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Unconditionally stable finite-difference time-domain methods for modeling the Sagnac effect
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We present two unconditionally stable finite-difference time-domain (FDTD) methods for modeling the Sagnac
effect in rotating optical microsensors. The methods are based on the implicit Crank-Nicolson scheme, adapted
to hold in the rotating system reference frame—the rotating Crank-Nicolson (RCN) methods. The first method
(RCN-2) is second order accurate in space whereas the second method (RCN-4) is fourth order accurate. Both
methods are second order accurate in time. We show that the RCN-4 scheme is more accurate and has better
dispersion isotropy. The numerical results show good correspondence with the expression for the classical Sagnac
resonant frequency splitting when using group refractive indices of the resonant modes of a microresonator. Also
we show that the numerical results are consistent with the perturbation theory for the rotating degenerate
microcavities. We apply our method to simulate the effect of rotation on an entire Coupled Resonator Optical
Waveguide (CROW) consisting of a set of coupled microresonators. Preliminary results validate the formation
of a rotation-induced gap at the center of a transfer function of a CROW.
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I. INTRODUCTION

The effect of the additional phase accumulation by a light
wave propagating in a mechanically rotating optical medium
is known as the Sagnac effect [1]. Recently there has been an
increased interest in the Sagnac effect manifested in rotating
resonant microcavities and miniature photonic structures
[2-4]. Usually the analysis of such structures involves either
the use of the well known phenomenological expression of the
Sagnac phase shift in a rotating circular optical medium [5,6],
or derivations from the first principles using the Maxwell’s
equations in the rotating frame with further assumptions and
simplifications in order to get closed form results [4,7,8].
There are a few numerical techniques which were proposed
recently to analyze such problems. One such option is to use
the two-dimensional (2D) Green’s function theory for the
electrodynamics of a rotating medium [8] in legacy codes
of, e.g., the method of moments. Alternatively, two finite-
difference time-domain algorithms based on the well known
Yee’s lattice and the leapfrog scheme were proposed. The first
finite-difference time-domain (FDTD) method proposed by
Peng et al. [9] incorporates time extrapolation in calculation of
the electromagnetic fields. We believe that this approach makes
the scheme unstable as illustrated in the Appendix for the
case of the linear extrapolation. The FDTD method proposed
by Sarma et al. [10] avoids this problem by incorporating D
and B (in addition to the regular £ and H fields) using time
interpolation into their algorithm. But in order to keep the latter
scheme stable there might be a need to simultaneously know
both E and H in the entire rotating medium (they must satisfy
the wave equation) when introducing sources to the simulation,
which may prove to be not practical and may generate errors.
Therefore we believe that these explicit FDTD methods are
less suitable for application in rotating medium.

In this paper we present two unconditionally stable 2D
FDTD algorithms for modeling Sagnac which are based
on the Crank-Nicolson (CN) scheme [11]. In such a scheme
the computational grid is based on Yee’s lattice, but unlike
the leapfrog scheme the values of all the fields are updated
at the same time step. This approach avoids the need for
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any kind of extrapolation in time, since the Sagnac effect
is modeled by using the values of the fields at the same
time steps as for the regular CN scheme for the stationary
case. As well, the scheme is based solely on calculation
of E and H thus avoiding the need to incorporate D and
B, and to estimate simultaneously both E and H in the
entire rotating domain. Since the Sagnac effect is basically a
phase modification effect, it might be susceptible to numerical
dispersion errors inherently existing in any FDTD algorithm
as a result of space and time discretizations. Therefore, we
present two slightly different schemes in order to address this
issue. The first method, called throughout this paper rotating
Crank-Nicolson-2 (RCN-2), is second order accurate in space,
while the second method, called RCN-4, has fourth order space
accuracy. Both methods are second order accurate in time. The
use of the fourth order accurate derivatives in space helps to
decrease the numerical dispersion error, and as a result we
get a more accurate modeling of the Sagnac effect. In order
to demonstrate the effectiveness of the proposed methods and
their differences, we apply them to a problem of a rotating
microring resonator and compare the obtained results with the
classical Sagnac expression for the frequency splitting and the
results obtained in perturbation theories [4,7]. We also apply
the RCN-4 scheme to a bigger problem of a rotating Coupled
Resonator Optical Waveguide (CROW) of four resonators.
The structure of this paper is as follows. In Sec. IT we present
the formulation of the proposed methods. In Sec. III we analyze
the stability and the numerical dispersion of the algorithms.
We compare the performances of the two schemes, and as
well we verify the obtained results against those predicted by
the theory in Sec. IV. In this section we also simulate the
effect of rotation on a CROW that consists of a set of coupled
resonators. Concluding remarks are provided in Sec. V.

