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Design of an X-cut thin-film lithium niobate
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Abstract: The transverse-electric and transverse-magnetic modes of an X-cut thin-film lithium
niobate waveguide vary in effective indices and exchange power when the waveguide makes an
oblique angle with its crystallographic Z-axis, i.e. its optics axis. We leverage this phenomenon
to design a passive fundamental-mode polarization rotator. In our design, the lithium niobate
waveguide is tilted at an optimum angle with respect to its Z-axis, such that material anisotropy
induces phase-matched polarization conversion. We discuss the rotator’s ideal-device length,
crosstalk, and bandwidth. The proposed design yields compact (shorter than 1 mm), low-loss,
passive polarization rotators for telecom wavelengths.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Lithium-niobate-on-insulator (LNOI) waveguides, also known as thin-film lithium-niobate
(LN) waveguides, have attracted considerable attention because of their excellent electro-optic
properties [1-4]. In particular, they have been used to make microring resonators [3,5]. Recently,
we developed a coupled-mode theory (CMT), describing coupling between the transverse-electric
(TE) and transverse-magnetic (TM) modes when the LN core is either X-cut or Y-cut and its
crystallographic Z-axis (i.e. its optic axis) makes an oblique angle with the etched waveguide
[6]. In this paper, we utilize this theory to design a passive polarization rotator, which directly
transfers power from its fundamental TE mode to its fundamental TM mode. Essentially, the
rotator consists of an X-cut LNOI waveguide tilted at an optimum angle with respect to its Z-axis,
such that the core’s material anisotropy induces both polarization coupling and a vanishing modal
birefringence, resulting in phase-matched polarization conversion.

The guided modes of anisotropic waveguides have been analyzed for decades [7-11]. In
particular, the effect of LN’s material birefringence on the polarization properties of X-cut
LNOI waveguides has been the topic of several theoretical and experimental investigations
[6,12—14]. It has also been utilized to design polarization-engineering devices such as TE/TM-
pass polarizers [15,16], polarization beam splitters [17—19], and birefringence-free waveguides
[20,21]. Polarization rotation via the electro-optic effect in LNOI [22] and via material anisotropy
of oblique deposition of columnar thin films [23] have also been proposed. However, a design for
a passive LNOI polarization rotator utilizing LN’s material birefringence has yet to be presented.
That is the objective of this paper.

The influence of LN’s material birefringence on the polarization characteristics of guided
modes has also been investigated for bulk titanium-indiffused lithium niobate (Ti:LiNbO3)
waveguides. In this context, slight off-Z-axis propagation was originally proposed [24] so
material birefringence compensates for residual geometric birefringence in electro-optical
polarization rotators. In that work, it was also identified that off-Z-axis propagation induces
passive polarization coupling. Later, both the change in polarization effective indices and
polarization coupling in off-Z-axis Ti:LiNbO3; waveguides were analyzed [25-27] using CMT
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[28]. A passive polarization rotator based on passive coupling in Ti:LiNbO3 waveguides was
even proposed and characterized through a vectorial beam propagation method [29].

However, the optical guiding properties of LNOI differ drastically from those of Ti:LiNbO3, so
polarization rotation in LNOI waveguides must be examined independently, as we do in this paper.
This is because LNOI waveguides have an index contrast much larger than that of Ti:LiNbO3
waveguides, roughly by an order of magnitude [5]. Consequently, LNOI waveguides possess
much larger geometric birefringence, so polarization-mode phase-matching can be achieved at
much greater deviations from the Z-axis. This, we find, results in correspondingly more efficient
polarization rotation. Additionally, larger index contrast permits the etching of sharp waveguide
bends [5]. This allows one to tightly delimit the polarization rotator length with such bends, as in
our proposed design, depicted below.

The remainder of this paper is organized as follows. In Section 2., we describe the geometry of
the proposed polarization rotator, and examine analytically its polarization properties via CMT.
In Section 3., we evaluate the CMT design numerically and study the resulting characteristics of
the polarization rotator such as device length, crosstalk, and bandwidth. In Section 4., we present
our conclusions.

2. Proposed desigh and CMT analysis
2.1. Polarization rotator geometry

Our proposed design is shown in Figs. 1(a) and 1(b) in its two possible configurations. It consists
of a LNOI waveguide with a tilted section of length L, joined at its two ends by untilted (or
straight) segments. The direction of propagation along the tilted segment makes an oblique
angle ¢ with that along the straight sections. Along the straight segments, the direction of
propagation is parallel to either LN’s Y-axis or Z-axis, depending on the chosen configuration. In
Configuration Y (Fig. 1), the direction of propagation is parallel to the Y-axis. In Configuration
Z (Fig. 1(b)), it is parallel to the Z-axis. The CMT of polarization coupling in Sections 2.2 and
2.3 applies equally well to both configurations. The differences in performance between both
configurations are few and are summarized in Sections 2.4 and 3.3.

