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A resonant guided wave network is an optical materials design consisting of power-splitting elements

arranged at the nodes of a waveguide network. The resulting wave dispersion depends on the network

layout due to localized resonances at several length scales in the network. These structures exhibit both

localized resonances with a Q� 80 at 1550 nm wavelength as well as photonic bands and band gaps in

large periodic networks at infrared wavelengths.
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In the last two decades, several photonic design ap-
proaches have defined new directions for control of optical
dispersion. Photonic crystals [1–4] exploit periodic struc-
tures to create dispersive Bloch wave modes in materials.
Metamaterials [5,6] capitalize on the ‘‘meta-atom’’ con-
cept in which superatomic but subwavelength resonant
structures enable complex refractive indices not found in
nature. In this Letter, we introduce a synthetic approach to
optical dispersion control based on resonant guided wave
networks (RGWNs) in which power-splitting elements are
arranged in two- and three-dimensional waveguide net-
works. In a typical RGWN, these photonic elements are
designed so that power is split equally among the wave-
guides connected to each element, such that any closed
loop of connected waveguides in the network may act as a
resonator.

We first demonstrate the RGWN concept with a two-
dimensional (2D) network composed of intersecting metal-
insulator-metal (MIM) waveguides, illustrated in Fig. 1(a),
and study its dispersion dependence on the waveguide
properties and the network topology. MIM waveguides
support a lowest-order plasmonic mode that does not ex-
hibit modal cutoff in the visible and near infrared wave-
length range, allowing for deep subwavelength modal
cross sections [7–12]. It was recently reported that a cross
junction which consists of two normally intersecting MIM
waveguides with subwavelength gap sizes splits the incom-
ing pulse equally four ways [13]. This equal optical power
splitting was observed for continuous waves and also for
very short pulses of few optical cycles in the near infrared
wavelength range, conserving the shape of the input signal.
The equal-power split is a result of the subwavelength
cross section of the input waveguide that excites the junc-
tion with a broad spectrum of plane waves. As such, the
equal four-way splitting of optical power is enabled for
transmission lines (e.g., MIM and coaxial configurations)
but is not easily accessed for purely dielectric waveguides
due to their half-wavelength modal cross sections.

A prototypical 2D-RGWN consisting of insulating gaps
in a metallic bulk constitutes a network of coupled crossed-
waveguide junction elements, which we term as ‘‘X junc-

tions.’’ Each X junction element has four waveguide ter-
minals, serving both as inputs and outputs—when an
incoming wave enters through one of the ports, it is split
evenly between them and is channeled to the four closest
neighboring X junction elements by MIM waveguides.
This strong coupling to all four neighboring X junctions
gives this structure an optical response different from a
cross-coupled network of purely dielectric waveguides,
where most of the power would be transmitted in the
forward direction, with only weak coupling to perpendicu-
lar waveguides. In addition, the rectangular metal cladding
regions between the insulating waveguides are much
thicker than the skin depth, preventing optical power flow
through the material except through the waveguide net-
work. This configuration forms a RGWN using relatively
simple elements and network topology.
The equal power splitting in an X junction for small gaps

was verified numerically and it was also found that the
reflected pulse is out of phase (i.e., approximately �-phase
shifted) with the sideways and forward transmitted pulses.
The power splitting in the Au-air X junction was inves-
tigated using the 2D finite-difference time-domain (FDTD)
method with a short pulse excitation (26 fs) at a central
wavelength of 1:5 �m. The complex permittivity of Au
was fitted to tabulated optical data [14]. For these simula-
tions, the gap sizes of the two intersecting MIM wave-
guides constituting the X junction are equal. As the MIM

FIG. 1 (color online). (a) 2D RGWN plasmonic implementa-
tion and three possible resonant loop trajectories (dashed lines).
Power-splitting properties of the emerging pulses in an X junc-
tion: (b) intensity and (c) phase difference, relative to the
exciting pulse. �0 ¼ 1:5 �m.
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gap size is increased above 0:2 �m the optical power flow
deviates from equal power splitting between the terminals
towards dominant power transmission directly across the X
junction [Fig. 1(b)], which resembles the wavelength-
scale photonic mode limit [13]. The data of Fig. 1(c)
indicates that the transmitted (F) and reflected (R) pulses
are out of phase (�R ��F � �) and that the phase shift
between the sideways-going (S) and the forward trans-
mitted pulses is consistent with the geometrical dif-

ference in their pulse propagation trajectories ðrS � rF ¼
ð�S ��FÞ=k0neff ¼ ð ffiffiffi

2
p � 1ÞdÞ.

