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Method for extraction of frequency-dependent attenuation and coupling
coefficients of optical microring resonator coupled with straight
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An original non-destructive characterization method of basic components of photonic integrated circuits in a
wide frequency range is proposed. The method allows extracting a frequency-dependent coupling coefficient of
the microring resonator with a straight waveguide, as well as the attenuation coefficient, group refractive index
and dispersion coefficient of rectangular optical waveguide from the measured transmission characteristics of
the microring resonator serving as a test element. An efficiency of the proposed characterization method is
demonstrated for photonic integrated circuits fabricated by a silicon-on-insulator technology in the frequency range
of 184—197 THz (which corresponds to the wavelength range of 1520—1630 nm). Obtained waveguide parameters
are used for modeling the transmission characteristics of the photonic integrated circuits that are in good agreement

with experimental data.
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Introduction

Currently, photonic integrated circuit (PIC) technologies
for creating compact photonic and microwave photonic
devices demonstrate an active development. Silicon nitride,
silicon, indium phosphide, and thin-film lithium niobate are
the most promising materials for PIC manufacturing [1,2].
»Silicon-on-insulator“ (SOI) is one of the main technological
platforms for creating integrated photonics devices [3].
This technology is compatible with CMOS (complementary
metal-oxide-semiconductor structure) technology for manu-
facturing integrated circuits of microelectronics. In addition,
the bending radius of silicon waveguides can be reduced
to Sum owing to the high contrast of refractive indices
with negligibly low radiation losses [4-6], which makes it
possible to create PICs with a high element density [7-9].

Not only passive optical devices, such as filters, directional
couplers, multiplexers and demultiplexers [10-15], but also
modulators [16,17] can be manufactured on the basis of
SOI technology, as well as silicon-germanium waveguide
photodetectors [18,19]. In addition, the variety of nonlinear
effects in silicon waveguides [20] allows creating various
nonlinear devices, such as memory cells, logic gates,
switches and transistors [21-24], which find their appli-
cation for implementing artificial neural networks [25,26].
Silicon nitride is another promising material for creating
passive integrated microwave photonics devices. The key
advantage of this material is the record low propagation
loss (less than dB/m), which is unattainable for silicon

waveguides [27-29]. Therefore, one of the most relevant
areas of development of PIC technology is the combination
of SOI with silicon nitride technology (SiN-on-SOI) [9,30).
Methods for determining the waveguide parameters of
manufactured optical waveguides are necessary for the
development of new technological platforms, as well as
for the mass production of PICs. The key waveguide
parameters are the attenuation coefficient and propagation
constant. In addition, PIC often uses coupled waveguide
structures, so another important parameter is the coupling
coefficient, for example, between a waveguide and a micro-
ring resonator (MRR). Fiber-optic communication lines are
used to transmit optical signal between the PIC, so the
spectral efficiency of input/output grating couplers should
also be known. Therefore, an urgent task is to develop
methods for determining the frequency dependences of the
above parameters of silicon and silicon-nitride PICs.
Methods for studying optical waveguides can be divided
into destructive and non-destructive. Destructive methods
are usually aimed at direct measurement of the geometry of
structures. Then the listed parameters of PIC waveguides
can be obtained by numerical modeling for known material
parameters. Such methods require partial or complete
destruction of the coating layer or the entire chip. These
methods include, for example, confocal, atomic force, or
scanning electron microscopy [31]. The cut-back technique
is another method for determining the waveguide properties
of PICs [4,32,33]. This method measures the insertion loss
of a device, for example, a ring resonator with a different
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length of the input waveguide [34]. The slope of the
resulting dependence of the insertion loss on the waveguide
length determines attenuation coefficient. If the input
waveguide length is zero, the attenuation is determined only
by coupling losses, which can be extracted by extrapolating
the obtained dependence.

In nondestructive methods the waveguiding properties
are usually determined from the measured transfer char-
acteristics of a test element. Various interference circuits
can be used for the PIC characterization [6]. For example,
the transfer characteristics of Fabry-Perot [34-38] or Mach-
Zehnder [39] interferometers can be used to determine
the propagation losses and dispersion properties of mi-
crowaveguides, as well as the geometry of the waveguide
structures [31]. However, the coupling coefficients of the
ring resonator with the straight microwaveguides could not
be defined by such methods. Nevertheless these values are
necessary for designing of PICs. It should be noted that the
coupling and attenuation coefficients cannot be expressed
explicitly using the experimental transfer characteristics of
a ring resonator. A method based on the measurement of
the transfer characteristics of a set of test elements, namely
a direct microwaveguide, a waveguide coupler, a micro-
ring resonator, and a Mach-Zehnder interferometer was pro-
posed to independently determine these coefficients, as well
as the dispersion properties of the PIC. The measurement
of the transfer characteristics of such a set of test elements
makes it possible to determine each of the waveguide
parameters of the PIC separately [40]. The disadvantage
of this approach is that it requires the use of several
elements, the waveguide properties of which may vary
due to inhomogeneities attributable to the manufacturing
technology [8,31].

