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Cladding layers of waveguides prevent interchannel interference yet are unfavorable for the integration
of photonic circuits. Here, we report the realization of ultracompact waveguide arrays, bends, and circuits
with essentially zero interchannel separation. This supercompactness is achieved via arrays of waveguides
with shifted spatial dispersions, where each waveguide functions as both the transmission channel and an
effective “cladding layer” of its neighboring waveguides, and has been experimentally realized in low-loss
all-dielectric photonic crystals. We show that the zero-spacing transmission array possesses the remarkable
features of negligible crosstalk, high-efficiency sharp bending, and ultracompact photonic routing where
the light can traverse the entire physical space. This finding opens a new avenue for extreme space
utilization efficiency in waveguide physics and integrated photonics.
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I. INTRODUCTION

In the pursuit of highly compact optical waveguides,
photonic integrated circuits [1–7] move from the low-refrac-
tive-index-contrast material systems (e.g., SiO2 on Si) to the
high-contrast ones [e.g., silicon-on-insulator (SOI)], where
the cross-sectional areas of waveguides are reduced by more
than 2 orders of magnitude. Recently, great endeavors have
beenmade to further increase the integration density by using
plasmonic waveguides [8–10] or ultrahigh-refractive-index-
contrast optical waveguides [11,12]. However, the cladding
layers still impose a fundamental challenge on the interchan-
nel separation and overall compactness. The cladding or

wave-forbidden layers are generally considered indispensable
in general waveguide systems [13] such as optical fibers,
photonic integrated circuits (e.g., III-V photonics, silicon
photonics, and so on) [1–7], plasmonic waveguides [8–10],
photonic crystal (PC) waveguides [14–21], topological pho-
tonic systems [22,23], etc. Even if advanced cladding or
waveguide engineering techniques are applied [24–28], there
is a limit in the minimal thickness of the cladding, beyond
which the crosstalk between adjacent channels becomes
enormously large. Here, we report an unprecedented strategy
to construct ultracompact waveguide arrays without the
cladding or wave-forbidden layers. Such unique waveguide
systems are composed only of transmission channels with
shifted spatial dispersions,which, simultaneously, function as
the effective “cladding layers” of their adjacent channels.
Therefore, the interchannel separation can be reduced to zero,
bestowing the ultracompact zero-spacing waveguide arrays
(ZSWAs). Based on low-loss all-dielectric PCs with shifted
dispersions, we experimentally demonstrate the realization of
such ZSWAs with negligible crosstalk. Furthermore, we find
that suchZSWAs also exhibit the remarkable features of high-
efficiencysharpbendingand light routing to traverse theentire
physical space. These findings break the traditional paradigm
ofwaveguiding based onwave-forbidden cladding layers and
pave a pathway toward ultracompact photonic circuits with
extreme space utilization efficiency.
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Figure 1 schematically demonstrates the fundamental
difference between the traditional optical waveguide arrays,
PC waveguide arrays, and the scheme of ZSWAs without
cladding layers. The left panels show the schematics of
transmission processes, and the right panels show the equal
frequency contours (EFCs) of the materials comprising
the waveguides. Here, kk and k⊥ denote the wave-vector
components in the parallel and vertical directions of the
waveguides, respectively. For waveguide modes, kk equals
to the propagation constant β. In optical waveguide arrays
[29], low-index cladding layers confine the waves inside
the high-index core layers, as the βðkkÞ of the waveguide
modes is larger than the wave number of the cladding layers
(the dashed line). In PC waveguide arrays, waves can be
confined in the core channels of an arbitrary index, e.g.,
free space, using the PCs with wave-forbidden photonic
band gaps as the cladding layers. While in the scheme of
ZSWAs, the system is solely composed of different trans-
mission channels (denoted as A and B channels) with
shifted spatial dispersions (or shifted EFCs), which is
shown in Fig. 1(c). The EFCs of the materials in different
channels are separated from each other in the direction of
kk, and the propagating waves therein cannot be coupled. It
immediately follows that all the channels can independ-
ently transmit waves despite the zero interchannel separa-
tion. On the other hand, if the EFCs of different channels

are not completely separated, the propagating waves could
be coupled via abnormal refraction (see the Appendix A).
Practically, there are some ways to realize such shifted
spatial dispersion as required in Fig. 1(c). One approach is
to construct effective gauge potentials [30–36], which have
recently attracted a lot of attention. Here, we show that
anisotropic all-dielectric PCs can also provide the required
shifted dispersions [37,38], with the advantage of low loss
and potential extension of optical bandwidth. We construct
a proof-of-principle ZSWA system with two types of
channels: the free space (air) and the PCs, respectively.

