angular separation specified for a MARC device.

3. Design and fabrication

We designed MARC devices based on silicon strip waveguides with balanced MZIs and ring
resonators, operating in the telecommunication wavelength band. Ring resonators were designed
with a radius of 30 µm, a coupling gap between the ring and the bus waveguides of 150 nm, and
five angular separations of 30◦, 45◦, 90◦, 135◦, and 180◦. Silicon strip waveguides were 500
nm wide and 220 nm high to support the fundamental TE-like mode at the source wavelength
of 1550 nm. For waveguide input and output coupling, inverted taper couplers were utilized to
enhance the coupling efficiency.

MARC devices were fabricated on amorphous silicon-on-insulator (SOI) consisting of a
hydrogenated amorphous silicon (α − Si : H) layer of 220 nm and a buried thermal oxide layer of
1 µm on a 100 mm silicon wafer. The hydrogenated amorphous silicon was deposited by plasma
enhanced chemical vapor deposition (PECVD). MARC devices were patterned by electron beam
lithography (Elionix ELS-G100) using e-beam resist (Allresist AR-P 6200), followed by dry
etching with inductively coupled plasma reactive ion etching (ICP-RIE). The fabricated devices
were inspected under the scanning electron microscope (SEM). SEM images of fabricated devices
with angular separations of 180◦ and 90◦ are shown in Fig. 4.

Fig. 4. SEM images of the MARC with a ring radius of 30 µm and angular separations of
(a) 180◦, and (b) 90◦.

4. Experimental characterization

For optical characterization and evaluation of the MARC devices, end-fire coupling between the
input waveguides and the tapered lensed fiber having a working distance of 14 µm and a spot
diameter of 2.5 µm was used. A tunable external cavity laser (Thorlabs TLK-L1550M) with
1550 nm center wavelength and a fiber polarization controller (Thorlabs FPC562) were used for
controlling the wavelength and the input polarization of the light. Two single mode fibers were
placed at the output waveguides: one for the through port and the other for the MARC output,
and these fibers were directly connected to InGaAs photodetectors (Thorlabs DET10C2).

Figure 5 presents transmission spectra obtained from the fabricated MARC devices. This
confirms the theoretical prediction that the MARC devices with different angular separations
produce a variety of spectral signatures. The discrepancies between experimental spectra in
Fig. 5 and the corresponding theoretical spectra in Fig. 3 are due to a combination of wavelength
dependent laser power, waveguide fabrication imperfections, and interference from chip end facet
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reflections. As can be seen in Fig. 5(c), the transmission spectrum from MARC with 90◦ angular
separation consists of three distinct resonance lineshapes: Lorentzian, inverse Lorentzian and
Fano-like resonance shapes, separated by the FSR of 2.95 nm. Due to its spectral signature, it
shows the FSRe of 11.8 nm, which is four times larger than the normal FSR. In the 45◦ case, the
measured transmission spectrum exhibit five distinct resonance lineshapes including Lorentzian,
inverse Lorentzian and three non-identical asymmetric Fano-like shapes (Fig. 5(d)). In addition to
that, the measured FSRe is 23.6 nm. The 135◦ case also shows five distinct resonance lineshapes
and FSRe of 23.6 nm as shown in Fig. 5(b). As predicted from the calculations, it is experimentally
confirmed that spectra of 45◦ and 135◦ have the same FSRe. In spite of the same FSRe, these
transmission spectra are very distinctive since each spectrum has unique spectral signatures over
the operational wavelength band.

Fig. 5. Measured non-normalized transmission spectra of the MARC for angular separations
of (a) 180◦, (b) 135◦, (c) 90◦, (d) 45◦, and (e) 30◦.

5. Sensing experiment

To investigate a potential application of the spectral signature generated from a MARC device,
we performed a temperature sensing measurement. We designed and fabricated several MARC
devices with the angular separation of 180◦ and ring radii of 30 µm and 45 µm in order to
determine the Q-factor and the sensing performance. In addition to that, although the coupling
gap between the ring and the bus waveguide is a crucial parameter [21], the coupling gap is
fixed to be 150 nm due to the fabrication process simplification. In this experiment, we monitor
simultaneously both output signals from the through port and the MARC output.

The measured Q-factors are 29,600 and 51,900 for MARC devices with ring radii of 30 µm
and 45 µm, respectively. These measurement values are averaged from four different MARC
devices. The corresponding FSRs measured from the through port output are 2.95 nm and 1.88
nm, and FSRes measured from the MARC output are 5.9 nm and 3.76 nm for ring radii of 30 µm
and 45 µm, respectively. The transmission spectra from the through port and the MARC outputs
of a 45 µm ring radius device are shown in Fig. 6(a). The MARC device with the ring radius of
45 µm has the highest Q-factor of 60,000 and FSRe of 3.76 nm and was therefore selected for
temperature sensing. For the temperature sensing experiment, the photonic chip was mounted on
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the stage equipped with a Peltier element, and the temperature was varied from 21◦C to 48◦C
while the optical outputs were continuously monitored. The 27◦C rise in temperature causes
the 2.5 nm red shift of the entire transmission spectrum as can be seen Fig. 6(b), which exceeds
the FSR of 1.88 nm. This red shift, however, falls within the range of the FSRe (3.76 nm), and
consequently its measurement range is extended to the FSRe. Therefore, it is demonstrated that
the MARC sensor utilizing the FSRe and the unique transmission spectrum has a 2-fold increase
in the measurement range constrained generally by the FSR of conventional RR and MZI based
sensors. Moreover, it is demonstrated that the increase in the ring radius from 30 µm to 45 µm to
reduce the bending losses result in 75 % enhancement in the Q-factor with only 36 % reduction
in the FSRe. This FSRe can be further enhanced by changing the angular separation. Thus, the
MARC device with a large ring radius enables the realization of a sensor with both high Q-factor
and wide measurement range.

Fig. 6. (a) Measured transmission spectra from a MARC device with the ring radius of
45 um and the angular separation of 180◦, (b) MARC transmission spectra at different
temperatures. Noise in signals is likely due to reflections from end facets. Note: Offset in y
direction is added to the plots to separate out transmission spectra.

6. Conclusion

We have proposed and experimentally demonstrated the Mach-Zehnder interferometer assisted
ring resonator configuration (MARC), which generates transmission spectra with unique spectral
signatures and significantly large effective free spectral ranges. It utilizes the angular separation
between the through port and the drop port waveguides to realize spectral signatures. Spectral
signatures generated from MARC are comprised of distinct resonance lineshapes including
Lorentzian, inverse Lorentzian, and Fano-like lineshapes.

A temperature sensing experiment has been presented to exhibit a potential application of
spectral signatures in optical sensing. It demonstrates that the measurement range of a ring
resonator sensor can be enhanced by changing the angular separation between the drop port
and the through port waveguides, instead of reducing the ring radius. In addition to enhancing
the measurement range, spectral signatures can be used to label RRs with specific spectral
fingerprints, which can potentially be utilized for multiplexing of RR sensors in a MARC.

The proposed MARC device can be designed to give any number of distinct resonance
lineshapes within a narrow spectrum band, which could be desirable for optical switching and
filtering.
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