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Highly sensitive digital optical sensor with large measurement range
based on the dual-microring resonator with
waveguide-coupled feedback*
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We propose a novel high-performance digital optical sensor based on the Mach—Zehnder interferential effect and the
dual-microring resonators with the waveguide-coupled feedback. The simulation results show that the sensitivity of the
sensor can be orders of magnitude higher than that of a conventional sensor, and high quality factor is not critical in it.
Moreover, by optimizing the length of the feedback waveguide to be equal to the perimeter of the ring, the measurement
range of the proposed sensor is twice as much as that of the conventional sensor in the weak coupling case.
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1. Introduction

Sensors based on the microring resonators (MRRs) have
extensive applications in the environmental and biological de-
tections due to its high sensitivity and ultra-compact scale.!!~"]
In an MRR sensor, the target analyte covering the surface
makes a change in the refractive index of its cladding, which
can be probed by the evanescent tail of the modal field, and
thus the effective refractive index of the MRR changes. Conse-
quently, the output spectral response will change. This change
can be monitored by the intensity variation at the fixed wave-
length or the resonance wavelength shift. Up to now, various
methods have been developed to improve the two important
figure of merit of MRR sensors: sensitivity and measurement
range.

For the detection mechanism of intensity, the sensitiv-
ity is defined as the rate of change of a fixed wavelength’s
light intensity under a shift of the target analyte. Since qual-
ity factor Q can indicate the sharpness of the spectral reso-
nance, the sensitivity depends heavily on Q.[® To achieve a
high sensitivity, the microring with a high O can be obtained
by choosing small coupling coefficient, minimizing the in-

5,111 and utilizing the special structures such as

trinsic los
the concentric microring,!'?! the dual microring,!® and the
Fano effect introduced constructions. 3141 However, in these
cases, high sensitivity is usually along with small measure-
ment range, because with a sharp resonance peak, the response
approaches zero very fast in a narrow bandwidth as the index
changes. For the mechanism of spectrum, the higher sensi-
tivity generally requires larger resonance shift. In this case,
higher Q makes it easier to distinguish the resonances. Re-
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searchers have developed different methods to improve the
sensitivity. Recently, a kind of highly sensitive sensor consist-
ing of two cascaded MRRs has been proposed and then exper-

15161 where a high sensitivity can be

imentally demonstrated, [
obtained due to the Vernier effect. However, the measurement
range is limited because of the dependence on the free spec-
trum range (FSR) of MRR. Even if a large FSR is achieved by
reducing the radius, a smaller radius means higher radiation
loss and thus a lower Q, which makes it difficult to detect the
response. Though the MRR sensors with large measurement
range have been realized via some special structures, such
as the feedback-microring resonator (feedback-MRR) based
structure,!'”] the sensitivities in those cases are still as low as

that of the conventional MRR sensors.

By means of the scheme of spectrum shift, a novel digi-
tal optical sensor with high sensitivity and large measurement
range is studied in this paper. The structure is based on the
Mach—Zehnder interferometer (MZI), where the two arms are
replaced by the microrings with the feedback waveguide. The
silicon-on-insulator (SOI) material is used to realize the de-
vice. Compared to the conventional MRR sensor, the proposed
new sensor can be more sensitive. Since the resonance shift is
usually on the nanometer scale, the detecting condition is not
very rigorous. Moreover, the high Q factor is not critical in
this sensor. By optimizing the length difference between the
feedback waveguide and the ring in each part of MZI structure,
a larger measurement range is obtained, which can be twice as
much as that of the conventional sensor.
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2. Structure and theory

For an MRR sensor, when the refractive index of analyte
changes, the spectral response will shift accordingly: AA =
Anegrd [negr, where negr is the effective index of the fundamen-
tal mode in the ring and Ancg is the change of nesg. The value
of Aneg is almost proportional to the change An. of the am-
bient refractive index:!*! Aner = KAn., where K is a constant
depending on the material and waveguide cross section. Thus,
the relationship between AA and Ang is: Ane. = Adneg/KA.
Since the resonance shift AA should be smaller than its free
spectral range FSR, the measurement range of the ambient re-
fractive index can be obtained: An. < FSRner/KA, indicating
the heavy dependence between measurement range and FSR.
In addition to the measurement range, another important fig-
ure of merit of MRR sensor is sensitivity. It is always de-
fined as: (81 So = AL /Ane = (Anee/Anc )AL / Anege = K'S, where
S = AL /Angg is defined as the device sensitivity, and K is the
waveguide sensitivity which is a constant in a certain waveg-
uide structure. In the following, the device sensitivity and the
measurement range are discussed in detail.