II. THEORY AND DESIGN OF THE ZSWA SYSTEM

For simplicity, two-dimensional PCs of transverse-
magnetic (TM) polarization (electric field in the z axis)
is considered. The symmetry of the PC plays an essential
role in the design. In Fig. 2(a), we demonstrate the unit cells
of two PCs with the group symmetries of Cv

4 (I, square
lattice and rods of 0.6a × 0.6a) and Cv

2 (II, rectangular
lattice and rods of 0.6a × 0.4a), respectively. Here, a is
the lattice constant and b ¼ 0.6a. The background is free
space (ε1 ¼ 1), and the dielectric rods have a permittivity
ε2 ¼ 12. The band structures of both PCs are calculated by
the finite-element software COMSOL MULTIPHYSICS, as
shown in Fig. 2(b), respectively. At a working frequency
fa=c ¼ 0.2962 [dashed line in Fig. 2(b)], the EFCs of
the PCs I and II are shown as the gray and red lines in
Figs. 2(c) and 2(d), respectively. The dotted box represents
the boundary of the first Brillouin zone, and the black lines
denote the circular EFCs of free space. Clearly, in PC I with
the Cv

4 symmetry, the band dispersions and EFCs are the
same in the x and y directions, while the symmetry
breaking from Cv

4 to Cv
2 in PC II removes this degeneracy,

and more importantly, eliminates the elliptical EFC cen-
tered at the Y point. This symmetry breaking is a crucial
step to open a partial band gap for ZSWAs. Since the
elliptical EFC centered at the X point is shifted away from
that of free space, the condition of separated spatial
dispersions along the waveguiding direction in Fig. 1(c)
is satisfied by PC II.
In addition to the shifted spatial dispersion, we also

design the surface impedance of PC II to match that of free
space on the y surface. In Fig. 2(e), we plot the calculated
transmittance through N layers (N ¼ 6, 7, 8, 20) of PC II in
free space for different incident angles on the y surface at
the working frequency. For all incident angles within�75°,
the transmittance exceeds 95%, irrespective of the layer
number N of the PC. This excellent impedance matching
(see Appendix B) is also attributed to the PC structure
[37,38], which can guarantee that the reflection on the port
of the PC channel is negligibly small.
Next, we investigate two complementary types of wave-

guides, i.e., the PC channels in the free-space host and
the free-space channels in the PC host, two primary
components of the ZSWA. The schematic graphs are shown

FIG. 1. Principles of traditional waveguide arrays and ZSWAs.
The schematic diagrams of (a) traditional optical waveguides and
(b) traditional PC waveguides that both require cladding layers
and (c) ZSWAs with zero interchannel separation. The right
panels demonstrate the equal frequency contours of the wave-
guide materials.
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in Figs. 3(a) and 3(b), respectively. In Figs. 3(c) and 3(e),
we plot the band dispersions of the PC channels with
w ¼ 4b and w ¼ 5b, respectively, where w is the wave-
guide width. Clearly, the waveguide modes are all beyond
the light cone (dashed line). At the working frequency
(dotted line), one mode appears for the case of w ¼ 4b
(even mode), and two modes appear for the case of w ¼ 5b
(even and odd modes), as can be seen in the electric field
distributions of the eigenmodes shown in inset graphs,
respectively. On the other hand, Figs. 3(d) and 3(f) plot the
band dispersions of the free-space channels with w ¼ 4b
and w ¼ 5b, respectively. At the working frequency, only
one propagating mode (even mode) appears inside a partial
band gap of the PC, which is within the light cone. Such a
partial band gap directly results from the symmetry break-
ing from Cv

4 to C
v
2. We emphasize that for both PC and free-

space channels, propagating waveguide modes appear as
long as the width w ≥ 2b (see Appendix C). When the

width w further increases, the number of waveguide modes
increases like the traditional optical waveguides. In addition,
we find that the bandwidths of the waveguide modes are
substantially large for optical communications.

III. SIMULATION AND EXPERIMENTAL
RESULTS OF ZSWA CIRCUITS

By arranging the above PC II and free space alternately
along the y direction, a ZSWA with zero interchannel
separation is constructed, as shown in Fig. 4(a). Since the
waveguide modes in the free-space and PC channels
have kk < k0 and kk > k0, respectively, their crosstalk is
inherently minimized. As a proof of principle, we exper-
imentally fabricate this ZSWA at the microwave frequen-
cies to demonstrate the zero-spacing transmission arrays, as
shown in Fig. 4(b). The dielectric rods have ε ¼ 12, and the
unit cell is of a ¼ 6 mm and b ¼ 3.6 mm. The working
frequency is around 15 GHz. To demonstrate the arbitrari-
ness of the width w, we design the waveguide array
composed of four PC channels (A1=A2=A3=A4) and four

FIG. 2. The role of symmetry breaking in the PC design for
shifted spatial dispersions. The unit cells (a), band structure for
transverse-magnetic polarization (b), and equal frequency con-
tours (c),(d) of two PCs I and II, which exhibit Cv

4 and Cv
2

symmetries, respectively. (e) The transmittance of the PC II with
6, 7, 8, and 20 layers. The insets show the simulation to calculate
the transmittance.

FIG. 3. Two complementary types of waveguides constructed
by free space and PC II. (a),(b) The schematic diagrams of the
PC channel (free-space cladding) and free-space channel (PC
cladding), respectively. (c)–(f) The waveguide dispersions of
the complementary PC and free-space channels with w ¼ 4b
and w ¼ 5b. The dashed line shows the light cone, and the
dotted line marks the working frequency fa=c ¼ 0.2962. The
inset graphs show the electric field distributions of the corre-
sponding waveguide modes.
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free-space channels (B1=B2=B3=B4) with different widths
of w ¼ 3b=4b=5b=10b, respectively. An additional PC
layer with w ¼ 5b is placed beside the B4 free-space
channel to confine the waves. The electric field distribu-
tions of the propagating waveguide modes of the
A2=B2=A3=B3 and A1=B1=A4=B4 channels are plotted in
Fig. 3 and Appendix C, respectively.
We utilize a source for exciting the eight channels

