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Abstract—Surface wave communication (SWC) is an emerging
technology garnering significant interest for its diverse potential
applications in communications. However, accurately computing
electromagnetic field strength, which is related to the path loss, in
reconfigurable surface structures, particularly for long-distance
transmission, presents an ongoing challenge. To address this, we
introduce a novel analytical model employing surface wave ray
tracing. Unlike conventional simulations, our analytical approach
enables precise computation of the electromagnetic field strength
attenuation in both short and long-distance transmissions, pro-
viding invaluable insights for practical SWC implementations.
Our proposed model takes into account key system parameters
such as surface material, thickness, cavity porosity, and other
variables influencing propagation performance. This facilitates
analysis of optimal reconfigurable structures. Simulation results
validate the model’s accuracy in short-distance transmission,
thereby endorsing its effectiveness in studying surface wave path
loss over longer distances. Furthermore, our study demonstrates
the SWC superiority over traditional coaxial cable and space-
wave communication in mitigating path loss. Additionally, we
explore the impacts of various factors such as different dielectric
layers, wall materials, leakage, and pathway width on SWC
performance, providing deeper insights into designing optimal
reconfigurable structures for SWC applications.

Index Terms—Surface wave communications, reconfigurable
communication surfaces, and path loss.

I. INTRODUCTION

S FIFTH-generation (5G) networks have been deployed
globally, the journey toward sixth-generation (6G) net-
works has begun. 6G aims to deliver not only immense data
rates, hyper-reliability, low latency, and massive connectivity
but also ubiquitous connectivity, advanced sensing capabilities,
integrated intelligence and etc. To achieve some or all of these
goals, reconfigurable intelligent surfaces (RISs) have been
investigated by academia and industry due to their capability
to smartly reconfigure the wireless environment and provide
substantial gains [|]. However, RISs are prone to the double
path loss effect [2]. To mitigate this drawback, surface wave
communication (SWC) can be an appealing solution [3].
Surface wave refers to an electromagnetic wave that prop-
agates steadily along the surface of a planar conductor coated
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Fig. 1. Illustration of the surface wave excitation by an incident wave with
Brewster’s angle on a dielectric-metal surface.

with a dielectric medium [4]. Technically speaking, a higher
surface impedance allows the surface wave to tightly adhere
to the surface in a two-dimensional (2D) propagation mode
without radiation, as illustrated in Fig. 1. As a special solution
for cylindrical waves, the electric field (E-field) attenuation of
surface waves and their path loss are both proportional to the
propagation distance, specifically o< v/d and  d, respectively,
whereas the path loss of free-space waves is proportional to the
square of the distance, i.e., d? [5]. Consequently, the stable,
low-loss propagation along surfaces motivates the widespread
application of surface waves in various domains, including
wireless communications and others [3].

Surface waves have been proposed as a viable solution for
achieving high-speed communication and data transmission
in Network-on-Chip (NoC) systems. By integrating multiple
micro-antenna units on the chip, surface waves can be utilized
to establish flexible and stable communication paths between
nodes [6], [7]. In the rapidly growing field of wearable devices,
electromagnetic wave propagation is also increasingly directed
towards establishing more stable propagation paths directly on
clothing surfaces. The use of surface wave antennas has the
potential to enhance information transmission and reception
between the human body and the surrounding environment [8],
offering novel solutions for smart health monitoring, Internet
of Things (IoT), and personal communication.

Furthermore, the emergence of surface wave-enabled liquid
antennas has also been proposed for 6G networks [9], [10].
Specifically, surface wave can be adopted as a technology to
flexibly connect dynamic-position radiating elements to the
radio-frequency chains, thereby offering additional degrees of
freedom to wireless communication systems [11], [12], [13].
This antenna technology also holds potential applications in
communication, radar, and wireless sensing [13]. Additionally,
in industrial environments, surface waves are being explored
as an alternative to cables to reduce overall lifecycle costs.
Utilizing surface waves for signal and energy transmission
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in industrial equipment and systems can lower the use and
maintenance costs associated with cables, while enhancing
system reliability and flexibility [14].