After characterizing the properties of the RGWN build-
ing blocks, we investigate the dynamics of a small network
and show that it forms a resonator. A square 2� 2 RGWN
is composed of four X junctions arranged in a square array,
as illustrated in Fig. 2. In order to form a resonance, the
network is designed such that when an X junction is
excited from the internal ports the exciting waves are out
of phase, resulting in constructive interference inside the
network, as illustrated in Fig. 2(a). For such out-of-phase
excitation the fields in the external terminals interfere
destructively, and the power is coupled back into the
resonator.

To better understand the interference pattern formation,
we develop a simplified analytical description of pulse
propagation in the network in which only a few parameters
are tracked: phase, amplitude, position, and direction. The
pulses are assumed to travel in the waveguides and split
into four new pulses upon arrival at an X junction. When
the 2� 2 RGWN, as shown in Fig. 2(c), is excited from the
lower-left arm, the first power-splitting event occurs in
junction 1, and the second power-splitting events occur
simultaneously in junctions 2 and 4. The third power-
splitting event occurs as the pulses arrive at junctions 1
and 3, where each of the junctions is simultaneously ex-
cited by two waveguides. The incoming pulses arrive at
both junctions in phase, which would result in destructive
interference if the R and S split components of each pulse
were exactly �-phase shifted. However, the interference is
not completely destructive due to the finite size of the
waveguides, which causes the phase difference to deviate
from a perfect �-phase shift. This power-splitting event
determines how much power couples into the network. For
all future power-splitting events after the third one, the two
pulses arriving simultaneously at each junction are out of
phase and therefore interfere constructively inside the
resonator. The trade-off between coupling power into the
resonator and maintaining it inside suggests that MIM gap
sizes that are subwavelength, but not arbitrarily small, will
maximize the network resonance.
The model predictions are verified by 2D FDTD simu-

lations with perfectly matched layers at the boundaries,
showing that the network dynamics are characterized by an
initial propagation transient, followed by the development
of a resonant state. Figure 2(c) depicts the simulation
snapshots for the first power-splitting events. After the
transient that includes the first five splitting events, the
resonant state is approached as pairs of pulses resonate
between junctions 1 and 3 (exemplified by snapshot t6) and
junctions 2 and 4 (exemplified by snapshot t7). Similar to
the analytical model, we find that in the third power-
splitting event, the two pairs of pulses excite the junctions
almost in phase, and so only a small fraction of the initial
power is coupled into the 2� 2 network. During the fourth
and fifth splitting events, there is a strong asymmetry in
pulse transmission between the two exciting pulses arriv-
ing at each junction, as the power reflected back towards
junction 2 is negligible with respect to that reflected to-
wards junction 4.
For the same 2D network topology, but with 3D high

aspect ratio Au-air channel plasmon waveguides [15], the
observed wave dynamics closely resemble that of the 2D
MIM waveguide network. The 2� 2 2D network of chan-
nel plasmon waveguides, consisting of rectangular air-core
channels in an Au film, was studied with 3D full-field
simulations [Fig. 2(d)]. If the aspect ratio of the channel
plasmon waveguide is high enough, the propagating mode
within the channels strongly resembles the MIM gap plas-
monic mode [15,16]. This can, for instance, be seen in the
measured quality factors of RGWNs composed of channel