independently from their left ports. Using a two-
dimensional microwave scanner (see Appendix D), we
experimentally measure the intensity patterns for a region
outside the right ports of the channels. In the upper panels

of Figs. 4(c)–4(j), we plot the simulated (left) and measured
(right) intensity patterns of the ZSWA. The simulation
results are obtained by COMSOL MULTIPHYSICS. The meas-
urement is performed in the region with a small distance
of 4 mm to the right ports, which is marked by the white
dashed frame in Figs. 4(c)–4(j). The numerical and exper-
imental results coincide well, confirming that wave trans-
mission is well restricted within each channel when the
channel is excited. From the independent transmission of
waves through the eight channels ðA1−4; B1−4Þ, it is inferred
that the crosstalk between the adjacent channels is negli-
gible despite the zero interchannel separation. In a sense,

FIG. 4. Numerical and experimental demonstrations for ZSWAs. (a) Schematic graph of a ZSWA constructed by arranging PC and
free-space channels alternately. (b) Photo of the experimental sample of the ZSWA. (c)–(j) The simulated (upper panel, left) and
measured (upper panel, right) intensity patterns under the independent excitation of the eight channels ðA1−4; B1−4Þ. The white dashed
frame marks the experimentally measured region. The lower panels show the normalized intensity distributions on the left edge of the
measured region.
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each type of channel acts simultaneously as the effective
cladding layers for other channels. In the lower panels of
Figs. 4(c)–4(j), we plot the normalized intensity distribu-
tions on the left edge of the measured region. For all cases,
the peaks of the maximum intensities fall within the regions
of the corresponding output ports (black dashed frames). In
the experimental data, we also find that each channel has a
bandwidth of around 13% when w ≥ 4b, consistent with
the theoretical prediction and simulation (see Appendix E).
We demonstrate that such ZSWAs possess the remark-

able properties of sharp bending with negligible leakage
and wave routing to traverse the entire physical space. In
other words, ultracompact photonic circuits without clad-
ding layers are realized. By orientating the PC II unit cell in
the x or y direction, two types of channels that transmit
waves only in the x or y direction can be realized,
respectively. However, the free-space channel allows the
transmission of waves in both the x and y directions. Next,
we construct square-shaped supercells composed of
3a × 5b units (b ¼ 0.6a) of the PC or free space, as shown
in Fig. 5(a). The red double-headed arrows denote the PC
supercells, and the black cross arrows denote the free-space
supercell. By appropriately arranging the three types of
supercells, sharp bending and routing photonic circuits can
be realized. A sample of the 90° sharp-bending array is
illustrated in the left panel of Fig. 5(b), where three
transmission channels with the input and output ports
are denoted by Ii and Oi (i ¼ 1, 2, 3), respectively. In
Figs. 5(c)–5(e), we plot the intensity patterns for the three
incidence cases from the input ports Ii (i ¼ 1, 2, 3),
respectively. The numerical results (left) and the corre-
sponding experimental results (right) are plotted in the
upper panels of Figs. 5(c)–5(e), respectively, which
coincide well with each other. The experimental measure-
ment is performed in the region marked by the white dashed
frame. In the lower panels of Figs. 5(c)–5(e), we plot
the normalized intensity distributions on the left edge of the
measured region. In the cases of Figs. 5(d) and 5(e), the
peaks of the maximum intensity fall within the regions
of the output ports (black dashed frames). In the case of
Fig. 5(c), the peak falls on the edge of the output port. This
is induced by the excitation of the odd mode in the bent
channel, as shown in Fig. 3(e). Here, we note that the mode
conversion is avoidable by simple optimization of the
free-space supercell, e.g., by adding two more dielectric
cylinders (with ε ¼ 12) at two corners of the supercell (see
Appendix F). The overall transmission efficiency of the 90°
sharp bending can be improved to be around 93% and even
higher. Despite the zero interchannel separation in this
sharp-bending array, the leakage of waves is reasonably
small, as shown in Figs. 5(c)–5(e).
A 180° bend can be realized via two successive 90°

bends. In this case, a switch between the transmission in the
free-space and PC channels is necessary. A photonic
routing circuit can be constructed by applying a series

of the 90° and 180° bends, which can amazingly traverse
the entire physical space. A sample of the photonic routing
circuit is illustrated in the right panel of Fig. 5(b), which is
composed of two 180° bends and one 90° bend. For
incidence from the input port I4, waves will be routed to
the output port O4. In the upper panel of Fig. 5(f), we plot
the numerically calculated (left) and experimentally mea-
sured (right) intensity patterns, which coincide well with
each other. The experimental measurement is performed in
the region marked by the white dashed frame. In the