The backscattering reflectometry is another method for
determining the propagation losses and MRR coupling
coefficient. ~The parameters of the ring resonator are
determined from reflectograms in this case [41-43]. This
method makes it possible to extract both the attenuation and
coupling coefficients and the dispersion properties of optical
microwaveguides. It should be noted that this method is
not applicable when performing measurements in a wide
frequency range, especially in the case of a strong frequency
dependence of the measured parameters.

A method was proposed in [44] in which the experimental
values of the width and depth of the MRR resonance
absorption line were determined from the experimental
transfer characteristics of a ring resonator coupled to a single
input waveguide. The obtained data were used to compile
a system of two equations. The attenuation and coupling
coefficients were obtained from the solution of this system.
The functionality of such a method can be significantly
enhanced by including the MRR in one of the arms of
the Mach-Zehnder interferometer [45], which makes it
possible to determine not only the coupling coefficients and
losses, but also the attenuation in the coupling region [46].
However, the need to determine the width of the resonance
curve limits the applicability of this method both in the case
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of high attenuation in waveguides and with the coupling
coefficient close to the limit values [44].

A method is proposed in this paper in which the waveg-
uide parameters are extracted from the experimental values
of the minima and maxima of the transfer characteristics of
a test micro-ring resonator symmetrically coupled with two
input waveguides. The method allows local determination
of the attenuation and coupling coefficients of the PICs in a
broad frequency range.

1. Description of the studied structures
and measurement methods

This paper studied MRR with diameters of d = 20, 100
and 256 um made using commercial SOI technology. The
scheme of measurement setup and topology of the studied
MRR are shown in Fig. 1,a. The studied structures
were formed from rectangular silicon microwaveguides
with cross-section of 500 x 220nm. The cross-section
of waveguides is shown in Fig. 1,b. In addition, this
figure shows the profile of the TE mode at a frequency
of 193.4THz (wavelength 1550 nm) obtained using the
method of Finite Difference Time Domain (FDTD).

The width of the gap between the straight waveguide
and the MRR is 200nm. The transfer characteristics
of the MRR were measured in the frequency range
from 184 to 197THz using High Definition Component
Analyzer (HDCA) manufactured by Aragon Photonics. The
analyzer has an internal tunable laser source that allows
measurements for TE and TM polarization in the C and
L optical bands. Measurements, the results of which will
be presented below, were obtained for the case of TE-
polarization.

Lensed fibers by OZ Photonics with antireflection coat-
ing, a focal spot size of 5um and a focal length of 26 um
were used for radiation input and output. The fibers were
secured in linear translators. Diffraction gratings were
used as coupling elements in the scheme. The radiation
input/output angle was selected to ensure the highest input
efficiency and, accordingly, the maximum transmission
coefficient in the frequency range under investigation. A
microscope with a digital camera was used for visual
inspection. The studied resonators have several outputs, so
when measuring the transfer characteristics, the receiving
fiber moved between the outputs 2 and 3, as shown by
the arrow in Fig. 1,a. It should be noted that the power
of the input signal Pi, was selected during measurements
in such a way as to ensure the linear operation of the
studied micro-ring resonators. The input signal power
during measurements of the transfer characteristics of a
resonator with a diameter of d = 256 yum was Pj, = 0 dBm,
for d = 100um — Pj, = —10dBm and for d =20 um —
Pin = —18 dBm. The HDCA built-in optical attenuator was
used to control the input signal power.

Measured transfer characteristics of MRRs with diam-
eters of d =20, 100 and 256 um are shown in Figure 2
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Figure 1. Setup for measurement of the transmission coefficient of an experimental SOl MRR prototype (a). Cross-section of the studied

waveguide and the TE mode profile in it ().

as dashed lines. It can be seen that the free spectral
range at frequency 193THz for a MRR with d =20 um
is Af =1.14THz (Fig. 2,a,b). The increase of the
ring diameter results in a decrease of the free spectral
range to Af =228 GHz for d = 100um (Fig. 2,¢,d), to
Af =91GHz for d = 256 um (Figure 2, e,f). The insets to
the figure show the transfer characteristics at a larger scale.