II. FORMULATIONS

We assume a two-dimensional slowly rotating medium at
the x-y plane with a rotation rate €2, so that the angular
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velocity is

O =:Q. 2.1)

The assumption of slow rotation velocity implies that neither

relativistic effects nor geometrical transformations take place
and |2 x F| K ¢, for the largest r in the simulated rotating
medium, and c is the speed of light in vacuum. Therefore,
operators such as V are conserved in the rotating rest frame
of reference: V = V’ and time is invariant in both systems:
t =t'. According to a formal structure of electrodynamics,
the basic physical laws governing the electromagnetic fields
are invariant under any coordinate transformations, including
a noninertial one [12,13]. The transformation to a rotating
system is manifested only by an appropriate change of the
constitutive relations. Therefore Maxwell’s curl equations in
the rotating frame R are given by

I 9B -

VXE=———-—0,H, (2.2a)
at

- - 8D -

Assuming the material properties at rest are given by ¢, i, then
up to the first order in velocity the constitutive relations in R
take on the form [12]

D=¢E—c?*QxixH,

B=pH+c2Qx7xE,

(2.3a)
(2.3b)

where 7 = £x + §y. After substituting Eq. (2.3) into the
Eq. (2.2) and assuming a constant rotation rate (% =0) and
= 0), we get the following set of
equations for the 2D case (where <> aH = % =0):

3H, JE,

a fixed rotation axis (&

E
= Hx—c_ZQxa—tz, (2.4a)
y
dH, JE, L, JE,
2T 6 H, - Qy—2, 2.4b
Bor = ox Ot T T, (2.4b)
dH, JE, JE, 5 JE,
= — — —onH, + ¢ " Qx——
at ay ax at
OFE
—i—c_zan—t), (2.4¢)
9E, O0H dH.
€ th = ayz - < (2.4d)
JE, dH. dH.
e 8; = 8xz Y _ZQy—atZ, (2.4e)
dE. 0H, OdH, dH,
e— = y _ 2 _29y
at ax ay at
dH,
—c*zszxw. (2.4f)

It has been rigorously shown that in the 2D case these
equations can be split into two independent transverse electric
(TE) and transverse magnetic (TM) modes [8]. In this paper
we concentrate on the TM mode (H,,H,,E;) sustained by
Egs. (2.4a), (2.4b), and (2.4f). The case for the TE mode
(Ey,Ey,H;) can be obtained from the TM case by simple
exchange of variables. Using Yee’s meshing in the 2D case,
which is shown in Fig. 1, both the RCN-2 and the RCN-4
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FIG. 1. (Color online) Yee’s space lattice with the indicated
magnetic field components (H,,H,) and their relative weights (for
six-point interpolation) used to account for the Sagnac effect in the
calculation of the electric field at the marked grid point (i, j) (dashed).

schemes for the TM wave can be written as
H;l+1 H}’l _ aleD (En+1 + En) _ aZHx(H +1 + H),:)
— a3y, Sy (EI — ET), (2.5a)
HIM = HY + gy Dy (B2 + EY) — axy () + HY)
— a3y Sy (EXT — ET), (2.5b)
E!' = E' + ayp. Dy (H; ™' + H))
_alEzyD (Hl‘l+1 + Hn) _ azEz(En+l + En)

—Cl3EZXSx(H;+1 - Hc) - a3EZySy(H;l+l - H;’),
(2.5¢)
where the coefficients ay are given as
At Atoy, c2Qx
aigxy = , Qapx = , W3Hx = ;
1Hx 2Ay/t 2Hx 211« 3Hx P
(2.62)
At Atoy, c2Qy
aigy = . Qapy = , A3y = ,
1Hy ZAX,LL 2Hy Z,LL 3Hy »
(2.6b)
At At Ato
a = B AlEzy = T » = a7 >
BT 9 Axe 1Ezy 2Aye 2k 2¢e
(2.6¢)
cIQy c2Qx
A3Ezx = , 3Ezy = s
£ £

and the operators Dy, D, are the difference operators along
the x axis and the y axis, respectively, while the operators S,
S, are the sum operators along those axes needed to account
for rotation (together with the coefficients a3). The need for
the latter operators results from the fact that we must know
the values of the fields in the points which are not given in the
computational grid. For example, in order to calculate E, we
need the values of H, and H, at the same point. A simple way
to calculate the fields in those “in-between” points is to use the
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linear interpolation by taking the average of the values in the
existing grid points, which is to use two points with a relative
weight of 1/2. But we can obtain a better approximation if we
use more points for the interpolation. The simulations carried
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out in this paper use six-point interpolation for this purpose.

For example, when calculating the value of E ”(l“) in Eq. (2.5¢),

the terms S, H!'*' and Sy H!™' will give the values of H){/"

y(@i,j)
and H"(+l

i at the point (i,7) as

n+1
SHM| = Hy gy + O+ By o + Hyd Ly oy + OH o )+ Hydl 270
Xy @i,]) Y@, j) — 16 > .
n+1 n+1
S| = - vty T O Ly  HI s+ H o T OHy + H ) (2.7b)
@,)) x(@,j) — 16 . .

The latter equation is illustrated in Fig. 1, where the calculation of E ”+l) uses the closest samples of the magnetic fields with
the relative weights of 6/16 and the further ones with the weights of 1/16. A similar procedure is used for the calculation of the

magnetic fields by Egs. (2.5a) and (2.5b).