FIG. 5. Numerical and experimental demonstrations for sharp-
bending and routing photonic circuits. (a) The PC or free-space
supercells allow transmission in the x or y directions or both
directions. (b) Left: photo of the experimental sample of the 90°
bending arrays. There are three transmission paths from Ii to Oi
(i ¼ 1, 2, 3). Right: photo of the experimental sample of the
routing circuit. The transmission path is from I4 to O4. (c)–(f)
The simulated (upper panel, left) and measured (upper panel,
right) intensity patterns under independent excitation from the
input ports Ii (i ¼ 1, 2, 3, 4). The white dashed frame marks
the experimentally measured regions. The lower panels show the
normalized intensity distributions on the left edge of the mea-
sured region.
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lower panel of Fig. 5(f), we plot the normalized intensity
distributions on the left edge of the measured region,
confirming the successful routing of waves. Through
similar structural optimization of adding dielectric rods
(with ε ¼ 12) in the free-space supercells at the bending
part, the effect of backscattering in the 180° bend can be
significantly suppressed, so that the overall transmittance is
increased from 64% to 96% (see Appendix F). More
complicated routing circuits such as the splitting (see
Appendix G) can also be designed based on this principle.
The above demonstration is counterintuitive and in-

triguing as it is similar to realize a “labyrinth” (for photons)
without using physical “walls” (cladding layers). This
phenomenon is possible because photons are bestowed
with different momenta via photonic structures. Such an
intrinsic momentum difference removes the essential need
for physical barriers, i.e., the wave-forbidden cladding
layers, which are currently widely believed to be indis-
pensable in waveguide systems.
In the following, we demonstrate an optical design of the

ultracompact photonic circuits without cladding layers
composed of silicon (n ¼ 3.48) and silica (n ¼ 1.45) [7].
The PC with shifted dispersion is a rectangular lattice of
rectangular silicon rods (0.7a × 0.5a) in a silica host, as
plotted in the inset of Fig. 6(a). The lattice constants are
a ¼ 370 nm and b ¼ 0.75a. The working wavelength is
chosen as λ ¼ 1550 nm, at which the loss is negligible.
The EFCs of the PC and silica at the working frequency are
plotted as the red and black lines in Fig. 6(a). Clearly, the
condition of separated EFCs along the direction of propa-
gation in Fig. 1(c) is well satisfied. We note that the
designed PC is impedance matched with silica for all
incident angles within �30°, as verified by the trans-
mittance results for different thicknesses of the PCs
[Fig. 6(b)]. This impedance matching condition could help
increase the transmission efficiency at the ports and the
bending parts of light routing circuits.
In Fig. 6(c), we plot the simulation results of one PC

channel and one silica channel with no cladding between
them. Thewidth of the PC channel iswPC ¼ 3b ¼ 832.5 nm.
Thewidth of the silica channel iswSiO2

¼ 600 nm.Therefore,
the separation between the central axes of two adjacent
channels is S ¼ 716.25 nm < λ=2. The length (propagating
distance) of the two channels is set to be 1000 μm (2703a).
The input andoutput ports are denoted by Ii andOi (i ¼ 5, 6),
respectively. In Fig. 6(c), the simulated intensity patterns in
the region near the output ports (940–980 μm) are plotted
under the independent excitation from the input ports Ii
(i ¼ 5, 6). Clearly, the waves are confined in the original
channel after the propagation of 1000 μm, indicating that
there is no crosstalk despite the zero cladding. In fact, no
matter how long the propagating distance is, the wave is
strictly confined in the original channel due to the inherent
mismatched momenta in the two channels. This scenario
indicates that the coupling is precisely zero, which is clearly

beyond the conventional waveguides. It is noteworthy that
the waveguide structure is robust to the fabrication error and
has a relatively large bandwidth from 1470 to 1600 nm (see
Appendix H). Moreover, with the cladding removed, the
separation between the central axes of two adjacent channels
S is completely determined by the width of the transmission
channels. Therefore, replacing the dielectrics with plasmonic
or ultrahigh-refractive-index materials makes it possible to
reduce S to the deep-subwavelength scale further.
Based on the PC design in Fig. 6(a), we also numeri-

cally demonstrate two 90° bending waveguides without

FIG. 6. Optical design of the ultracompact photonic circuits.
(a) The unit cell and EFC of the PC. The lattice constant a ¼
370 nm and b ¼ 0.75a. (b) The transmittance of the PC in silica
with 6, 7, 8, and 20 layers. (c) The propagation of PC (I5-O5) and
silica channels (I6-O6) with 1000 μm (2703a) propagating dis-
tance. The width of the PC (silica) channel is wPC ¼ 3b ¼
832.5 nm (wSiO2

¼ 600 nm). (d) The schematic diagram of the
PC (I7-O7) and silica channels (I8-O8) without any cladding
between them. The right panels are the enlarged view of the corner
supercells, and the table shows the radii of silicon rods. (e),(f)
The simulated intensity distribution under independent excitation
from the input ports Ii (i ¼ 7, 8). The bending losses are−0.10 dB
for the PC channel and −0.07 dB for the silica channel.
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cladding. Such sharp-bending waveguides have zero bend-
ing radii R. The design is schematically shown in Fig. 6(d).
Similar to Fig. 5(b), square supercells (side length 4b) are
utilized here. The input and output ports are denoted by Ii
and Oi (i ¼ 7, 8), respectively. In order to reduce the
bending loss, structural optimization is performed at the
corner of the bending waveguides by adding additional
silicon rods. The enlarged view of the corner supercells and
the radii of rods are shown in the right panel of Fig. 6(d).
We note that this optimization process is similar to the
method previously applied for bending waveguides made
of line defects in PCs [20,21]. The simulated intensity
patterns under independent excitation from the input ports
Ii (i ¼ 7, 8) are plotted in Figs. 6(e) and 6(f), respectively.
Clearly, the propagation of waves is well confined in the
original channel after the bending, which indicates negli-
gible bending loss despite the zero cladding width and zero
bending radius R. The overall transmittance is found to be
97.64% and 98.31% for the two bending channels I7-O7

and I8-O8, which corresponds to the bending loss of −0.10
and −0.07 dB, respectively. This demonstration indicates
that high-efficiency sharp-bending optical waveguides are
possible and physically feasible without claddings.