In practice, each joint consist of a circular arc, as shown for the first joint in Fig. 1(c). The
second joint is bent similarly to the first. Note that the deviation angle ¢ is equal to the angle
spanned by the curved segment with radius of curvature r. Naturally, the radii of curvature r
must be large enough to avoid noticeable bending losses. In our analytical design, we assume
that the radii are still small enough so polarization coupling in each of the circular joints is
negligible. However, the finite curvature of these joints induces residual crosstalk. In Section 2.3,
we provide a perturbative expression and a simple bound for this residual crosstalk. In Section
3.3, we evaluate these numerically for a LNOI polarization rotator.

2.2. CMT-based design of the tilted segment

To analyze polarization rotation in the tilted waveguide segment, we use our coupled-mode
formalism, originally developed for a curved uniaxial waveguide [6]. For simplicity, we assume
that only the fundamental TE mode and the fundamental TM mode are initially excited and
denote their amplitudes with a, and a,, respectively. Coupling to higher-order modes can be
safely neglected, because generally it is heavily phase-mismatched. We consider the column
vector a = (ay, ap)T, which can be loosely interpreted as a Jones vector [6]. The basis TE and
TM modes are normalized so a’a = |ay|* + |ay, |? equals the total power carried in the direction of
propagation.

Because the angle ¢, between the waveguide direction and its core’s optic axis, is constant
along the straight oblique segment, the corresponding coupled-mode equations have constant
coefficients. Thus, they can be readily integrated to relate a(L), the Jones vector at the end of the
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(a) Configuration Y (b) Configuration Z

(c) Bend at the first waveguide joint

Fig. 1. (a,b) Geometry of the proposed passive polarization rotator under its two possible
configurations. L is the length of the tilted segment. ¢ is the angle between the tilted segment
and the corresponding LN crystallographic axis. The orientation of the crystallographic axes
for each configuration is shown in the upper left corner. Light propagates from left to right.
(c) Geometry of the circular bend at the first waveguide joint. 7 is the joint’s bending radius.

oblique segment, to a(0), the Jones vector at its beginning. This yields the relation
a(L) = exp [iM(¢)L] a(0). 6]

Recall from Fig. 1 that L is the length of the oblique segment. M(¢) is a 2 X 2 Hermitian
matrix that depends on ¢ and has the form [6]

(a2 k@)

M(4) ; ()
ik(¢)  —A(¢)/2
where A(¢) and «(¢) are the real-valued functions of ¢
A(@) = Ag + Ajcos2¢, «k(¢) = kg sin2¢. 3)

Equation (1) is analogous to that obtained for directional couplers. It shows that power is
peridically exchanged between the TE and TM polarizations when «(¢) is non-zero.

Physically, the functions A(¢) and «(¢) are, respectively, the ¢-dependent detuning in prop-
agation constants between the TE and TM modes; and the ¢-dependent coupling coefficient.
Correspondingly, Ag, Aj, and g are three real-valued, ¢-independent coefficients, henceforth
referred to as “polarization parameters”. They represent, respectively: the direction-averaged
detuning; the amplitude of oscillation in detuning with varying ¢; and the coupling coefficient
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when sin 2¢ = 1. These parameters can be calculated in terms of the TE and TM modes’ field
distributions at ¢ = 0 and their corresponding propagation constants. The required formulas
were originally published in Ref. [6], but they are also reported in Appendix A. for completeness.

Given Eqgs. (1) and (2), the oblique waveguide segment of length L acts as a full polarization
rotator if and only if

A(¢) = 0, (C))]
Li(¢p) =n(2n+1)/2, 5)

for some integer n. Equation (4) can be interpreted as requiring the TE and TM modes of the
oblique waveguide to be phase-matched, and it restricts ¢ to a discrete set of values. If Eq. (4) is
satisfied, then ¢ is fixed by it, and Eq. (5) becomes a constraint on L. This constraint is analogous
to setting the length of a directional coupler equal to an odd-integer multiple of its minimum
length for full power transfer.

As stated, Eq. (4) can only be met by a discrete set of tilt angles ¢. For concreteness, we
restrict ¢ to lie in the first quadrant, i.e. ¢ € [0, 7/2]. Then ¢ satisfying Eq. (4) becomes unique

and given by
1 A 1 A
¢ = zacos (—A—T) = ;_r + zasin (A—?) , (6)

where acos(x) € [0, 7] and asin(x) € [-n/2,7/2] for x € [—1,1]. Alternative polarization-
rotator designs can be made because solutions ¢ for Eq. (4) can be found in any quadrant
[mm /2, (m + 1)x/2] for integer m. These alternative values are found through the transformations
¢ — —¢p, ¢ > ¢—m,and ¢ — —¢ + m. The first of these transformations results in a rotator
with identical performance. The last two are comparatively undesirable: they only increase |¢|,
which leads to longer circular arcs at the joints, and, thus, larger insertion loss.

Of course, Eq. (6) yields a real-valued ¢ if and only if |Ag/A;| < 1. Additionally, |Ag/A]
cannot be unity, because then «(¢) vanishes and Eq. (5) cannot be satisfied. Hence, a necessary
condition for Egs. (4) and (5) to be satisfied simultaneously is

[Ao/Ay] <1. @)

As evident from the formulas in Appendix A, the polarization parameters depend implicitly on
the optical frequency and the waveguide cross-section. Hence, Eq. (7) is a necessary condition
on these parameters for the waveguide segment to function as a full polarization rotator for some
orientation angle ¢.