FIG. 2 (color online). Resonance buildup in a 2� 2 RGWN.
(a) Two out-of-phase input pulses result in constructive interfer-
ence in the same waveguides from which the pulses entered the
junction (þ =� correspond to two �-shifted phase states of
pulse). (b) Steady states of waves resonating in a 2� 2 network
where each pair of pulses excites the X junctions out of phase.
MIM RGWN: (c) Schematics and snapshots of Hz (normalized
to the instantaneous maximal value) at the third to the seventh
power-splitting events for a 2D-FDTD simulation. d ¼
0:25 �m, L ¼ 6 �m. Channels RGWN: (d) 3D-FDTD of 2D
topography of air channel waveguides network; two snapshots of
the H field in the parallel plane 0:1 �m underneath the Au-air
interface (z ¼ 0:9 �m) and an inset showing the H-field distri-
bution in the plane normal to the Au-air interface (y ¼ 0). �0 ¼
1:5 �m and Ex-polarized excitation.
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plasmon waveguides (3D simulations) andMIM slot wave-
guides (2D simulations) which have Q factor values of 82
and 83, respectively, at a wavelength of 1:5 �m (calculated
from the decay rate of the fields after a pulse excitation).
Furthermore, the two power-splitting events that define the
RGWN resonant state [Fig. 2(b)] are similar for both the
channel [Fig. 2(d)] and MIM waveguides [Fig. 2(c)].

The Q factor values of the RGWN in Fig. 3(a) illustrate
the role of interference in generating strong network reso-
nances, which cause the networkQ factor to be an order of
magnitude larger than what would be expected if optical
power splitting in the X junctions operated incoherently,
i.e., lost half the power in each splitting event. Increasing
the MIM gap size causes the phase of the interfering waves
to deviate from being �-phase shifted, which results in a
degradation in the constructive interference inside the
resonator and a decrease in the network Q factor. On the
other hand, as the gap size is decreased, the plasmonic
mode attenuation increases due to metallic waveguide
losses. Between these two competing effects, the maximal
Q factor value is obtained for a gap size of 250 nm. These
RGWNQ factor values are comparable to typical values of
dielectric resonators with similar dimensions that are
dominated by radiation loss, e.g., Q� 100 for the case of
a cylindrical dielectric cavity of radius ¼ 1:3� and purely
real refractive index of n ¼ 2:5 surrounded with air [17]. If
we were to artificially decrease the Au loss at 1:5 �m (or
alternatively go to higher wavelengths), the Q factor of the
resonator would increase tremendously (e.g., Q ¼ 750 for
a 200 nm gap width), indicating that the resonatorQ factor
is primarily limited by the material loss.

RGWNs have features that are also broadly reminiscent
of Mach-Zehnder interferometers. Figure 3(b) plots the
effect on theQ factor of introducing a 1 �m long dielectric
region into one of the waveguide gaps. It indicates that
while the RGWNmay be sensitive to dielectric gap defects
and inhomogeneities, the Q factor does not drop abruptly
to zero, exemplifying the network robustness to fabrication
imperfections.

After studying the resonance effects in small 2� 2
RGWNs, we further investigated the dispersion character-
istics of infinite 2D periodic RGWNs using FDTD simu-
lations of the structure unit cell surrounded by Bloch

boundary conditions. We find that RGWNs exhibit wave
dispersion and photonic band gaps due to interference
effects, and that the band structure can be controlled by
modifying the network structural parameters. Two differ-
ent length scales control the network dispersion: the sub-
wavelength width of the MIM gaps determines the phase
shift at each X junction, and the wavelength-order distance
between the nodes along with network topology determine
the interference scheme. If the network parameters are
chosen such that plane-wave excitation at a given inci-
dence angle results in a resonance effect similar to the
one demonstrated for the 2� 2 network, then this would
correspond to a forbidden state of propagation on the
photonic band diagram. Examining the optical density of
states (DOS) for different wave vectors over frequencies in
the near infrared range, where the material dispersion is
small, we observe a photonic band structure which is only
due to dispersion resulting from the network topology, as
shown in Fig. 4(a). The k vectors for the DOS are extracted
from the frequency spectrum of multiple monitors record-
ing the fields of multiple broadband dipoles exciting the
structure. The functionality of the infinitely large RGWN is
not hindered by loss since its dispersion depends on the
waveguide decay length being much larger than the largest
resonant feedback loop size that has dominant contribution
to the RGWN dispersion. As illustrated in Fig. 4(b), the
photonic band structure is scalable with the internode
distance since it is what determines the wave retardation
between junctions. The MIM gap size does not exhibit the
same dependence; instead the band wavelength varies
inversely with MIM waveguide gap size. Further possibil-
ities for achieving band dispersion control are illustrated in
Fig. 4(c), where we observe the appearance of flat bands