IV. DISCUSSION AND CONCLUSIONS

The principle of constructing ZSWAs based on separated
spatial dispersions is quite general and can be realized via
various approaches, e.g., effective gauge potentials [30–36]
or hyperbolic dispersions [39,40]. Here, we develop a PC
approach based on pure dielectrics, and this approach is
adaptive for many low-loss dielectric materials, including
silicon, silicon nitride, and silicon dioxide. Therefore,
our approach can be easily applied to optical or infrared
frequencies based on the mature fabrication techniques in
dielectric platforms. We note that previously a zero-index
photonic chip consisting of silicon rods in a polymer matrix
and clad by gold films has been experimentally demon-
strated [41], which indicates the optical design in Fig. 6 is
also feasible. This principle could be extended to more
practical photonic chip systems such as SOI waveguides
with further optimization.
Unlike previous endeavors that can shrink only the

interchannel separation to a certain extent in the classical
scheme of optical waveguides [24–28], our approach
reduces the interchannel separation to exactly zero.
Previously, several different methods have been proposed
to reduce the interchannel separation, e.g., tuning the
anisotropy of the cladding layer to make evanescent waves
decay faster [24,25], tuning the geometric parameters
(width) of the core layer to achieve exceptional coupling
with extremely low crosstalk [26], or varying the thick-
nesses of the channels in a superlattice to obtain a more
significant difference in propagation constant [27,28].
However, the minimum separation between the central axes
of two adjacent channels S is still larger than λ=2, where λ is

the wavelength in free space. When the cladding thickness is
further reduced, the coupling between the adjacent channels
increases exponentially without exception. Here, by using
shifted spatial dispersions beyond the classical scheme of
optical waveguides, the thickness of cladding is reduced to
zero for the first time. Intriguingly, our approach is com-
plementary to the previously developed methods. The
miniaturization can be further continued by reducing the
width of the transmission channel, e.g., by using ultrahigh-
refractive-index materials or plasmonic materials. In this
sense, removing claddings is a giant leap toward the ultimate
miniaturization of photonic waveguide systems.
The principle of ZSWAs is also fundamentally different

from topological photonics [22,23]. Instead of using bulk
modes, topological photonics utilizes edge modes that exist
only on the interfaces between photonic-band-gap regions.
Most of the space is occupied by photonic-band-gap regions,
which are wave forbidden and cannot be utilized as trans-
mission channels. The bulk-mode nature of ZSWAs provides
excellent flexibility in the channel width (as shown in Fig. 4).
Therefore, the advantages of both single-mode and multi-
mode channels can be exploited easily for different purposes.
Interestingly, high-efficiency sharp-bending ZSWA is also
feasible by utilizing structure optimization [20,21]. These
attractive features make the ZSWAs a potentially favorable
platform for future photonic chips.
We note that in the experimental demonstrations the

widths of the free-space and PC channels are large enough
such that the coupling between the second-nearest-
neighbor channels is negligibly small. In addition to
increasing the channel widths, there are other ways to
eliminate the crosstalk between the second-nearest-
neighbor channels. One way is to engineer the anisotropy
and geometric parameters of the structures to optimize the
effective “cladding effect” to ensure near-zero coupling
[24–26]. Another way is to introduce new channels whose
spatial dispersions are apart from those of both the A and B
channels, such that the new channels have no crosstalks
with both the A and B channels in the system.
In conclusion, our work points out that the “common

sense” in the traditional paradigm of waveguide physics,
i.e., the necessity of the wave-forbidden cladding layers, is
in fact a misunderstanding. We manage to transform such
cladding layers into different transmission channels with no
crosstalks by introducing the shifted spatial dispersions
between their adjacent channels, leading to ZSWAs with
unprecedented compactness and flexibility. This exciting
discovery infers that there is actually no need for the
physical “walls” (cladding layers) to build a “multilane” or
a “labyrinth” for photons. The entire physical space can be
composed of transmission channels, pushing the space
utilization efficiency to the extreme level. This principle is
universal for waves, and similar approaches can be applied
to resolve the coupling issue of channels for microwaves,
light, surface plasmons, etc.
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APPENDIX A: ABNORMAL REFRACTION DUE
TO THE OVERLAPPING EFCs

In Fig. 1, we discuss a waveguide array composed of A
and B channels, where the wave is transmitted in both A
and B channels. Such discussions are based on the
assumption that the EFCs of A and B are completely
separated from each other along the direction of propaga-
tion. In this Appendix, we discuss the abnormal refraction
at the interface of A=B channels when the EFCs are not
completely separated, as shown in Fig. 7(a). When the
propagating constant βðkkÞ exceeds or falls behind the gray
overlap region, the propagating mode is excited either in
the B or A channels, respectively. In this case, the ZSWA
still works. However, when βðkkÞ falls inside the over-
lapping gray region, the propagating modes of both A and B
channels can be excited, which leads to the failure of
the ZSWA.
Here we take a 1D PC ε1=ε2=ε1 as medium A, and its