2. Model for determining the waveguide
properties of integrated optical
microwaveguides based on
experimental transfer characteristics
of MRR

Now let’s proceed to the description of the model, which
allows determining the waveguide properties of the optical
MRR from the measured transfer characteristics. Consider a
ring resonator consisting of a looped microwaveguide with
a length of | and two straight waveguides used for input
and output of an optical signal (Fig. 3). A part of the
optical signal is coupled into the neighboring waveguide in
the region where the distance between the input waveguide
and the micro-ring resonator becomes small enough. This
value is described by the coupling coefficient k. Considering
the losses in the coupling region to be negligible, we find
that a single signal circulation in the ring symmetrically
coupled with two input waveguides results in the decrease
of the signal amplitude by « - exp(—al) times, where « is
attenuation coefficient. In this case, the signal acquires an
additional phase shift equal to Sl. Then every single signal

circulation in the ring shown in Figure 3 is described by the
wave multiplier « - exp(—al) - exp(ifl). Let us denote the
MRR coefficients of transmission from the input 1 (port 1
in Fig. 1,a and 3) to the output 2 (port 2 in Fig. 1,a and 3)
and output 3 (port 3 in Fig. 1,a and 3) as Hpy; and Hps:
respectively. Hpy1 and Hpz; can be found using the partial
wave method as the result of a superposition of circulating
waves at the outputs 2 and 3 [6,47):

Tort(1 — 2= cos(Bl) + e24)
1 — 2te=* cos(Bl) + t2e—22 °

(1)

Hp1 =

T3167all<,'2
1 —2te= cos(Bl) + t2e—21"

Hps1 = (2)
where the coefficient t means the fraction of power
that remains in the waveguide after passing through the
coupling region and is calculated as t = 1 — k. Tp; and T3
in expressions (1) and (2) describe the spectral efficiency
of the lensed fibers and grating couplers for the signal input
(through port 1) and output (through port 2 and 3). It
should be noted that the lensed fiber positions are adjusted
relative the grating couplers. Therefore, the coefficients
T,; and T3; depend not only on the waveguide properties,
but also on the optical fiber positioning accuracy, and,
consequently, the input / output efficiencies are not equal
to each other, ie. Tp; # T31 .

Fig. 4 qualitatively shows the transfer characteristics
obtained from expressions (1) and (2). As can be seen, the
characteristics demonstrate a multi-resonant response due
to the in-phase interference of waves circulating in the ring.
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Figure 2. Experimental (points) and theoretical (lines) — transfer characteristics of MRR with diameters of d = 20, 100, 256 um. Tabs
(a, c, ) show characteristics from the output 2. Tabs (b, d, f) show characteristics from the output 3.

Let’s write down the resonant condition as Let’s take a closer look at the transmission coefficient
B = 27000/ 3) Hy; (Fig. 4,a). 1t follows from the expressions (1) and (3)

’ that cos(Bml) = 1 in the resonance. Then the transmission

where mis the number of resonant harmonics. coeflicient is minimal at the frequency corresponding to this
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Figure 3. MRR circuit with two input waveguides.

wave number. The minimum value of the transmission
coefficient Hpy1min is shown by an asterisk in Figure 4,a.
This value is determined using the formula:

Tort(1 —e™)?
Hp21min = —2(11 (_ te—a')2) : (4)
It is clear that the transmission coefficient Hpy; has
a maximum when B =ax(2m+1)/I. The expression
for the maximum transmission coefficient is obtained by
substituting cos(8l) = —1 in the expression (1) (Hp21max
shown by an asterisk in Fig. 4,a):

Tort(1 + e—al)2
Hp21max = m- (5)
Let us similarly write down the expressions for the mini-
mum (at 8 = 7(2m+ 1)/I) and maximum (at Sm = 2m/1)
of the transmission coefficient Hpzi (Hp31min and Hp31max
are shown by asterisks in Fig. 4, b):

T31€7QIIC2

[ +tem? ©)

Hp31min =

H

s, 1Ip21 max

Hle min

Transmission coefficient

Frequency

T31e_“' K2

Hp31max = m. (7)

Next, let us divide the expressions (5) to (4) and (7)
by (6), respectively. The following system of algebraic
equations is obtained as a result:

Hotme  (1+e™)2(1 -k —e)? @
Hp21min B (1 — Kk + ked — e2a|)2 ’ (8)
Hp31max . (1_K+eal)2 (b)

Hpsimin (1 — & —e®)?’