We should point out that both the coefficients ay and the operators in Egs. (2.5) are represented by sparse matrices and the
electromagnetic fields are column vectors. The choice between the second order and the forth order accuracies in space is done
by the use of the appropriate implementation of the differentiating operators D,, D, using central differences. By rearranging
Egs. (2.5a) and (2.5b) and substituting them into Eq. (2.5¢), we arrive at the following set of equations:

(1 - aZHx) (ale Dy - a3HxSy)

_ (aleDy + a3HxSy)

H!' = r— ; EMY (2.82)
(I +azuy) (I +asxuy) (1 +axny)
;+1 _ (1 — azpy) (a1ay Dy + aaHny)Eg (a1ay Dy — azpySy) i (2.8b)
(1 +a2Hy) (1 +a2Hy) (1 +32Hy)
[1 _ (a1E2x Dy — a3gzxcSx) (alHny - aSHny) _ (alEzyDy + a3EzySy) (aleDy + aSHxSy):|En+1
(1 + azg;) (1 + azny) (1 + aze;) (1 4+ axny) ¢
_ |:(1 —aE;) | (@1Ex Dy — a3pxSx) (@iayDx + azpySy) | (@15 Dy + asgzySy) (aipx Dy — a3HxSy):|En
1+ axg;) (I +azg;) 1+ azny) (I +azg;) (I +azxuy) ¢
(alszDx - a3E7xSx) (] - a2Hy)j|
+| (@1Ex Dy + a3gz¢Sy) + = H"
[( tFe 3£2x5:) (1 +azg;) (1 +azny)
(alEzyDy + a3EzySy) (1 - a2Hx):|
—|(a1gy Dy + a3e.ySy) + ' : H" 2.8¢
[( 1Dy + dssery) (I +aw)  (I+aum) (289

Note that Eq. (2.8c) contains only the value of the electric
field at the next time step n + 1. Therefore, after solving it
and putting the value of E;’“ into Egs. (2.8a) and (2.8b)
we get the magnetic fields H'™' and H"'!'. Thus, the
major computational obstacle is the solution of Eq. (2.8¢c)
which was previously treated in the literature as the regular
(stationary, nonrotating case) Crank-Nicolson scheme with
the application of the Douglas-Gunn algorithm [14], which
results in factorization of the left-hand side of the equation.
Unfortunately, we cannot perform similar factorization here
because of the additional terms accounting for the rotation.
Therefore, we need another approach. Rewriting Eq. (2.8¢) in
a short form as

(I —MHEM' = MEM! = V", (2.9)

where V" is the resulting vector of the right-hand side of the
equation that depends solely on the fields at the previous time
step, and M = I — M’ is the matrix on the left-hand side.

Note that this matrix is sparse. Since solving Eq. (2.9) at each
time step is computationally expensive, we use the Neumann

series expansion to approximately calculate the inverse as

-y

This expansion converges if ||M’| < 1 in some consistent
norm [15]. Once the inverse is calculated, it can be used
for marching in time in Eqgs. (2.8a)—(2.8c) without the need
to fully solve Eq. (2.9) at each time step. One disadvantage
of such approach is that the condition |M’| < 1 limits the
value of the time step for which Eq. (2.10) can be used, since
the norm grows with Ar. If a greater time step is required
then Eq. (2.9) may be solved by the conventional iterative
or direct methods, such as successive over-relaxation (SOR)
or Gaussian elimination. However, using greater time steps
increases the numerical dispersion error, and since the purpose
of the proposed method is to account for the Sagnac phase shift
in rotating systems, one should not use a very high value of Az
as the Sagnac effect may be screened by the numerical phase
errors. The later is of special importance for low rotation rates.

Another disadvantage of using Eq. (2.10) is that the
summation must be truncated in any practical implementation.

M= -M)"! (2.10)
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The use of the approximately computed propagation matrix
may compromise the stability of the schemes as well as
increase their numerical dispersion errors. In the simulations
carried out in this paper we used the first five terms of the
series, which resulted in the maximum error of 0.01% in
the calculated values of the fields in the computational grid,
without any observable instability within the run times. We
believe that the number of terms used in the series must be
increased when one uses greater computational grids than
those in this paper in order to preserve the same accuracy and
stability. We emphasize that the excitation of the presented
scheme is straightforward since both £ and H are evaluated at
the same time step. For instance, assuming certain spatial and
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temporal distributions of E ;’*' along a specific plane at the grid
(for example, a waveguide’s cross-section electric field profile,
with a modulated Gaussian pulse temporal dependence), the
corresponding values of H"*! and H;?“ can be calculated
from Egs. (2.8a) and (2.8b), which will immediately satisfy
the wave equation in the rotating medium.

III. STABILITY AND NUMERICAL DISPERSION

Both stability and numerical dispersion of the algorithms
can be analyzed using the Fourier transform method [14]. We
can rewrite Eq. (2.5) in the matrix form for the free space case
as

1 0 (a1mx Dy + azpySy) H'!
0 1 —(a1gyDy — azpySx) H)’,'Jrl
(a1e2yDy + azgzySy) —(@1E2c Dy — a3z Sy) 1 E"!
1 0 —(aiux Dy — a3y Sy) H!
- 0 1 @1y Dy + asySx) | | H 3.1)
—(ai1gz;y Dy — a3g2ySy) (a1E20 Dy + a3 Sx) 1 E?