structure is illustrated in Fig. 7(b). The relative permittivity
and filling ratio of the material ε1=ε2 are ε1 ¼ 2 (ε2 ¼ 6.5)
and 0.6 (0.4), respectively. When fa=c ¼ 0.4077, the EFCs
of this PC in the reduced Brillouin zone (dotted box) are
shown in red lines in Fig. 7(c). Take free space as the
medium B and its EFC are shown as the gray line in
Fig. 7(c). For an incident wave with the wave vector
denoted as a incident from free space onto the y-z surface
of medium A, the eigenmodes with the wave vectors b
and b0 in PC and medium A could be excited due to the
conservation of the wave-vector component along the y
direction. Since waves do not travel backward, b is excited.
When the wave hits the interface of medium A=B from
medium A, the propagation modewith wave vector c in free
space can be excited and negative refraction occurs.
Figure 7(d) shows the numerical simulation of the electric
field distribution of the Gaussian beam incident from the
left free space (medium B) to medium A (size 80a × 50a)
and then to the top free space (medium B) at an incidence
angle of 40°. The theory and simulation match pretty well,
indicating that when the EFCs of the materials or structures
of the channels overlap each other along the propagation
direction, abnormal refraction may emerge between the
channels, leading to the destruction of the zero-spacing
transmission array. To avoid this consequence, the EFCs
should be completely separated from each other.

APPENDIX B: NUMERICAL APERTURE AND
COUPLING EFFICIENCY OF THE ZSWAs

The numerical aperture and coupling efficiency are the
essential parameters for conventional waveguides. This
Appendix investigates the numerical aperture and coupling
efficiency of the ZSWAs presented in the main text.
Here we take the waveguide structures in Fig. 4 as an

example. For the free-space channel or the PC channel,
the all-angle total internal reflection always occurs at the
interface of the free-space and PC channels due to the
completely separated EFCs. Therefore, in the case of free-
space background, numerical apertures of both channels
(e.g., defined as NA ¼ sin α for multimode channels) can
reach almost 1.
Another issue is the coupling efficiency which deter-

mines the wave energy transmitted into the waveguides
from their ports. The free-space channels naturally have a
high coupling efficiency in the free-space background.
Next, we focus on the coupling efficiency between the
designed PC and free space, which may be characterized
by the surface impedance for different incident angles.
Figure 8(a) shows the EFCs of the second band of the PC in
Fig. 2, and the black curve is the EFC at the working
frequency fa=c ¼ 0.2962. By matching the wave imped-
ance of the PC with that of free space, we first calculate the

impedance of free space Zair ¼ −ωμ0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k20 − k2y
q

. The wave

impedance of the PC can be retrieved from the fields of the
eigenstates as ZPC ¼ hEPC

Z iyz=hHPC
y iyz, where hEPC

Z iyz (or

FIG. 7. Abnormal refraction due to the overlapping EFCs of
medium A and B. (a) The schematic diagram of the EFCs of
medium A and B when they have overlapping regions. (b) The
structure of 1D PC with relative permittivity and filling ratio
ε1 ¼ 2 (ε2 ¼ 6.5) and 0.6 (0.4). (c) The EFCs of medium A (1D
PC) and B (free space) at the frequency fa=c ¼ 0.4077.
(d) Electric field distributions for a Gaussian beam incident onto
the medium A (size 80a × 50a) under the incident angle of 40°.
The background is medium B (free space).
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hHPC
y iyz) represents the average of the z component of

electric field (or the y component of magnetic field) on
the y-z surface for an eigenstate. Figure 8(b) shows the
impedance difference jðZPC − ZairÞ=ðZPC þ ZairÞj of the
PC and free space of the second band. It can be seen
that at the frequency fa=c ¼ 0.2962, the impedances of
the PC and free space are almost the same, which proves
that the PC channel can also have a high coupling
efficiency with free space. This is further verified by the
transmission investigation for different incident angles
in Fig. 2(e).

APPENDIX C: WAVEGUIDE MODES OF PC
AND FREE-SPACE CHANNELS

Different waveguide modes exist for different waveguide
widths. Figure 4 shows an eight-channel ZSWA, and the
waveguide modes of the A2=B2=A3=B3 channels are
plotted in Fig. 3. In the following, we plot more waveguide
modes for PC and free-space channels of different widths,
and the A1=B1 and A4=B4 channels are also included.
In Figs. 9(a), 9(c), and 9(e), we plot the band dispersions

of the waveguide modes confined in the PC channel with
w ¼ 2b, w ¼ 3b, and w ¼ 10b, respectively. The gray
region is the light cone, and the black and red lines
are the dispersion curves of the PC channels. Similarly,
Figs. 9(b), 9(d), and 9(f) plot the band dispersions of the
waveguide modes confined in the free-space channel with
w ¼ 2b, w ¼ 3b, and w ¼ 10b. Here the gray region is the
PC band structure, and the black and red lines are the
dispersion curves of the free-space channel. It is observed
that the guided modes exist in both PC and free-space
channels with different channel widths. Taken fa=c ¼
0.2962 as the working frequency, the electric field distri-
butions of the waveguide modes are plotted in the inset
graphs.
Obviously, for both PC and free-space channels, guided

modes exist for any channel width w ≥ 2b, and the mode
number increases with the width of the channels.