Given Eq. (6) for ¢, the second condition for full power transfer, i.e. Equation (5), can be
satisfied if the tilted-segment length L is set equal to

L=-—"" where ke =koyl—(Ag/A) 8)
2|Kelf|

As our notation suggests, k. acts as the effective coupling constant along the tilted segment.

Of course, Eq. (5) is still satisfied if L is set equal to an odd-integer multiple of the right-hand
side of Eq. (8). Nonetheless, just as in directional-coupler design, the smallest possible L is
preferable because it results in the largest bandwidth for polarization-convertion and incurs the
lowest possible material loss.

If ¢ was chosen to lie outside the first quadrant, the sign of the radical (and hence that of
kef) in Eq. (8) might change. Such change in sign does not change the power exchange between
polarization modes, however.
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2.3. Residual crosstalk due to finite curvature at the joints

Let r be the bending radius of both of the curved segments joining the tilted segment to one of
the straight segments in Fig. 1. In Section 2.2, we assumed r to be small enough that polarization
coupling along the curved segments is negligible. However, polarization coupling along these
segments does occur, resulting in residual crosstalk X,, i.e. a non-zero normalized power
remaining in the original polarization mode after propagation along the rotator. In Appendix B,
we show that, to first-order perturbation theory in r|x|, X is given by

¢ ¢’
/0 46’ k(@) exp [fr /0 d¢”A<¢”>]

Hence, neglect of the curved segments is accurate if X, < 1. In deriving Eq. (9), we assume
r to be common to both joints for simplicity. This simplification is sufficient because we are
mostly interested in studying the effect of finite curvature on X, rather than the interference due
to mismatch in the joints’ curvatures.

The right-hand side of Eq. (9) is a complicated transcendental function of r. However, it
admits a simple bound, quadratic in r, given by

2
X, = 4r* . )

1

X, < (r/r 2, where rp= ———.
;< (r/ro) 0= e

(10)

Thus, if r < rg, then X, <« 1. As discussed in Appendix B, the crosstalk X, approaches its
upper bound in Eq. (10) if the accumulated phase-mismatch , i.e. the argument of the exponential
in Eq. (9), is negligible.

In addition to introducing polarization crosstalk, waveguide curvature at the rotator’s joints
induces bending losses and mode distortion [30]. Neither of these effects are modeled by our
CMT description of mode coupling, as discussed in Ref. [6]. However, these effects can be
inhibited in LNOI by leveraging the platform’s large index contrast [5]. Nonetheless, if the
bending radius r becomes comparable to the waveguide width and/or the optical wavelength,
bending loss and mode distortion may become prominent [30]. Bending loss, in particular, may
noticeably increase the rotator’s insertion loss if r if chosen too small. Thus, there exists a
trade-off between bending loss and residual polarization crosstalk one should engineer when
fabricating a rotator using our proposed design.

2.4. Differences between configurations

In the framework of CMT, the difference between the two configurations of Fig. 1 lies in
their respective values for the polarization parameters. Because the core’s (LN’s) material
birefringence is small, CMT in general, and Eq. (3) in particular, are accurate for any orientation
¢. Hence, we can estimate the polarization parameters for one configuration from those for
the other by applying the shifts A(¢) — A(¢ = 7/2) and k(¢p) — k(¢ + 7/2) and matching the
resulting expressions to the original form, Eq. (3). Thus, to the accuracy of CMT, the polarization
parameters transform as

AO e AO, Al — —Al, Ko — —Ko, (1 1)

when going from Configuration Y to Configuration Z, or vice versa.
Of course, even if accurate, CMT is only approximate so Eq. (11) is not exact. Nonetheless,
we have verified Eq. (11) to be accurate for small normalized material birefringence, i.e. when
In? —n2| < n? +n2 12)

0’

where n, (n,) is the core’s extraordinary (ordinary) index of refraction. This is unsurprising as
when Eq. (12) holds, the perturbation due to the reorientation of the permittivity dyadic is small,
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so CMT is expected to hold. For LN at a wavelength near 1550 nm, n, = 2.14 and n, = 2.21 [5],
so Eq. (12) is well satisfied.

Next, we examine the effect of Eq. (11) on the design of the polarization rotator. Under the
transformation of Eq. (11), Eq. (8) for L remains invariant; and Eq. (6) for ¢ is reflected about
/4.

The change in ¢ makes intuitive sense, as this shift in ¢ geometrically corresponds to one of
two cases. In one case, the new value for ¢ corresponds to the original orientation, measured from
the new axis reference: Z instead of Y, or vice versa. In the second case, the new ¢ corresponds
to a direction given by one of the quadrant transformations discussed in the paragraph following
Eq. (6). Ultimately, polarization rotation along the tilted segment is unaltered by the choice of
configuration.