The last equation is general and holds for both RCN-2 and RCN-4 schemes. After applying the Fourier transform to the last
equation, and further considering the RCN-2 scheme with the interpolation as shown in Eq. (2.7) we get

10 Agp)\ (A L0 A% %
0 1 Ay|| AT 0 1 Al 1 . (3.2)
Az Ap 1 Ertl Ay Ay, 1 ET
where the asterisk denotes the complex conjugate and
j At A —2Q(mA A
Ap = —220 gin (ﬂy y) 4 SmAn) <ﬁ> y) [ —cos(ﬁxAx)} (3.32)
Aypg 2 o
| At LA 2Q(nA XA 31
Ay = B G (BeAx) R @AY) C(AAxyS T 7 0SBy A | (3.3b)
Ax g 2 Mo 4
| At A —2Q(mA A 3
Ay = — AL G (BrAYY) L cTRmAD) ﬁy Y - cos (B.Ax) |, (3.3¢)
Ay&‘() 2 €0 4
JAt . [ BiAx cIQ (nAy) By Ax 1
Az = Areo sm< > ) + o cos > 4 cos(ﬂyAy) , (3.3d)
where (m,n) is the coordinate of any point in the x-y plane. So the fields’ evolution in time is given by the matrix
1 0 A 1 0 AR
P=] 0 1 Apx 0 1 A3, 34
Az Ay 1 A3 Ay

The amplification factor of the scheme is given by the spectral radius of the matrix P. Numerical calculations show that |A; 23| = 1
(up to an accuracy of 10~13) for any combination of Ax, Ay, At, @, and (m,n), as long as the condition QR < c is satisfied,
where R = \/ (mAx)? + (nAy)?. The same result holds for the RCN-4 scheme. Therefore, both schemes are unconditionally
stable and strictly nondissipative.

The dispersion relation of the RCN-2 scheme is given by

tanz(a)At/Z) _ sinz(ﬂxAx/2) sinz(,ByAy/Z) sin(By Ax) tan (wAt/2)
A T T Ae TTAp +( c ) cAx At [4 _Cos(ﬂyAy)}
B (&) sin(By Ay) tan(wAt/2) |: 1o (ﬂxAx)] (3.50)
c cAy At 4 4
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and the dispersion relation of the RCN-4 scheme is given by

tan2(wAt/2)  [gsin(B.Ax/2) — 5 sm(3/3xAx/2)] [3 sin(B,Ay/2) — 5 sin(3B, Ay/2)]
(cAnr Ax? + Ay?
Qy\ [8 sin(BcAx) — 5 sin(2B, Ax)] tan(wAr/2)
* <T> cAx Ar [Z —COS(ﬂ»A)’)]
13
B <%) [13 sin(By Ay)CAy4 sin(2B,Ay)] tan(a)AAtt/Z)[z1 Zcos(,BxAx)] .5

where u in Eqgs. (3.5a) and (3.5b) is given by

B Qy\> L [(BAx\[3 1 2orax\' L (BAy\[3 1 :
u=1-— (7) cos (T) |:Z+Zcos(ﬂyAy)i| _<T) cos (T) |:Z+Zcos(,3xAx)i| ,

and |B| = /B2 + ,33 is the numerical propagation phase constant. As seen from the Eqs. (3.5a) and (3.5b), the dispersion
relations depend on the rotation rate 2 and on the coordinates of the point in the computational grid. As we take the limit of
Ax,Ay,At — 0, Eqgs. (3.5a) and (3.5b) converge to the dispersion relation for the rotating free space as

o\’ Q(x2 4 y?) 2 () o 5 2 (Qx s,z
() [-=a ]l () el -5 (%) E] -we—2tlp

To clarify the dispersion features and their dependence on location, we express 7 as a sum of parallel and perpendicular (with

Qx7)

:|. (3.6)

respect to B) components: 7 = 7 + 1| where B || 7 and EJ.? . Then Eq. (3.6) reduces to (we keep only terms that are first order

in Q)
) 2
(%) -

Here B = Bp. The Sagnac effect in Egs. (3.5)-(3.7) is
expressed via the first order terms in ** and =2 Thereis a good
correspondence between the rotation-induced modification of
the propagation constant 8 and the modified phase of the
Green’s function for the rotating medium [8] (where the second
order terms were neglected). First, we take a closer look at the
dispersion for the stationary case (€2 = 0). Figure 2 shows
the phase velocity normalized to the vacuum speed of light
as a function of the angle of propagation in the grid for the

1.0005

1,
049995*””HHHHHHH

0.999F

0.99851

2 0.998

phase velomty

0.9975
0.997r"

0.9965F

0.996 ; ; ; R ; ; ; ;
0 100 20 30 40 50 60 70 80 90
angle in degrees relative to x-axis

FIG. 2. (Color online) Phase velocity normalized to ¢ for growing
S values when Q2 =0, Ax = 0.06 um, A = 1.5 um vs the angle of
propagation in the grid: CN-4 (red), CN-2 (green), and Yee’s FDTD
(blue).