APPENDIX D: METHODS OF SIMULATION
AND EXPERIMENT

1. Simulation

The simulation results are obtained from the finite-
element commercial solver COMSOL MULTIPHYSICS 5.5.
The EFCs and band structure of PCs are calculated using
a continuum Floquet eigensolver with Floquet periodic
boundary conditions in the two lattice vector directions.
The transmittances are retrieved from S parameters of ports
and have Floquet periodic boundary conditions in the
direction perpendicular to the wave vector to ensure slabs.
The full-wave simulations are obtained from ports in the
frequency domain.

2. Experimental setup

In the microwave experiments, the fabricated PC con-
sisting of alumina ceramic rods is assembled inside a

FIG. 8. Impedance matching between photonic crystal and air.
(a) The EFCs of the second band of the PC II in Fig. 2. The black
curve is the EFC at the working frequency fa=c ¼ 0.2962.
(b) The impedance difference between the PC and air of the
second band.

FIG. 9. Field distributions of the waveguide modes of the PC or
free-space channels. (a) The waveguide mode of a PC channel
with w ¼ 2b. (b) The waveguide mode of an air channel with
w ¼ 2b. (c) The waveguide mode of a PC channel with w ¼ 3b.
(d) The waveguide mode of an air channel with w ¼ 3b. (e) The
waveguide mode of a PC channel with w ¼ 10b. (f) The wave-
guide mode of an air channel with w ¼ 10b. The red line
indicates their modes at working frequency fa=c ¼ 0.2962
(dashed line), and the illustrations show the electric field
distribution of these propagation modes. The gray region shows
the free-space (PC) band structure, and the black and red lines are
the dispersion curves of the PC (free-space) channel.
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parallel-plate waveguide composed of two flat aluminum
plates. The separation between the two aluminum plates is
8 mm, which equals the height of the PC. The separation is
less than half of the wavelength of interest (i.e., 20 mm
for 15 GHz) to ensure that the parallel-plate waveguide
supports only transverse electromagnetic modes. A stan-
dard Ku-band waveguide accompanied with absorbing
materials generates a beam with a finite width. The electric
field is measured via a probing antenna inside the parallel-
plate waveguide. This probing antenna is mounted by a
stepper motor. The emitting Ku-band waveguide and the
probing antenna are connected to a KEYSIGHT N5224B
network analyzer to acquire both the magnitude and
phase of the microwave signal at the position of the
probing antenna.

APPENDIX E: BANDWIDTH ANALYSIS
OF PC AND FREE-SPACE CHANNELS

In this Appendix, we analyze the bandwidth of the
eight channels in Fig. 4 from the perspectives of theory,
simulation, and experiment. By calculating the band
dispersions of the waveguide modes in Figs. 3 and 9,
the theoretical bandwidth of each waveguide channel can
be obtained. Here we define the frequency range covered
by the dispersion of the waveguide mode as the band-
width of each channel. When several waveguide modes
overlap in frequency, the bandwidth is the union of
the frequencies of these modes. In simulations and
experiments, the ZSWA is considered valid when the
transmitted wave intensity is concentrated at the corre-
sponding outports of the channel. Based on this crite-
rion, we obtain the bandwidth of each channel. Table I
shows the bandwidths achieved by the theoretical
band structure, simulation, and experimental results for
the eight channels in Fig. 4. It can be seen that
when w ≥ 4b, each channel has a bandwidth greater
than 13%, and the bandwidths achieved from the
theory, simulation, and experiment are consistent with
each other.

APPENDIX F: IMPROVE THE TRANSMISSION
EFFICIENCY IN BENDING CIRCUITS

The bending loss is induced by the coupling loss at the
corner supercells of ZSWAs. In addition, the mode con-
version introduces extra bending loss, too. This Appendix
discusses how to improve the transmission efficiency of
bending circuits and suppress the mode conversion in
Fig. 5(c).
In Fig. 10(a), two dielectric rods with ε ¼ 12 are placed

in the corner supercells to suppress the mode conversion.
The total transmission efficiency is defined by PIP=POP,
where PIP is the input power, and POP is the power at the
output of each bending circuit. It is seen that unlike the case
of mode conversion in Fig. 5(c), it is still an even mode after
90° bending, and the total transmission efficiency has
increased from 83% to 93%. Moreover, at the first 180°
bend in Fig. 5(f), the transmission efficiency is only 64%,
which is mainly caused by backscattering. In order to
eliminate the backscattering, four dielectric rods with
ε ¼ 12 are added in the two corner supercells in Fig. 10(b).
Successfully, the total transmission efficiency increases
from 64% to 96%. It is expected that the transmission
efficiency of the bending circuit can be further improved by
structural optimization.

APPENDIX G: SPLITTING PHOTONIC
CIRCUIT DESIGNS

We introduce three kinds of corner supercells (two PC
supercells and one free-space supercell) in Fig. 5(a) to
realize the bending of ZSWAs. Intriguingly, by arranging
these basic supercells, we can easily design two types of
splitting photonic circuits with zero interchannel separa-
tion, as shown in Fig. 11.
In Fig. 11(a), we demonstrate a splitting photonic circuit.

Unlike traditional beam splitters, it has one input and
three output ports, and the three output ports have zero

TABLE I. The bandwidth of the waveguide array. In theory,
when several waveguide modes overlap in frequency, the band-
width is the union of the frequencies of these modes.