On the other hand, the geometry of the curved joints does change between configurations.
Applying Eq. (11) to Eq. (6), it follows that if |¢|<m/4 for one configuration, we have r/4<|¢| <
7/2 for the other, and vice versa. Thus, for a fixed bending radius r, the length r|¢| spanned
by each curved segment changes between configurations. For fixed r, larger |@| implies longer
propagation length and hence, larger propagation loss.

Hence, one would expect that the configuration resulting in smaller |¢| would be preferable, as
it would result in smaller propagation loss and smaller crosstalk X, due to residual polarization
coupling. However, such conclusion is generally incorrect for two reasons. First, LNOI’s high
index-contrast enables bent waveguides with small » and low losses. Hence, propagation losses
along the curved joints can be made negligible compared to those along the tilted segment,
independent of the configuration. Thus, the main criterion to choose the rotator configuration
should be to minimize X,. Second, phase-mismatch between the polarization-modes along the
curved segments may result in the configuration with larger |¢| having the smaller X,.. This point
if further discussed in Section 3.3.

3. Numerical analysis of a LNOI rotator

In this section, we evaluate numerically the polarization parameters of a particular LNOI
waveguide and examine its resulting polarization properties. The waveguide consists of a LN
core with silicon-dioxide as bottom cladding and air as top cladding. We design the LNOI
polarization rotator to operate at telecom wavelength, g = 1550 nm. At this wavelength, LN has
the ordinary and extraordinary refractive indices of 2.21 and 2.14, respectively [5]; and silicon
dioxide has a refractive index of 1.44.

For simplicity, we assume the core layer to be wide enough so its width can be taken as infinite.
Hence, its height (or thickness) A is the only geometrical parameter characterizing the waveguide
cross-section. This assumption facilitates numerical evaluation of the polarization parameters,
while still yielding results close to those for rectangular waveguides with finite width. In Ref. [6],
this approximation was examined numerically and found to be accurate for the LNOI platform.
This infinite-width simplification is also consistent with the observation that waveguide width
has negligible effect on polarization coupling, so long as it is larger than twice its height, as
reported in Ref. [14].

For concreteness, we design the rotator using Configuration Y. As discussed in Section 2.4,
the only significant difference between configurations is the residual crosstalk X, due to finite
joint curvature. X, for both configurations is calculated and compared in Section 3.3.

3.1. Polarization parameters and tilt-segment orientation

To let our results be general, we normalize the polarization parameters by dividing them by the
optical wavenumber kg = 27r/1y. Once normalized, these parameters depend not on the height &
and the wavelength A separately, but only on the optical thickness /2/Ay. This follows from the
scale invariance of Maxwell’s equations [31].
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Figure 2(a) shows the dependence of the polarization parameters on //4y in the range of
0.4-0.8. In this interval, the ratio Ag/A| has a magnitude of the order of unity, which allows the
condition in Eq. (7) to be satisfied over an appreciable sub-interval. The coupling coefficient
ko/ko varies considerably (by a factor of 6) over this range. Ag/ko decreases monotonically with
optical thickness, going from 0.06 to -0.02. In contrast to these two, A /ky remains relatively

constant around the value of -0.04.
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Fig. 2. (a) Polarization parameters Ag, A;, and kq as functions of optical thickness 4/ 2.
The negative of Ay is plotted, rather than A directly, so the point where Ag = —A| is visually
evident. (b) Ratio Ag/A; (solid) and the angle ¢ (dashed) as functions of optical thickness
h/Ag.

We find that, over the studied /Ay interval, Condition 7 is satisfied if and only if £>0.46552y.
This agrees with the previous observation [14] that, for a given thickness £, full mode-hybridization
is possible for some waveguide orientation ¢ if and only if the wavelength A is below a threshold
value. In this case, the threshold value would be that of 4/0.4655 = 2.148h.

From the values of the polarization parameters in Fig. 2, we evaluate the parameter ratio Ag/A|
and the concomitant tilt angle ¢ for phase-matched polarization coupling, via Eq. (6). The results
are plotted in Fig. 2(b) as a function of &/ Ay, starting from the minimum value of /1y = 0.4655
necessary to satisfy Condition 7. As expected from Fig. 2(a), the curve for Ag/A; follows closely
the shape of —Ag/kp because A /ky remains relatively constant and negative in the considered
interval for h/Ay. As h/Ay increases, the monotonic increase of Ayg/A; leads to a monotonic
increment in ¢, as follows from Eq. (6). As a consequence of the nonlinear relationship between
Ag/A; and ¢ [Eq. (6)], the rapid increment in Ag/A; immediately after 4/1y = 0.4687 results
in an even faster increase in ¢ with /1. Then, the increase in ¢ slows down as it approaches
¢ = /4, since there the derivative of ¢ with respect to Ag/A; reaches its minimum.