er|<<c w - N 1
18I —2 ,3 (QXM)—>——1—ﬂ-(QXu)Z-

Be 3.7

schemes RCN-2, RCN-4 without rotation (designated CN-2
and CN-4, respectively) and the regular Yee’s algorithm with
the second order accuracies both in time and space. The plots
are shown for three cases: S = 1/8, 1/4, 1/2 where § = CE
and Ax = 0.06 um. The dispersion of the Crank-Nicolson
based schemes is of an opposite direction than that of the
regular FDTD. In those schemes the dispersion increases
with At, whereas it decreases in Yee’s FDTD. Also, the
RCN-2 scheme has similar anisotropy in dispersion as Yee’s
algorithm. In terms of anisotropy, the RCN-4 scheme has
the best behavior of the three, as its curves are almost flat.
Therefore in applications where the light travels in a circular
path, such as in ring resonators, using the RCN-4 scheme
makes it easier to estimate the numerical dispersion error,
which may prove critical when modeling the Sagnac effect at
relatively low rotation rates. The decrease in phase velocity
means that the waves travel more slowly in the grid and the
accumulated Sagnac phase shift and hence their resonance
frequency splitting (when traveling in the opposite directions)
will be lower. A similar plot as in Fig. 2 can be obtained
for the numerical group velocity. The group velocity has the
same behavior as the phase velocity; therefore we do not show
it here. In order to demonstrate the x-y dependence of the
dispersion relation on the rotation, in Fig. 3 we plot the phase
velocity in the rotating medium normalized to ¢, found from
Eq. (3.7). Note that the dispersion depends only on the normal
distance from the rotation axis (normal with respect to the
wave number).

We see that at the plane x = y the phase velocity equals c,
but as we go further from this plane, the velocity increases for
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FIG. 3. (Color online) Phase velocity normalized to ¢ for a wave
traveling along the direction of § = 45° in the grid, for A = 1.5 um
and = 10"? rad/s along the plane y = — x.

x<y and it decreases for x>y. Figure 4 shows the errors (in
percent) in phase velocities of the RCN-4 and RCN-2 schemes,
relative to the exact phase velocity of the rotating medium for
a wave traveling along the direction of 6 = 45°, with § = 1/2,
Ax =0.06 um, A = 1.5 um, and Q = 10'? rad/s. The error
is almost twice as large for the RCN-2 scheme.
Unfortunately, as was stated earlier, the Sagnac effect is
sensitive to numerical dispersion errors; therefore techniques
to eliminate those errors are required. One such technique
would be to select such Ax, Ay, and At that those errors
are zero for a specific set of frequencies or directions of
propagation in the grid as shown in Ref. [16] for the regular
explicit FDTD schemes. However, the structure of Egs. (3.5a)
and (3.5b) is such that similar dispersion reduction schemes
cannot be applied, since the equations cannot be satisfied with
any choice of a time step in order to get at least one frequency
for which the dispersion is zero. We believe this is the result
of the implicit nature of the schemes and hence the only way

0.4
035k ---RCN-2
.. —RCN-4
03} DR

0.25¢ Ty

Phase velocity error [%]

=15 *110 *é O 5 lb 15
X==Y [um]
FIG. 4. (Color online) Phase velocity error (%) for RCN-2 and

RCN4 for a wave traveling along the direction of & = 45° in the grid,
for A = 1.5 um and © = 10'? rad/s along the plane y = — x.
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to reduce dispersion in the proposed two schemes is to use
smaller time steps at the expense of a longer run time.

IV. NUMERICAL RESULTS

A. Single ring resonator

In this section we verify the ability of the proposed schemes
to model the Sagnac effect and check the obtained results
for consistency using the perturbation theory for rotating
degenerate cavities derived in the previous work [7]. The
simulations carried out in this section were performed in
the structure of a ring resonator made of material with the
refractive index n = 3 and having a radius of R = 2 um and
width of w = 0.4 um. The computational grid consists of
320 x 320 points with Ax = Ay = 0.02 pum, thus making
it 6.4 um x 6.4 um in size. The excitation is done by
inserting a profile of a modulated Gaussian pulse having center
frequency and duration such that we get a number of excited
resonant modes inside the resonator. The pulse is placed at
“3 o’clock” in the resonator along the x axis. The electric field
E, is sampled at each time step at the opposite point inside
the ring. The time step used is At = 5/3 x 1073 ps, so that
S = 1/4. Total time of the simulation is 140 ps, thus making it
approximately 8.4 x 10° time steps. In order to minimize run
time, our algorithm was implemented on a Tesla C2075 GPU
(Nvidia) with JACKET software. Typical run time was about 9 h
for a single resonator with the RCN-4 algorithm. Clearly, since
we deal with an implicit procedure, running time is longer than
that of an equivalent explicit approach. Unfortunately, run time
data for other approaches that apply to rotating systems is not
currently available in the literature.

Taking the Fourier transform of the sampled values of the
field we get the spectrum from which the individual resonances
of the resonator can be extracted. We also used Berenger’s
split-field formulation of the perfectly matched layer to
implement the absorbing boundary conditions (ABC) [17].
Because of the rotation these ABCs suffer from reflections
which are of order QR /c, yet they give good results [9]. Further
research is required to develop the ABCs in the rotating frame.