Assume that the parameters a and « slightly vary in the
frequency range corresponding to the frequency distance
between resonances. A system of equations for unknown
parameters a(f¢) and «(fo) is obtained by substituting the
experimental values of maxima and minima of transmission
coefficients Hp; and Hyps; in the vicinity of the selected
resonant frequency fo in the left side of the system of
equations (8). The calculation is repeated for each resonant
harmonic for determining the frequency dependences «(f),
k().

Let’s proceed to determining the dispersion properties
of optical waveguides. MRR is a convenient tool for
solving this problem, since the position of the resonant
frequencies f, is unambiguously related to the values of
the resonant wave numbers S, through the law of dispersion
o(B) of waves in the waveguide from which the MRR is
made. First, let us expand w(B) into a Taylor series in the
vicinity of the frequency wy and write this expansion in the
following form:

o) =00+ (B~ o) + 3D~ o)’ (9)
9

where wy = 27 f, C is the speed of light, ny is a group
refractive index, D is the dispersion coefficient. The group
refractive index Ng and the dispersion coefficient D are
defined as follows in expression (9)

do\ !
Ng==¢c (%) , (10)
’w
b
Hp3lmax

]—[p31min

Transmission coefficient

Frequency

Figure 4. The MRR transmission coefficients Hpy1 (@) and Hpsi (b).
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Figure 5. Dependence on the frequency of the attenuation @ (a) and coupling coefficients « (b) for rings with a diameter of

d = 256 (black squares), 100 (blue triangles), 20 um (red circles).

As can be seen from expressions (10) and (11), the
frequency dependences of the parameters ng and D can
be obtained from experimental frequency dependences
of the distance between resonances Af, as well as the
distance between neighboring resonant wave numbers AS,
which is determined solely by the ring length: A = 27/I.
After determining the above parameters, we define the
coefficients Tp; and T3; by comparing the theoretical transfer
characteristics described by the expressions (1) and (2),
with experimental data.

3. Experimental determination of the
waveguide properties of integrated
optical microwaveguides

We will use the proposed method to describe the waveg-
uide properties of integrated optical SOI microwaveguides
for verifying its adequacy. Fig. 5 shows the obtained
frequency dependences. The scattering on the wall rough-
nesses is known as the main attenuation mechanism in
the studied silicon waveguides [32,33,48,49], while the
contribution of bending losses for resonators with a diameter
greater than 10 um is negligible [4,5], so the frequency de-
pendences of the attenuation coefficients shown in Fig. 5,a
demonstrates similar dependences. It should be noted that
the propagation loss weakly decreases with the increase of
the frequency from 7dB/cm at a frequency of 185THz
to 5dB/cm at a frequency of 197 THz. This behavior is
associated with a decrease of the influence of waveguide
wall roughness on the wave process [4]. The coupling
coefficient also shows a decrease with the increase of the
frequency as shown in Figure 5, 5. In this case, a decrease
of the ring diameter results in a reduction of the coupling
region and a decrease of the coupling coefficient. It should
be noted that this behavior is observed as long as a change
of the bending radius weakly affects the field distribution in
a curved waveguide.

Technical Physics, 2024, Vol. 69, No. 8

One of the reasons for the deviation in determining
the attenuation and coupling coefficients is the distortion
present in the experimental transfer characteristics of the
ring resonator. An attenuator was used in the experimental
study of small-diameter ring, which resulted in an increase
of noise and errors of determination of the attenuation and
coupling coefficients in this case.

Let us use expressions (9) and (10) for determining
the dispersion properties of waveguides by substituting
in them the frequency dependences of the free spectral
range Af(f) obtained from the experiment. The results
of the calculation are shown in Fig. 6. It can be seen
that all MRR have similar dispersion properties. Group
refractive index is approximately ng =4.179 (Fig. 6,a),
while the waveguides show a zero slope of the dispersion
characteristic (Fig. 6, b). It should be noted that the error of
determination of the group refractive index and dispersion
coefficient is attributable to the accuracy of measuring the
distance between the resonant frequencies. The convergence
of resonant frequencies with increasing ring diameter results
in an increase of the error for a given accuracy.