3.2. Effective coupling coefficient and rotator bandwidth

From Eq. (8), |«e| is inversely proportional to the length of the tilted segment and, thus, to the
associated propagation loss in decibels. Hence, a larger |«.f| is more desirable, as it results in a
device with smaller footprint and lower insertion loss. Figure 3(a) shows the variation of |ke|/ko
with /1/Ay. It vanishes when i = 0.46551, where Ay = —A1, as a consequence of its definition,
Eq. (8). Then, it rapidly increases with &1/, and reaches a maximum of 5.7556 x 10~* when
h = 0.52831). Afterwards, |«.|/ko decreases slowly with increasing i/Ay over the sampled
interval. The presence of a maximum in |keg| can be understood from Eq. (8) as a consequence
of the interplay in the dependence on /A of its two factors: |«|, which decreases monotonically
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with increasing i/Ag; and v/ 1 — (Ag/A;)?, which increases from zero at h = 0.46551y, where
Ag = —Ay, as found in Fig. 2(b).
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Fig. 3. (a) Effective coupling coefficient |«.g| and normalized rotator bandwidth B(X)
(Xs = 10%, 1%, 0.1%) as functions of optical thickness i1/1y. (b) Contours of constant
detuning-induced crosstalk X5 as function of waveguide™\primes thickness i/ and relative
detuning 6k /kg-

Because |kef| is maximized at h = 0.5283 1 for a given wavelength, this thickness % results in
the minimum rotator length L. For example, at g = 1550 nm, the minimum-length thickness
is 819 nm. From Figs. 2(b) and 3(a), the corresponding tilt angle ¢ and waveguide length L
are 0.5045 radians (29 degrees) and 673 um, respectively. LNOI waveguides with losses of 0.1
dB/cm or less can be reliably fabricated through dry-etching [5]. For a 673 um-long polarization
rotator, losses are thus estimated to be 6 x 1073 dB or less. Even if this loss value increases to 1072
dB when the waveguide thickness and other parameters do not have their optimum values, losses
for our proposed polarization rotator are low enough to be acceptable for practical application.

For practical use, the bandwidth of the polarization rotator is of interest. Full polarization
rotation (100% power transfer) occurs only for a target wavenumber, ko, even when residual
crosstalk X, from Eq. (9) is negligible. When k( deviates from this target value, a fraction X5 of
the input power is left in the input polarization. This results in polarization crosstalk and thus
limits the device’s bandwidth.

To evaluate the ideal rotator’s bandwidth, we evaluate X5 directly from Eq. (1) and study it
as a function of wavenumber shift, 6k¢, for various rotator thicknesses. To isolate the effect of
wavelength detuning, we assume r is large enough so X, in Eq. (9) can be safely neglected. Thus,
in Fig. 3(b), we report a contour-plot of X as a function of 4/ and the normalized wavenumber
shift, 6ko/ko. For a given optical thickness, the dependence of X on detuning is easy to describe.
Naturally, X5 vanishes for 6kg = 0. For small |6ko|/ko (e.g. |0ko|/ko<5 x 1073 for h>0.510), X5
increases quadratically with dko. For larger |6ko|/ko, Xs begins to saturate and tends towards its
maximum Xs = 1.

Next, we examine the shape of the lines of constant X5 in Fig. 3(b). We note that they all
converge at the point 2/1y = 0.4655, 6ky = 0. Clearly, a polarization rotator with thickness
h = 0.46552) has vanishing bandwidth. As h/A increases beyond this value, the contours of
constant X5 spread out rapidly until # = 0.61961, where they all reach their respective maxima
in |6ko|. Thereafter, the constant-crosstalk lines seemingly converge slowly towards a point
located to the right of the sampled parameter space (large i > Ag) with dkg = 0.

The behavior of X, in Fig. 3(b) suggests that any measure of the rotator’s bandwidth displays
a maximum around & = 0.61961;. To confirm this statement, we evaluate the normalized
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bandwidth B(Xs), defined as a dimensionless quotient. Its numerator is the absolute difference
between the detunings 0k of smallest magnitude resulting in a crosstalk of X;; its denominator,
the device’s nominal wavenumber kg. We compute B(Xs) for X5 = 10%, 1%, and 0.1% as a
function of //4¢ using a numerical nonlinear-equation solver. The results are shown in Fig. 3(a)
with the y-scale on the right side. As expected, all three curves for B(Xs) vanish at 2 = 0.46552
and peak at 1 = 0.6196. After the maximum, all curves feature the slow descent observed in
the lines of constant X of Fig. 3(b).

Analysis of the B(Xs) curves in Fig. 3(a) allows the determination of the required rotator
geometry for a given bandwidth specification. For example, if the acceptable crosstalk is —20 dB
(Xs = 1%), B(X;) is close to 0.2% for h>0.551y. At the telecom wavelength of 1550 nm, this
translates to a detuning of up to 1.5 nm on each side. If we are willing to accept a larger crosstalk
of up to —10 dB (X5 = 10%), the detuning can be as large as 4.5 nm.

3.3. Residual crosstalk due to finite curvature at the joints

Next, we evaluate the residual crosstalk X, due to polarization coupling along the curved joints
for the LNOI rotator. As discussed in Sec. 2.3, this is governed by Eqs. (9) and (10). First,
we evaluate ry, the upper bound on the bending radii », defined in Eq. (10). Thus, in Fig. 4(a)
we plot ry on a logarithmic scale as a function of #/Ag for both configurations, Y and Z; and

label them réy ) and r((f) , respectively. From Fig. 4(a), two features are most prominent. First, r(()y )

diverges as h/Ay approaches 0.4655 from the right. Second, réy )>r(()Z) if h<0.66671y and réo)<rge)
if h>0.6667 2.