FIG. 3 (color online). Q factors of Au/air MIM 2� 2 RGWN
resonator. (a) Q factors from simulation results compared with
those resulting from incoherent power splitting. The Q factor
contribution of the material loss is calculated from the attenu-
ation coefficient [17]. (b) Q factor vs the refractive index of a
1 �m long defect. d ¼ 0:25, L ¼ 4 �m, �0 ¼ 1:5 �m.

FIG. 4 (color online). Photonic band structure of an infinitely
large periodic RGWN. (a) Optical DOS for a square periodic unit
cell with d ¼ 0:25 �m, L ¼ 3 �m. (b) Dependence of photonic
band III [at � point at �180 THz in (a)] on L for d ¼ 0:3 �m,
and on d for L ¼ 4 �m. (c) Photonic band gap formed in the
optical DOS in rectangular periodic unit cell. In the x direction:
d ¼ 0:24 �m, L ¼ 2 �m; in the y direction: d ¼ 0:2 �m, L ¼
1:2 �m.
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over a wide range of wave vectors at 130 and 170 THz, as
well as the formation of a photonic band gap between 140–
160 THz, for appropriately chosen network parameters.

The dispersion design in a volume can be addressed by
3D-RGWN topologies, for example, constructing an array
of orthogonally intersecting 3D networks of coaxial Au-air
waveguides aligned in a Cartesian grid [Fig. 5(a)]. In this
case, the four-arm X junction element of the 2D network is
replaced by a six-arm 3D junction element. Using 3D
FDTD, we have verified that six-way equal power splitting
occurs for pulsed excitation in a coaxial Au-air waveguide
junction. Like for the 2D-RGWN, the dispersion of the
infinitely large periodic 3D-RGWN is predominantly de-
termined by the network parameters rather than the wave-
guide dispersion. This is demonstrated by the noticeable
difference in the band diagrams [Figs. 5(b) and 5(c)]
obtained for two networks composed of the same wave-
guides but with different internode distances.

RGWNs is a different approach for designing dispersive
photonic materials. They are distinctly different from pho-
tonic crystals, which rely on the formation of Bloch wave
states by interference of waves diffracted from an array of
periodic elements, which is truly a nonlocal phenomenon.
By contrast, RGWNs coherently superpose power flowing
along isolated waveguides atX junctions. Furthermore, in a
photonic crystal, the interference pattern of the diffracted
waves depends on the nonlocal periodic spatial arrange-
ment of the diffracting elements, whereas in RGWNs it is
the local network topology that determines the dispersion
and resonance features. For example, in the RGWN, the
coherent wave propagation through the network is deter-
mined only by the total path length along the waveguide
and the phase shift upon power splitting, having no restric-
tion on whether the waveguides are straight or curved.
Metamaterials also feature a design approach based on
the attributes of localized resonances, but their dispersive
properties do not depend on any length scale between
resonant elements—thus differing substantially from
RGWNs. Arrays of coupled resonator optical waveguides
(CROWs) feature discrete identifiable resonators that act as
the energy storage elements, and dispersion occurs as

modes of adjacent resonators are evanescently coupled
[18]. By contrast, in RGWNs, energy is not stored reso-
nantly in discrete resonators, but rather in the network of
waveguides that are designed to exhibit a collective reso-
nant behavior. While previously reported resonant plas-
monics circuits (e.g., [19–22]) have fundamentally one-
dimensional topologies (input-device-output), RGWNs are
fundamentally different being 2D and 3D constructs that
mediate and regulate power flow in a material rather than
in a discrete device. While simple examples have been
illustrated here, we note that in the most general case of
a RGWN, the dispersion-controlling parameters, e.g., the
power-splitting elements and waveguide lengths, need not
be homogenous or isotropic across the network.
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