The sensing scheme based on the Mach—Zehnder (MZ)
structure and dual MRs with a U-bend feedback waveguide
is shown in Fig. 1(a), including the sensing ring (region i) and
the reference ring (region ii). The region i senses the refractive
index changes of analyte directly, while the region ii does not
due to the up-cladding. At the input port, the light is launched
into the sensing and reference rings through the 3-dB coupler,
and the responses mutually interfere at the output port.
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Fig. 1. (color online) Schematic of sensor based on MZI and dual MRs with
the U-bend feedback waveguide. (a) The whole structure, and (b) the basic
structure.

2.1. Transmission spectrum of basic structure

The transmission spectra of regions i and ii are used to an-
alyze the response at the output port. Figure 1(b) shows the in-
dividual basic structure (feedback-MRR), which can describe
the two regions (an MR with U-bend waveguide-coupled feed-
back). The transmission matrix method (TMM) is used to

e.l18201 The input and output cou-

model this structure her
pling regions are shown in two dashed boxes, where k and ¢
(real numbers) are the coupling and self-coupling coefficients

(k% 41> = 1 for the lossless coupling). The E; and E, are

the light fields of the port 1 and 2, and E, and E; are the
light fields inside the U-bend waveguide after the input cou-
pling region and before the output coupling region. The ra-
dius of MR is R, and the length of U-bend waveguide is L.
The amplitude transmission factors for the ring and the feed-

—2nRa —Li® where o is

back waveguide are T = e and 71 = e
the loss coefficient. The phase changes for the half-circular
ring and the feedback waveguide are 8 = (272/A)negR and
¢ = (27 /A )negrLy, where negr is the effective refractive index
of the waveguide and A is the free space wavelength. The
transmission matrix of the input and output coupling regions

(M) and the ring (M,) are given by
N e~10/2¢712 0
M.=(1/ik) {_1 t] , Mi= { 0 ei9/211/2:| » (D)

the steady-state relationship between the field amplitude can
be described as

E, _ Ei
| = |7 @
and the relationship between E, and Ej, is given by

E, = 11e'?E,. 3)

Combining Egs. (1)-(3), we can obtain the transmission spec-
trum at port 2 as

. . . 2
el(plz’f] _ 616’1'1/21(2 _ ezele“pﬂ']
1— e20i2 {12, 71/2¢i0ci0

-(4)

In the weak coupling case (t> > k?), the spectrum of
the feedback-MRR is like an inverted Lorentzian resonance
line shape, which is similar to the spectrum of a single MR
coupled with one straight waveguide. We make it possible
to have only one resonance dip with a high extinction ratio
(ER) within a larger wavelength span (quasi-FSR) by optimiz-
ing the length difference between the feedback waveguide and
the ring and adjusting the coupling coefficient x.17->!1 We find
that the quasi-FSR of the spectrum will be twice the FSR of a
typical single MRR when the length of the feedback waveg-
uide is equal to the perimeter of the circle ring. The optimized
spectra of the feedback MRR are shown in Figs. 2(a)-2(c) in
the following part. Different radii of rings lead to different
quasi-FSRs.

2.2. Spectral response at output port

The whole spectrum at the output port is based on the
interference of two individual feedback MRRs’ spectra. Fig-
ure 2 is used here to explain the sensing principle of the whole
structure. We choose different radii: R for the sensing ring
and R; for the reference ring (Rs > R;), so that they have dif-
ferent quasi-FSRs (quasi-FSRg < quasi-FSR,). Their response
spectra are shown in Figs. 2(a) and 2(c) when the sensing ring
region does not have the analyte around. In this case, when
one resonance wavelength of the sensing ring coincides with
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one of the reference ring at A; (the overlap resonance wave-
length), the phase difference between the light fields from two
regions will be 2aw (a is an integer), thus the MZI structure
will form a central resonance dip. When two non-overlapping
resonances meet, symmetric transmission spectrum with the
split dips around the central resonance will be generated.
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Fig. 2. (color online) Schematic diagram of the spectral response
of (a) the sensing ring without analyte, (b) the sensing ring with
analyte, and (c) the reference ring.