10°

> 10

T'[)//\o
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- -r((f)

102 . . . . . . . . . . .
05 055 06 065 07 075 0.8 05 055 06 065 07 075 08
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Fig. 4. (a) Bound r( on the bending radius r as a function of optical thickness /4g. ry

is such that r < r ensures negligible polarization coupling along the curved joints. réy)

(rf)z>) is g for Configuration Y (Configuration Z). (b) Residual crosstalk X, as a function of
optical thickness i/, calculated for different bending radii (r/1g = 101, 102, 10%). Solid
lines correspond to Configuration Y; dashed lines, to Configuration Z.

These two features can be understood from the definition of ry, Eq. (10). The divergence of

r(()y Visa consequence of the facts that ry is inversely proportional to sin” ¢ and that ¢ vanishes at

h = 0.46552, as seen in Fig. 2(b). Meanwhile, the crossing of réy ) and réZ) ath = 0.6667 1 occurs
because, in this neighborhood of //1y, Ag vanishes, as seen in Fig. 2(a). Consequently, ¢ = /4
for both configurations, according to Egs. (6) and (11). Because |«| is (approximately) invariant
between configurations, Eq. (10) then yields identical expressions for r( for both configurations

when ¢ = n/4. We acknowledge that this argument is not exact, as r(()o) and rge) in Fig. 4(a)
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intersect at 1 = 0.6667 1, but Ag vanishes for Configuration Y at 7 = 0.6427 4y, as seen in Fig. 2.
However, we attribute this slight discrepancy to the approximate (rather than exact) nature of
CMT, as discussed in Sec. 2.4.

These features of Fig. 4(a) suggest that, to minimize X,, one should use Configuration Y
if h<0.66671y and Configuration Z if 2>0.66674y, regardless of r. However, to achieve a
stronger conclusion, we must examine the transcendental expression for X, in Eq. (9), rather
than just its simpler bound, Eq. (10). Thus, we evaluate X, from Eq. (9) numerically for both
configurations, for a continuum of values of // Ay, and for discrete values of r/Ay; specifically,
r/Ag = 10!, 107, 103. The results are plotted on a logarithmic scale in Fig. 4(b).

For r/Ay = 10, the curve for X, in Fig. 4(b) is well described as that of ry/4y in Fig. 4(a),
albeit subjected to a vertical stretch and a reflection over the y-axis. This implies that X, is well
approximated by the upper bound 10. This is expected, because for sufficiently small r (lower
than or of the order of |A;|™"), the phase factor in the integrand of Eq. (9) approximates unity,
and Eq. (10) becomes an equality for X,.

For larger values of 7 (r > |A;|~"), however, the phase factor in Eq. (9) oscillates rapidly with
the integrand. Consequently, X, becomes much smaller than its upper bound of r/rg. Of course,
the effect is more noticeable for larger ¢, as then the phase of the integrand in Eq. (9) oscillates
more over the integration domain. To see this, compare the curves for /1y = 10? and r/ 1y = 103
with those for /1 = 10'. If the integrand still oscillated slowly in phase, the r/1y = 10 and
/Ao = 103 would be identical to those for r/dg = 10!, merely shifted along the logarithmic
y-axis by factors of 10% and 10*, respectively. However, the r/1y = 10% and r/1y = 103 curves
are noticeably below those predicted through these shifts to the 7/1y = 10! lines, as expected.

Additionally, we observe that the /1y = 10% and r/Ay = 103 curves get closer to their
corresponding /Ao = 10! lines, the larger tilt angle ¢ is. Specifically, for Configuration Y, the
r/Ao = 10? and r/ Ay = 10° lines grow closer to the r/ 1y = 10! line as /Ay increases, because ¢
increases with /1/ 1, as seen in Fig. 2(b). For Configuration Z, the r/1y = 10? and r/ 1y = 10°
curves grow closer to r/dg = 10! curve as &/ decreases. This is because ¢ increases with
decreasing i/ Ay in this configuration, by applying the arguments of Sec. 2.4 to ¢ in Fig. 2(b).
This agrees with our claim that larger ¢ leads to larger inhibition of X, due to phase-mismatch.

The net effect is that Configuration Y yields a smaller residual crosstalk X, at any waveguide
thickness, for /Ay = 10% and r/ Ay = 10°. This is because, at small &/ g, its upper bound of r/ry
tends to zero as ¢ — 0; and, for large h/ Ay, the larger ¢ leads to a larger accumulated phase-
mismatch. Only for small 7 (r/1y ~ 10'), phase-mismatch is small overall and the conclusion
from Fig. 4(a) holds, which recommends Configuration Z for large i/ 1y (h>0.66671p).