Channel Theory (GHz) SIM. (GHz) EXP. (GHz)

A1 14–15.7 14.3–15.9 15.2–16.4
B1 14.3–16.3 14.4–16.4 15.2–16.8
A2 13.7–16.4 (2 modes) 13.9–15.9 14.3–16.0
B2 14.3–15.9 14.2–15.9 14.4–15.9
A3 13.5–17.0 (3 modes) 13.7–16.8 13.9–16.9
B3 14.5–17.1 (2 modes) 14.4–17.0 14.9–16.9
A4 13.3–17.4 (6 modes) 13.5–17.0 13.6–16.9
B4 14.1–17.4 (4 modes) 14.1–17.3 14.1–17.7

FIG. 10. Structural optimization in corner supercells to improve
the transmission efficiency in bending circuits. (a),(b) The
simulated intensity distributions under independent excitation
from the input ports I9 and I10. The insets are the enlarged views
of the structure at the corner supercells. These yellow rods have
radius r ¼ 2 mm and permittivity ε ¼ 12. The other parameters
are the same as in Figs. 4 and 5. The transmission efficiency of
90° bend (a) increases from 83% to 93%, and the transmission
efficiency of 180° bend (b) increases from 64% to 96%.
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interchannel separation. Moreover, in Fig. 11(b), we
introduce another splitting photonic circuit that has two
input ports and four output ports, and there is no inter-
channel separation between the four outputs. The simulated
intensity distribution under independent excitation of the
input ports Ii (i ¼ 11, 12, 13) are plotted in Figs. 11(c) and
11(d). These results show that both splitting photonic
circuits work well even though there is no interchannel
separation between output channels.

APPENDIX H: THE FABRICATION TOLERANCE
AND BANDWIDTH OF THE OPTICAL

WAVEGUIDE STRUCTURE

This Appendix demonstrates that the optical waveguide
structure has a significant fabrication tolerance and a broad
bandwidth. The PC in Fig. 6 is a rectangular lattice of
rectangular silicon rods in a silica host. The length and
width of the rectangular silicon rod are 0.7a and 0.5a,
respectively. In the following, we demonstrate that both
length l1 and width l2 [as shown in Fig. 12(a)] have a large
fabrication tolerance.
We fix the width of the PC and silica channels to be

832.5 and 600 nm, respectively, which is the same as those
in Fig. 6(c). The length (propagation distance) of the two
channels is set as 1000 μm (2703a). The input and output
ports are denoted by Ii andOi (i ¼ 5, 6), respectively. If we
fix the width of the silicon rod as l2 ¼ 0.5a, the waveguide

system still works when the length of silicon rod l1 varies
from 0.65a to 1.0a at the working wavelength of 1550 nm.
Specifically, the simulated intensity patterns in the
region near the output ports (940–980 μm) are plotted in
Figs. 12(b) and 12(d) with the lengths of silicon rods l1
equal to 0.65a and 1.0a, respectively. Clearly, the waves are
confined in the original channel after the propagation of
1000 μm, indicating no crosstalk despite the significant
difference in l1. Similarly, when l1 is fixed as 0.7a, the
waveguide system still works with l2 varying from 0.45a to
0.60a, as shown in Figs. 12(c) and 12(e). In conclusion, the
waveguide structure is relatively robust to fabrication error.
Regarding the bandwidth, we note that the principle

presented here is theoretically applicable to an extended

FIG. 11. Splitting photonic circuit designs with zero-spacing
distance. (a) A splitting photonic circuit has one input port and
three output ports with zero interchannel separation. (b) The
splitting photonic circuit has two input ports and four output ports
with zero interchannel separation. (c),(d) The simulated intensity
distributions under independent excitation from the input ports Ii
(i ¼ 11, 12, 13).

FIG. 12. The fabrication tolerance of the waveguide structure
in Fig. 6. (a) The unit cell of PC channel with two variables l1
and l2. (b)–(e) The simulated intensity patterns in the region near
the output ports (940–980 μm) with the sizes of silicon rods
l1 ¼ 0.65a, l2 ¼ 0.5a (b), l1 ¼ 0.7a, l2 ¼ 0.45a (c), l1 ¼ 1.0a,
l2 ¼ 0.5a (d), and l1 ¼ 0.7a, l2 ¼ 0.60a (e). The propagation
length of PC (I5-O5) and silica channels (I6-O6) is 1000 μm
(2703a) and the working wavelength is 1550 nm. The width of
the PC (silica) channel is 832.5 nm (600 nm).

FIG. 13. The bandwidth of the optical waveguide structure. (a),
(b) The simulated intensity patterns in the region near the output
ports (940–980 μm) with wavelength λ ¼ 1470 and 1600 nm. All
geometric parameters are the same as those in Fig. 6.

ULTRACOMPACT PHOTONIC CIRCUITS WITHOUT CLADDING … PHYS. REV. X 12, 011053 (2022)

011053-11



frequency because the shifted spatial dispersion occurs in a
relatively broad frequency range, as shown in Fig. 3. By
investigating the waveguide structure in Fig. 6, we find that
the waveguide structure at least has a bandwidth ranging
from 1470 to 1600 nm, which is sufficient for most optical
chips. Figures 13(a) and 13(b) plot the simulated intensity
patterns in the region near the output ports (940–980 μm)
with wavelength λ ¼ 1470 and 1600 nm, respectively.
These results confirm that the waveguide structure has a
broad bandwidth with low-propagation losses.
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