As shown in Fig. 2(b), the spectral response of the sensing
ring will shift accordingly when the refractive index of analyte
changes (in presence of analyte). At this time, two overlap res-
onance wavelengths will coincide at A j» which corresponds to
the adjacent central resonance in the output spectrum. Thus,
by detecting the shift of the central resonance dip (from A;
to A;), we can obtain the index change of analyte. As seen
from Fig. 2, the relationship between the shift of the output
spectrum and that of the sensing ring’s spectrum is defined as
follows:

AL = Aj — A; = AAs +mquasi-FSR| = nquasi-FSR,, (5)

where m and n are integers, Al is the resonance shift of the
sensing MRR, and AA is the shift of the central resonance
dip in the output spectrum. The spectral shift AA is integral
multiples of the reference feedback-MRR’s quasi-FSR, which
means that when the refractive index changes discretely, the
central resonance dip will shift digitally. In such a digital way,
when AA, satisfies the condition

AFSRq < Al < quasi-FSR,, (6)

where AFSRq = quasi-FSR —quasi-FSR, m and n will satisfy
m = n. On the contrary, the relationship between m and n will
be uncertain if AAs is too small or large. In order to gain the
only refractive index of the analyte and to make correct inter-
rogation, AAs should be in the range given by Eq. (6), corre-
sponding to the measurement range. According to Eq. (5), the
output spectrum shifts n quasi-FSR,, so the minimum measur-
able index-change of analyte (Angr) which corresponds to the
minimum shift of the sensing ring’s spectrum (AA) occurs for

n = 1. From Eq. (6), it is found that the measurement range of
the proposed sensor can be large since the quasi-FSR, of this
sensor is larger than the FSR of conventional sensors. Thus,
the sensitivity S can be obtained based on Eq. (5) as

AA  quasi-FSR. AAy Al

S = =
AFSRq  Aneg aAneff’

Anegp

(N

where AAs/Anegr is the sensitivity of conventional sensors, and
F, = quasi-FSR, /AFSR is the improvement factor of the sen-
sitivity. From Eq. (7), it is found that the sensitivity can be
many times higher than that of a conventional sensor since the
quasi-FSR, is much larger than AFSRq.

3. Simulation results and discussion

Firstly, we analyze the spectrum of the feedback MRR
due to its strong effect on the output transmission spec-
trum. We choose the typical parameters of Si waveguides as
220 nm x 500 nm (height/width),!'> and the radius is defined
as r = 40.28 um (with a low bending loss). Assuming that
the length of the feedback waveguide is equal to the perimeter
of the ring, and the input light field is normalized (|E;|> = 1).
Figure 3(a) shows the spectral responses of feedback MRR
and the comparable single MR coupled with straight waveg-
uide, and we choose k = 0.15 for the weak coupling.
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Fig. 3. (color online) (a) Spectral response of the feedback MRR
(Tpea) in comparison to a typical single-ring add-drop MRR (T¢);
(b) amplitude of the feedback-interferential light field (|E¢|) and the
single MR (|E]), and (c) the phase difference.
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From Fig. 3(a), it can be seen that the quasi-FSR of
feedback-MRR is twice as much as the FSR of a typical single-
ring add-drop MRR. In order to analyze this phenomenon, we
take the spectral output response of feedback-MRR as inter-
ference between two parts

|Eout|?® = |Es|? + |Ex|? + 2| Es| |Ex| cos(AD).

The |Es| part is like the light field of a typical single-ring add-
drop MR’s drop port, and the |Ej| part is like the feedback-
interferential light field which pass through the U-bend feed-
back waveguide. Figures 2(b) and 2(c) show the amplitude of
the two light fields and the phase difference. As seen from
Fig. 2(b), the light field of the single MR (|Es|) has the same
amplitude in every resonance peak, and the spectrum interval
of two adjacent peaks is equal to the FSR of a typical MRR.
Meanwhile, the amplitude of the feedback-interferential light
field (| E¢|) maintains the same every other peak, and every two
adjacent |E¢| are inverted. Itis also seen that the two light fields
interfere at each resonance wavelength, as shown in Fig. 2(c).
Thus, the amplitudes with overlarge peaks of Ey are eliminated
at one of every two resonances of typical MRR by the peaks
of Ej, and the other resonant dips of Er are strengthened with
a larger extinction ratio by the interferential E;. Thus, the out-
put spectrum of feedback MRR has a larger quasi-FSR than
the typical single-ring MRR.
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Fig. 4. (color online) Relationship between the output spectrum of feedback
MRR and the coupling coefficient k. (a) k = 0.9, (b) k = 0.6, (c) Kk = 0.53,
and (d) x =0.1.