4. Conclusion

We utilized our recently developed couple-mode theory to design a passive polarization rotator,
coupling fundamental polarization modes. It consists of a LNOI waveguide tilted at an optimum
angle, such that material anisotropy induces phase-matched polarization coupling. We discussed
how the device’s tilt angle and length depend on the core’s thickness 4 and the incident wavelength
Ao through the optical thickness i/ 1y. We discussed two sources of crosstalk: the finite curvature
of the waveguide joints, and wavelength detuning from the device’s nominal wavelength. From
this discussion, we showed that joint-curvature crosstalk is negligible for experimentally feasible
bending radii, and we characterized the crosstalk-limited bandwidth of the device. Our results
suggest that compact (Ilength <1 mm), low-loss, passive polarization rotators can be fabricated
with our proposed design.

Appendix A: formulas for the polarization parameters

In this appendix, we provide explicit formulas for the polarization parameters Ay, A; and g in
terms of the normal modes of a LiNbO3 waveguide, for which the direction of propagation is
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either parallel or perpendicular to the optic axis (¢ = 0). These are derived in Ref. [6] and are
given by

Bo=Bi—Fp—Ai Ar=¢(KV+KD). ko =—€3KG). (13)

In Eq. (13), B, and §3,, are, respectively, the propagation constants of the TE and TM modes at
¢ = 0. The parameter £ is a dimensionless measure of the uniaxial core’s material birefringence.
In terms of the material’s extraordinary refractive index n, and ordinary index n,, ¢ is defined as
the ratio

& = x(n} —n)/(ng +nj), (14)

where the positive (negative) sign is taken when the direction of propagation is parallel (perpen-
dicular) to the optic axis at ¢ = 0.

In Eq. (13), KESI), KE;), and KS,) are overlap integrals with units of reciprocal length. To write
explicit formulas for them, we use a Cartesian coordinate system {X, ¥,Z} such that Z is the
direction of propagation, X lies in the plane of propagation; and § is normal to this plane. The
three axes are orientated such that the direction of positive § points towards the waveguide’s
upper cladding.

Let E,, and E,;, be the x component of the electric field for the TE and TM modes, respectively.
Introducing the transverse part of the magnetic fields for these two modes (i.e., H;; = H,—2(Z-Hy)]),
the overlap integrals can be written as

€komo
L
C

K = ‘i‘ // dxdy [z - (VixH}) Eqy — ELz - (VixH,)] (15)
C

3) 1 2
K = dxdy [V, xH;,|" .
pp 4E_k0770.//c y| t lp|

In Eq. (15), ko = w/c; w is the mode’s angular frequency; ¢, the speed of light in vacuum; 7,
the impedance of vacuum; C, the waveguide’s cross-section area; and V,x, the transverse curl
operator [32]. € = (n? + n2)/2 can be interpreted as the core’s permittivity, averaged over the
plane of propagation. In writing Eq. (15), we assume that the modes are normalized to carry unit
power, as conventional in CMT.

The term (V,xH;) in Eq. (15) can be interpreted in terms of the longitudinal component of the
displacement field D,. This follows immediately from the relation

V[XH; = _ia)DZZ, (16)

obtained from projecting Ampere’s law along the Z axis. Substituting Eq. (16) into Eq. (15), one
gets

2 CkO s *
K2 = - //C dxdy (D%Ey, + EDyy)

3) _ Cho
kY= =2 ] dxd
P deé /./c Y

The combination of Eqgs. (13) and (17) shows that power exchange between the s and p modes
(due to kp) arises from the coupling between the longitudinal displacement field D, and the
transverse electric field E of orthogonally polarization modes. It is important to remember that
the D, in Eq. (17) follows from Eq. (16). It is related to the electric field of the corresponding
mode through the permittivity dyadic of the untilted (¢ = 0) waveguide, rather than that of the
tilted segment.

As in Sec. 3., it is often convenient to consider the idealized case where the waveguide
cross-section is infinitely large along one transversal direction. We found in Ref. [6] that

a7

2

D,
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polarization coupling vanishes if the infinitely extended direction is along y, but not if it is along
x. Thus, we need consider only the latter case. In that situation, two changes to Egs. (15) and (17)
must be made. First, the integrals over x and y become only over the y coordinate of the core.
Second, the TE and TM modes are normalized to carry unit power per length along x, rather than
unit power when integrated over both transverse dimensions.

Appendix B: crosstalk due to polarization coupling along the curved joints

Consider the joints at the beginning and both ends of the tilted segment of the polarization rotator
in 1. To minimize propagation losses, each consists of a circular arc of radius with a central angle
equal to the tilt angle ¢. In the polarization rotator design of Sec. 2.2, we assume these circular
arcs are short enough so polarization coupling along them is negligible. Nonetheless, because
of their finite size, polarization coupling does occur along them, resulting in a small fraction
of power remaining in the original polarization, i.e. crosstalk. In this appendix, we derive a
perturbative expression and bound for this crosstalk.

To do so, we first need a general relation between the propagation coordinate z (not to be
confused with the crystallographic Z-axis of LN) and the local tilt angle y of the waveguide, that
accounts for the curved joints. The simplest relation of this sort is given by

(z=z0)/r, 20 <z<z,
x(2) = @, 71 < z<2, (18)
(zz=2)/r, 722 <7<2z3,
where r is the radius of curvature common to both joints and the discrete lengths points z, are
2=-r¢, 21=0, =L z3=L+r¢, (19)

where, as in the main text, L and ¢ are the length and tilt angle of the oblique waveguide segment,
respectively.