First, we check the linear dependence of the Sagnac fre-
quency splitting on the rotation rate. The classical expression
for the splitting is given by [18]

QR
Sw($2) = wo—,
cn

“4.n
where oy is the stationary resonant frequency, R is the ring’s
radius, n is the refractive index of the medium, and c is
the vacuum speed of light. In order to confirm the linear
dependence of the splitting on the rotation rate, a number
of simulations were performed using the RCN-4 scheme for
the resonant mode M = 23. The first simulation was done
for the zero rotation rate, that is, the stationary case, and
four simulations with rotation rates which are multiples of
Qo = 5 x 10'° rad/s. Figure 5 shows the distribution of the
electric field at the end of the simulation (where Q = 4 x ()
together with the edges of the resonator. Figure 6 shows the
spectrum as a function of frequency. The resonant frequency
of a stationary resonator can be found (the peak in the middle)
as fp = 201.5447 THz with the effective index ney = 2.7225.
The splitting at €2 equals 42.9 GHz as shown in the figure. As
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FIG. 5. (Color online) Distribution of E, at t = 140 ps for M =
23, using RCN-4 with Q@ = 4 x Qy =2 x 10'! rad/s.

the rotation rate increases to 2 = 4 x €2, the Sagnac splitting
increases linearly with €.

Further, we compare the performance of the two schemes,
RCN-2 and RCN-4. Figure 7 shows the spectrum in the band
of M = 23 for both schemes with two stationary resonances
and a couple of split resonances for 2 = 10'> rad/s. The
resonances obtained by RCN-2 are slightly lower than those of
RCN-4, which is the result of a stronger numerical dispersion
experienced by the first scheme. The difference between the
splittings of the two schemes is small because the number of
points per wavelength inside the resonator is 27.3, which is a
relatively high number, but if we look at a much higher mode,
the superiority of RCN-4 becomes more obvious.

Figure 8 shows the results of a simulation for the mode
M = 37, for which the number of points per wavelength inside
the medium is 17. Here the numerical dispersion is noticeably
more severe for the RCN-2 scheme since it lowers all the
resonant frequencies twice as much as previously for M = 23.
Also, the splitting is reduced by 0.5% from 133.04 GHz for

1
—0=0

0.9 —Q=Q,
—Q=2xQ

0.8 0
o —O=3xQ,
E |
=
206
E 2x8f(Q )=42.9GHz
-'é 0.5 R 2
§ 0.4F
3
503

0.2

0.1

201.45 201.5 201.65

201.55 201.6
f[THz]

FIG. 6. (Color online) Spectrum vs frequency showing the res-
onances for stationary resonator and with linearly growing rotation
rates for M = 23 using RCN-4 scheme.
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FIG. 7. (Color online) Resonances of both RCN-2 (left) and
RCN-4 (right) schemes for M = 23 (ney = 2.7225, A/neg/Ax =
27.3) with Q = 0 (Stationary) and = 10'? rad/s.

the RCN-4 scheme to 132.32 GHz for RCN-2. Using a coarser
grid or looking at higher resonances will result in a much
greater difference between the two schemes.

In order to answer the question of which value of the
refractive index (group or effective) should be used in Eq. (4.1)
we take a look at Fig. 9. It shows the values of the Sagnac
splitting obtained by RCN-4 with Q = 10'? rad/s and those
where Eq. (4.1) was used with resonant frequency and the
group index was obtained by stationary RCN-4 simulation.
We see a very good correspondence between the curve for
RCN-4 with rotation (lowest) and the one (which is slightly
above) obtained using the group refractive index in the classical
expression. The relative difference between the numerical
RCN-4 results and the classical Sagnac expression when
using the effective index of material is shown in Fig. 10.
For higher modes, or alternatively higher frequencies, the
difference becomes less substantial. We also checked the
results for consistency with the perturbation theory for rotating
degenerate microcavities [7]. The theory requires only the
knowledge of all the stationary linearly independent modes

X 1074
—— RCN-2, Stationary
9| —RCN-2, Q=10'? [rad/s] 1
—— RCN-4, Stationary

——RCN-4, Q=10"? [rad/s]
7 E ® |
] 2x8(Q)=1.3232 THz

2x8f(Q)=1.3304 THz

Spectrum [arbitrary units]
n

L

0
3045 305 3055 306 3065 307  307.5 308
f[THz]

FIG. 8. (Color online) Resonances of both RCN-2 (left) and
RCN-4 (right) schemes for M = 37 (neg = 2.8748, A/neg/ Ax = 17)
with Q = 0 (Stationary) and = 10'? rad/s.
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—e—RCN-4, Q=10'? [rad/s]
- « - Classical Sagnac with n=n,

4+
o Classical Sagnac with n=n_.
ok . . + Perturbation theory
0 ; ; ; ; ;
10 15 20 25 30 35 40

M (resonance order)

FIG. 9. (Color online) Sagnac resonance splitting vs resonance
order.

of the cavity with the same resonant frequency. Since we
are dealing with a ring resonator, it has only two linearly
independent modes for each resonant frequency (where each
mode travels in the opposite direction). Therefore we used a
stationary RCN-4 scheme to find the distribution of the mag-
netic fields [Héi’z)(r) and Hé;,’z)(r)] from which we obtained

E(()i’z)(r) using the identity V x Hém) = —iwoaoerém) where
wy is the resonant frequency, &, is the relative permittivity
of the medium, and m refers to one of the two independent
modes. The need to employ this identity comes from the
fact that the perturbation theory uses frequency domain, while
the fields we get from the RCN-4 are given in time domain;
therefore there might be a phase term associated with them.
The use of the identity overcomes this problem. In case
we deal with an odd numbered resonance M, finding the
two independent modes can be done by using excitations
at two different places in the resonator. First we run a
simulation where the excitation is placed at 12 o’clock
in the resonator to obtain H(gi)(r), Hé;)(r), and E(()?(r). At the

24w

22F N

Percentage difference [%]
= > = S
-]
-4
o

S
]

;50

10 15 20 25 30 35 40
M (resonance order)
FIG. 10. Relative frequency splitting difference in percent be-

tween the classical Sagnac with n = n.y and RCN-4 scheme for
Q = 10" rad/s.