Let us remind that grating couplers were used for fiber-to-
chip coupling. It is known that in the frequency range near
the maximum the spectral efficiency of the such couplers
has the Gaussian form [50]:

T:To-exp<—(f_Af0)2>, (12)

where Ty is the maximum of the power transmission coeffi-
cient, f is the frequency position of the maximum, A is the
parameter that characterizes the width of the transmission
characteristic. The obtained frequency dependences a(f),
ng(f) and x(f) were used to calculate the theoretical values
of the transfer characteristics according to expressions (1)
and (2). The parameters included in the expression (12)
were determined based on the best match of theory and
experiment. The obtained values describing the frequency
dependences of the coefficients T; and T3; are presented




1286

A.A. Nikitin, KN. Chekmezov, A.A. Ershov, A.A. Semenov, A.B. Ustinov

nd =256 um; ad=100 um; d=20 um

44} a
43
< 4.2 _:-:"l.l:'-" 5 .",' t‘. ll‘.A..- o "A'IA
R R
4.1¢
4.0 l l l l
186 189 192 195
1, THz

300 F b

150 B ]
—“;Alﬁ.::émA‘ :A-*.‘,: -A ‘A‘- AAA 1AA‘AAAA
n LI "aa L

. [ ] am - om -

| = o l-'.. PLO LS L) up®

' o " . o AmAp u‘..ﬁ.- A -
—150 e ". -

D, m?.rad/s
S

7300 l l l
189 192 195
/., THz

186

Figure 6. Dependence of the group refractive index ng (a) and the dispersion coefficient D (b) on the frequency for rings with a diameter
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Input/output efficiency parameters

MRR diameter(d), um
Parameter 256 100 20
To T Tot Ts1 To Ts1
To,dB |—14.7 |—14.8 |—11.3 | —13.5|—-10.7 | —14.5
fo, THz | 19328 | 193.7 | 1934 | 194 | 1936 | 194
A, THz 47 43 5 52 5 4.6

in the table. Small differences between T,; and T;; are
attributable to errors of the manual alignment of the lensed
fibers.

As a result, all the main parameters of the SOI mi-
crowaveguides were obtained in this paper. The theo-
retical and experimental characteristics of the MRR were
compared to verify the adequacy of the proposed method.
The transfer characteristics were numerically calculated
according to expressions (1) and (2) using the obtained
parameters. Theoretical characteristics are shown in Fig-
ure 2 by solid lines. It can be seen that the found
frequency dependencies a(f), ng(f), «(f), To(f) and
Ts1(f) allow describing the transmission characteristics of
the MRR with high accuracy, which confirms the adequacy
of the developed method.

Conclusion

The waveguide properties of integrated optical mi-
crowaveguides and MRR based on them were experi-
mentally determined in a wide frequency range. An
analytical method for extraction the frequency dependences
of the attenuation and coupling coefficients, the group
refractive index, the dispersion coefficient, as well as the
spectral efficiency of fiber-to-chip coupling from on the

measured transfer characteristics of MRR was developed.
The dependences of the listed parameters of silicon MRR
of various diameters in the frequency range from 184
to 197THz were obtained in the paper. It was shown
that the attenuation coefficient in experimental samples
of silicon waveguides does not depend on the resonator
radius and weakly decreases with the increase of the
frequency: from 7dB/cm at a frequency of 185THz to
5dB/cm at a frequency of 197 THz. The coupling coefficient
increases with the resonator diameter. It demonstrates
an inversely proportional dependence on frequency in this
case. The silicon waveguides showed weak dispersion
properties in the frequency range under investigation. The
group refractive index was about 4.179. It should be
noted that the obtained value differs from the theoretical
one, which is 4203 at a frequency of 191.5THz for
silicon waveguides with the cross section of 500 x 220 nm.
Such a difference may be attributable to the difference
between the actual dimensions of the waveguide and the
designed dimensions as shown in studies [31,40]. The
frequency dependences describing the efficiency of fiber-
to-chip coupling were obtained by combining experimental
and theoretical characteristics at the final stage. The found
parameters are used for modeling the transfer characteristics
of ring resonators. A conclusion about the applicability of
the proposed method is made through the comparison of
experimental and theoretical results. It should be noted that
one ring resonator with a diameter of 20 um is sufficient
to study the waveguide parameters. Such a small size
of the test elements allows for their even positioning on
the surface of the studied chip, which can be used for
local determination of PIC parameters and construction of
spatial distributions of waveguide parameters. In addition,
the proposed method can be extended by adding an
equation for the width of the resonant curve [44] or by
including the resonator in the arm of the Mach-Zehnder
interferometer [45,46], which allows increasing the number
of determined waveguide parameters, for example, coupling

Technical Physics, 2024, Vol. 69, No. 8
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coefficients in an unbalanced coupled ring resonator or
attenuation in the coupling region.
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