As stated in Section 3.3, we are mostly interested in the effect of nonzero bending radii, and
not so much in the interference due to mismatch in their values. Hence, we take r as common to
both joints in Eq. (18), for simplicity. It is straightforward to generalize the subsequent analysis
to distinct bending radii.

Next, we consider the propagation matrix U(z3,zp), defined as the 2 X 2 matrix relating
the Jones vector a(z3) at the endpoint z3 to a(zp) at the initial point zo. It is analogous to the
time-evolution operator from quantum mechanics [6,33]. Given its composition property [33],
U(z3, z0) can be evaluated as the product

U(z3,20) = U(z3,22)U(z2, 21)U(21, 20)- (20)

Next, we evaluate each propagation matrix in the right-hand side of Eq. (20) to find an explicit
expression for the net propagation matrix U(z3, ).

We assume that the tilted segment is designed according to Sec. 2.2; i.e. with its tilt angle ¢
given by Eq. (6), and its length L given by Eq. (8). Then,

Ul(z2,z1) = exp[iM(¢)L] = isgn(kefr)o3 @2n

where sgn(-) is the signum function, and o, (n = 1, 2, 3) represent the Pauli matrices, defined as

1 0 0 1 0 —i
o= , Op= , O03= . (22)
0 -1 1 0 i 0

The Pauli matrices are labeled following optics convention [6,34], so that the Stokes parameters
Sy of the Jones vector a are given by S, = a'oa (n = 1-3).
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Next, we evaluate U(zy, z9) and U(z3, z2). They are solutions to the differential equation [6]

dv
= U(z,z0) =M [x(2] U(z,z4), (n=0,2) (23)
for z € (24, Zy+1), along with the initial condition

U(zn, 70) =1, (24)

where I is the 2 X 2 identity matrix.

Equations (23) and (24) do not admit general closed-form solutions, so we solve them
approximately via perturbation theory. To do so, we express M(y) as the sum of two parts: one
modeling the y-dependent effective-index detuning between the polarization modes, and one
modeling the y-dependent coupling strength. Thus, using the Pauli matrices o7, we write

M) = 380001 + K000 @s)

We assume
|K0|(Zn+l - Zn) < 1, (n =0, 2) (26)

so the second term in the right side of Eq. (25) makes only a perturbative contribution to the
polarization dynamics along the curved joints. Then, the corresponding U(z,+1,z,) matrices
have a rapidly converging Dyson series in «(y) [33].

Thus, we truncate these series after their second term to obtain the approximations

Uzns1,20) = Uit 20) + UD (i1, 20),  (n=0,2) 27

where U© (z2n+1, 22n) is the zeroth-order term

U9 (2041, 24) = exp {%im / dzA[x(z)]}, (28)

n

and U' (1)(z2,,+1, 205, is the first-order correction

Zn+1
UV (1, 20) = i / dzU O (21, )k x ()13 U0 (2, 2,). (29)

Zn

We note that, although Condition 26 is sufficient for Eq. (27) to hold, it is not necessary, as the
non-vanishing mismatch A(y) for y € (0, ¢) further inhibits coupling along the bends.

Given Eqgs. (21) and (27) for the propagation matrices U(z,+1, z,), we may directly evaluate
Eq. (20) for U(z3, z0) and thus the crosstalk X, due to finite joint curvature. Let a; = (1,0)7, then
one finds that X, is given by

2

2 ¢
X, = |al Uz, 20)a,| = 4r° /0 dy«(x)exp[i0:(x)]| . (30)
where 6,(y) is the accumulated phase-mismatch
X ’ ’
o =r [ axa) G1)

Clearly, Egs. (30) and (31) together are equivalent to Eq. (9).
Because of the dependence of 6,(y) on r, the right-hand side of Eq. (30) is a transcendental
function of r. For a given waveguide cross-section and bending radius, the right-hand side of
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Eqg. (30) can be evaluated numerically for X,. However, it is useful to have a simpler expression
for a quick estimation of X,. Such an expression can be obtained by noting that

) ] ]
/ dxk(y) expi0, (]| < sen(e) / dx IkCx) exp [i6,()]| = sgn(9) / dy k()] (32)
0 0 0

The inequality in Eq. (32) is a well known property of complex-valued integrals [35]. Physically,
the right-most side of Eq. (32) can be interpreted as the magnitude of the coupled amplitude to
first-order perturbation, when phase-mismatch between the polarization modes is neglected.

To compute the integral in Eq. (32), we take ¢ to lie in either the first or fourth quadrant, so the
bending segment spans the smallest possible arc. Then, combining Egs. (30) and (32), we find
the bound for X,:

X, < 4r%|ko)? sin* ¢ (33)

Evidently, Eq. (33) is equivalent to Eq. (10). As noted for Eq. (32), X, approaches the
right-hand side of 33 when the accumulated phase-mismatch 6,(y) [Eq. (31)] is negligible (i.e.

10:(x)| < ) for x € (0, ).
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