PHYSICAL REVIEW E 87, 023303 (2013)

3 3
2 2
1 11
g
=0 10
>~
1 -1
-2 )
-3 3
-3 -2 -1 0 1 2 3
X [um]

FIG. 11. (Color online) Distribution of the electric field Eélz) for

M = 23 calculated using RCN-4 scheme with = 0. The excitation
was placed at 12 o’clock in the resonator as indicated.

second run the excitation is placed at 3 o’clock in the resonator
to obtain H>(r), Hy,(r), and E(r). This way we get two
linearly independent degenerate modes of the resonator shifted
by a quarter of a wavelength or 7 /2 relative to each other. For
example, the distributions of E(()?(r) and E(()i)(r) for M =23
are illustrated in Figs. 11 and 12, respectively.

The same procedure was performed for the modes M = 11,
M =31, and M = 39. The Sagnac frequency splitting values
for these resonant modes found using the perturbation theory
are marked in Fig. 9. A good agreement with the splitting
predicted by the RCN-4 scheme is evident (the error is less than
1%). Hence, we conclude that the Sagnac effect is modeled
correctly by the proposed discretization of the Maxwell’s
equations. We should mention that using only two points in
the grid to calculate the fields in the “missing” points, unlike
Eq. (2.7) which uses six points, would result in lower values
for the Sagnac splitting than predicted by the theory.

3 3
2 2
1 11
El
=0 10
>
-1 —~1
_2 _2
_3 73
-3 -2 -1 1 2 3

0
X [um]

FIG. 12. (Color online) Distribution of the electric field Eéz) for
M = 23 calculated using RCN-4 scheme with 2 = 0. The excitation
was placed at 3 o’clock in the resonator as indicated.
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The dependence of the Sagnac frequency splitting on
the group indices of a dispersive medium was previously
predicted in Ref. [19]. This result also holds for a medium
with only structural dispersion, such as the ring resonator
simulated here. This dependence can be shown as follows. The
two counterpropagating waves inside the rotating resonator
accumulate the phases as

woy + Sw(2
O—()neff[a)o + 3w(Q)1L,

(4.2a)

wo
7neff(w0)L + A¢p =

wo — Sw()

[0)]
fneff(wow —A¢p = nesilwo — S(Q)IL,

(4.2b)

where L = 27 R is the resonator’s circumference, neg(wp) is
the effective index of the stationary mode with a resonant
frequency wy, and dw(€2) and Ag are the Sagnac frequency
splitting and phase shift respectively, where the latter is
given by Ag = wyLQR/c? [18]. Subtracting Eq. (4.2a) from
Eq. (4.2b) and expanding the effective indices at the new
resonant frequencies using a Taylor’s series up to the first
order as

dnege
dw ’

wW=wq

Nefflwo £ Sw(2)] = ner(wo) £ 5w (£2)

(4.3)

we get the following expression for the Sagnac frequency

splitting:

A¢ QR

=wy—.
8

S = — (4.4)

L negr(wo) + wo Gt

W=w

This expression is identical to that in Eq. (4.1) with the
refractive index replaced by the group refractive index.
Therefore, in a rotating ring resonator with high dispersion
we must employ Eq. (4.4) in order to model the Sagnac effect
more accurately.

B. CROW

In this section we apply the RCN-4 to a CROW consisting
of four resonators in the form of a racetrack. The distances
between the input (output) waveguides and the first (last)
resonator is 120 nm, while the distance between two adjacent
resonators is 360 nm. All four ring resonators are made of
material with the refractive index n = 3 and having a radius

5F=T T T T T x 10
Through Drop |m !
0000, ", 0.5
E
= Of : 0
> $
v,"“.“‘“\ -05
Input 4
-10 -5 0 5 10
X [um]

FIG. 13. (Color online) Distribution of E, at t = 35 ps, using
RCN-4 with @ = 1.5 x Q.
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FIG. 14. (Color online) Drop spectra of a CROW for M = 24.

of R =2 pum, width of w = 0.4 wm, and the straight section
length is 0.8 um. We launched a modulated Gaussian pulse at
the input while sampling the electric field at the Through and
Drop ports. The center frequency of the pulse corresponds to
the radial mode of M = 25 of a single resonator, but the pulse
was wide enough to also contain the adjacent modes M = 24,
26. The simulation was performed for a stationary CROW
and for four rotation rates, which were multiples of ¢ =
10'"" rad/s. The simulations ran up to ¢ =35 ps, where
afterwards the field samples were negligibly small, so that
we could use zero-padding to acquire the desirable spectrum
resolution at the postprocessing phase. The distribution of the
E. field at the end of the simulation is shown in Fig. 13 for
Q =1.5x Q.