Furthermore, in order to obtain the output spectral re-
sponse of feedback MRR, it is important to select an appro-
priate coupling coefficient k. The relationship between the
output spectrum of feedback MRR and k is shown in Fig. 4.
There are two resonant dips in each quasi-FSR when strong
coupling occurs (k is large enough), such as kK = 0.9 or 0.6, as
shown in Figs. 4(a) and 4(b). Two dips will become only one
dip in every period when x is close to 0.53. When « keeps on
decreasing, the resonant dips will become sharp, and its ER
can be much higher, as shown in Figs. 4(c) and 4(d). Since

the loss of MR is usually small, small k should be selected to
obtain the spectrum with appropriately high Q and large ER
according to the critical coupling condition. Therefore, the
output spectrum of feedback MRR with one sharp and high
ER resonant dip in every period can be obtained. Thus, the
quasi-FSR is twice as much as the FSR of the conventional
MRR in the weak coupling case (the length of the feedback
waveguide is equal to the perimeter of the ring). Hence, the
measurement rang of the proposed sensor can be much larger
according to Eq. (6).

In the following, the transmission spectrum at the Mach—
Zehnder interferential output port is analyzed on the basis
of previous discussion. Here, the operating wavelength A,
is 1550 nm. We choose the order of the microring m; =
400 corresponding to the radius of the reference ring R, =
40.276 um, and my = 410 with the radius of the sensing ring
Ry = 41.283 um. The length of the feedback waveguide of
each feedback MRR is equal to the perimeter of its ring, re-
spectively. The spectral response of the sensing ring will
shift when the analyte is presented, while the reference ring’s
spectrum remains stable. Thus, the overlap wavelength will
change, which means that the central resonance will shift at
the output port.
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Fig. 5. (color online) Two spectral response (7; for the reference ring, T
for the sensing ring). (a) Absence of analyte and (b) presence of analyte.

As shown in Fig. 5(a), two resonances (7; and T;) over-
lap at A; = 1550 nm without the analyte. In this case, we
choose the analyte with the corresponding minimum measur-
able index-change Anggr = 1.22 x 10~% RIU. When the analyte
is present, the spectral response T shifts Al; = AFSRq =
0.19 nm, while T; is stable. The overlap resonance changes
to A, = 1557.75 nm, as shown in Fig. 5(b). In the presence
of analyte, the whole transmission spectrum shifts, as shown
in Fig. 6(b). At this time, the central resonance jumps to A;.
AA(= A, — A1 =7.75 nm) is the variation of central resonance
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Fig. 6. (color online) Transmission spectra at the output port (a) in the ab-
sence of analyte and (b) in presence of analyte; (c) transmission spectra
of a conventional single-ring MRR in absence of analyte 7y (solid line),
and in presence of analyte 77 (dashed line).

in the output spectrum for the whole structure, while AA; is the
variation of the spectral response T, which can also represent
the spectral change of a conventional single-ring MRR under
the same index-change, as shown in Fig. 6(c). Hence, the sen-
sitivity of the proposed sensor (S) is much higher than that
of a conventional sensor (S;), and the improvement factor of
sensitivity F, = S/S. = AAL/AAs = 40.79. When the effective
refractive index of analyte changes more than the minimum
measurable Angg with discrete modality, the output spectral
response will shift multiple quasi-FSR of the reference feed-
back MRR, which is helpful for sensing with a low-resolution
detecting instrument since AA is at the scale of nanometer.
Moreover, as seen from Figs. 6(a) and 6(b), we measure the
index variation by judging the shift of central resonance. It
is known in the conventional MRR that low quality factor Q
means wider resonance dips in the spectrum, which may be
difficult to distinguish when two such dips are close. Unlike
the conventional MRR, we detect the central resonance in this
proposed sensor. The central resonance locates at the position
of the peak in one period of the Mach—Zehnder interference.
Since the period of the Mach—Zehnder interference is much
larger than the quasi-FSR, it is easier to distinguish the central
resonance from the symmetric split dips around. At this time,
spectrum with relatively low Q (wider resonance troughs) can
also be detected exactly, so the Q factor is not as critical as that
in the conventional case. In order to realize a broad measure-
ment range of the analyte’s index-change, it can be expected

that the observed wavelength range in the actual case will be
much broader than that in simulation (1540 nm to 1560 nm).

4. Conclusion

In summary, a novel digital optical sensor with high sen-
sitivity and large measurement range has been proposed. The
structure consists of two feedback MRRs. The spectral re-
sponses of the two MRRs mutually interfere to form the whole
spectrum at the output port. The spectral response of individ-
ual feedback MRR through the TMM approach has been de-
duced, and the related simulation has been carried out. It can
be found that when the feedback waveguide’s length is equal
to the perimeter of the ring in the weak coupling case, the pro-
posed sensor has a large measurement range compared to the
conventional sensor due to its great dependence on the quasi-
FSR. Meanwhile, the sensitivity of the proposed sensor can
be many times higher than that of a comparable conventional
sensor. Since the detection principle is based on the shift of
central resonance, the high Q factor is not critical.
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