Using the Fourier transform we obtained the spectrum of
the Drop port, which is shown, for M = 24, in Fig. 14. As the
rotation rate increases, a rotation-induced gap (RIG) is formed
at the transmission frequencies of the Drop port [20]. Note
that the distances between the input (output) waveguide and
the first (last) resonator are not identical to the inter-resonator
distances; hence the local resonances are not identical along
the CROW. These facts, together with a (low-level) loss,
create nonsymmetric response curves. This is similar to the
structural disorder of a fabricated CROW having slightly
different resonators. The evident decrease of the drop signal
intensity as a function of rotation rate is a direct consequence
of the RIG effect, and has not been observed before in full
wave simulations.

V. CONCLUSIONS

In this paper we presented two FDTD schemes for modeling
the Sagnac effect in rotating optical elements. The RCN-4
scheme is fourth order accurate in space, and as a result,
it shows better accuracy than its second order counterpart
RCN-2. The RCN-4 scheme is shown to have lower nu-
merical dispersion with a much better directional isotropy.
Both schemes are unconditionally stable and nondissipative.
Application of the RCN-4 to a rotating ring resonator showed
good correspondence with the theory. We showed that the
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Sagnac frequency splitting depends on the group refractive
indices of the resonant modes and not solely on the effective
indices as in the classical Sagnac expression. The results were
also verified against those obtained using the perturbation
theory where only the stationary resonant modes are required,
showing good agreement with each other. Application of
the RCN-4 to a rotating CROW showed a formation of a
rotation-induced gap at the center of its transfer function as
predicted by the asymptotic methods.
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APPENDIX

In this section we study the instability problem associated
with the approach proposed in Ref. [9]. Following similar
steps, and neglecting the ¢~ terms, the Maxwell’s equations
for the TM mode can be written as

O0H,  10E. ¢ ’Qx (0H, 0H, (AD)
ot dy e dx ay )’
0H, 19E, c¢’Qy (9H, dH, A2
9t u dx e dx ay )’
0E. 1 (3H, 0H,\ cQydE. ¢ QxIE; A3
ar ax ay ue  0x ue  dy
Using Yee’s lattice together with the leapfrog time discretization the latter equations are
+1/2 —1/2 -
Hiijon = Huafoyn _ U Elojen —Eliy <C 29’“) <3H 0H, )‘n (A4)
At MG, j+1/2) Ay Me )iy \ 09X Y /i j+12
n+1/2 n—1/2 _
Hyivipp = Hyavipy 1 By — B (C 29y> <3H 9H, > (A5)
At M(i+1/2,j) Ax ME ) it1p2,) \ 0X Y Jli+1/2.))
41 nt1/2 nt1/2 nt1/2 nt1/2
E?(l 7 E?(l J) — 1 Hy(i+1/2,j) — Hy(i—1/2.j) _ Hx(i,j+1/2) — Hx(i,j—l/Z)
At &G, ) Ax Ay
2 n+1/2 -2 n+1/2
c QR JoE c " Qx JoE
(%), 5, (5L @
He gy 0%l me Sy 9 lag

The spatial derivatives associated with rotation require the values of the fields at the time midsteps which are missing, that is,

H and H when calculating them at n +

%, and E?Jr(l/ ? when calculating E;‘“. If we use the linear extrapolation in time as

suggested in Ref. [9] to evaluate the missing values based on the two previously calculated values, we get the following set of

equations after applying the Fourier transform method [14]:

. A 1A A .
HX Sin C()_t — __tsn ,By_y EZ
2 u Ay 2
3 : At ~ At A A -
—QmAx [ ZeivY — e —jw! sin(8,Ay)H, — — cos M sin prix H, |, (A7)
2 2Ay ’ Ax 2 2 |
. <a)At) 1 At <,BXA)
Hysin | —
2 MAx
3 ; At A A ~ At
— QnAy <2 —jo¥ _ _gmio > [Ay cos (ﬂxz x) sin (ﬁ‘z y) A, — Ksm(ﬁkAx)H} (A8)
_ At 1 At A 1 At A -
E sin 22— Z 2 i ﬂy Y  — ———sin brAx H,
2 g Ay & Ax
+Q 3e—fw% _ L o) [MAYAL G B Ax) — TATAL g Ay | E (A9)
2 2 2Ax * 2y

The term (%e’j“’(m 2 — %e’j @(3A1/2)) in the equations is complex and is the consequence of the linear extrapolation based on
values of the fields in the previous time steps. Since all other terms in the equations are real (including the amplitudes H,, A 4, and
E.), the three equations can only be satisfied by a complex w which will give rise to exponentially growing fields. Therefore such a
scheme is unstable for any At. Another way to look at it is to say that the “effective” rotation rate is Q(3e~/*(41/2) — ze" 0B341/2))
which, in case of a ring resonator, will result in two complex resonance frequency shifts. One mode Will have a positive imaginary
part in the resonance frequency and it therefore will decay, while the other mode will have a negative imaginary part in the
resonance frequency resulting in exponential growth and instability.
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