The study of surface waves spans a lengthy history, with
early research exploring a variety of surfaces including on
planar surfaces [15], corrugated surfaces [16], elastic surfaces
[17], stepped surfaces [ 18], and curved surfaces [19]. In recent
years, attention has shifted towards metasurfaces which offers
the unique capability of manipulating surface waves effec-
tively. Metasurfaces, designed with subwavelength structured
units, provide control over crucial parameters such as phase,
amplitude, and polarization. These parameters significantly
influence the propagation direction, scattering behavior, and
refraction characteristics of surface waves [20], [21], [22].

Metasurfaces can be categorized into two types: isotropic
and anisotropic [23], [24], [25]. Anisotropic metasurfaces us-
ing specific materials, can effectively minimize the scattering
losses of surface waves occurring at sharp angles in physical
environments [26], [27]. On the other hand, isotropic periodic
metasurfaces printed on grounded dielectric substrates enable
nearly perfect conversion of incident space waves into surface
waves [28], [29], [30]. By controlling the surface properties, it
is also possible to achieve perfect conversion from transverse
magnetic (TM) surface waves to leaky waves, realizing ideal
leaky wave antennas and similar devices [31].

Conversely in the opposite direction, metasurfaces can be
employed to convert surface waves into space waves [32].
Moreover, three-dimensional (3D) frequency-selective surfaces
with periodic rectangular frameworks can be used as planar
filters for surface waves, effectively restricting the transmission
channels of surface waves. This structure supports the propa-
gation of parallel-polarized surface waves in specific channels
within a desired frequency range, exhibiting an excellent
band-pass frequency response [33]. Therefore, metasurfaces
offer significant potential for achieving directed propagation,
suppressing scattering, transforming wave characteristics, and
enabling frequency selectivity of surface waves.

Inspired by these advantages, [3], [19] outlined the applica-
tions of surface waves for both indoor and outdoor environ-
ments. Specifically, metasurfaces were proposed as efficient
media for converting between space waves and surface waves.
For outdoor environments, the deployment of metasurfaces on
buildings was suggested to readily capture space waves from
the environment and convert them into surface waves. These
surface waves are then guided along predetermined pathways
and reconverted back into space waves to beamform toward
specific users. This approach offers substantial compensation
for severe double path loss effect and propagation paths that
are blocked by obstacles [19]. For indoor environments, meta-
surfaces could be utilized in a similar manner by strategically
placing them to facilitate multiple reflections of wireless sig-
nals and propagation through surfaces, thereby simultaneously
enhancing signal strength and reducing interference [3].

Besides, a reconfigurable surface wave platform has recently
been proposed in [34]. This platform utilizes liquid metal,
such as Galinstan, to generate highly efficient and adaptive
pathways for surface wave transmission. Additionally, a per-
forated surface has been considered, in which electrical small

size cavities are uniformly distributed and can be selectively
filled with liquid metal through digitally controlled pumps
[35]. Despite the increasing popularity of technology for
intelligently manipulating surface waves, an analytical model
to compute the electromagnetic variation of the surface waves,
including the effects of distance, surface materials, thickness,
and other variables, is missing in the lterature.

Thus far, existing research has not provided any method
to directly assess the loss of surface waves, both inside and
outside of the guided pathway. The implications of multiple
signal propagation phenomena, such as reflection, refraction,
and attenuation, further complicate this issue. Consequently,
studying surface waves in the context of wireless commu-
nications is very challenging, if not impossible, because the
characteristics of surface waves are not well understood.

To overcome this challenge, we propose a novel analytical
model utilizing the multi-ray tracing method. Surface wave
ray tracing is a method that calculates the propagation of light
rays in the environment [36]. It can be adopted to analyze the
multipath effects and attenuation under various environmental
conditions and optimize the performance of communication
systems. In this paper, we consider the propagation of Zenneck
surface waves on a flat surface, focusing on the propagation
paths and field strength superposition of surface wave rays in a
metal wall pathway. Zenneck surface waves are characterized
by their ability to concentrate energy on the surface through
impedance adjustment of the medium, achieving low losses
and high propagation efficiency [4], [37]. The main contribu-
tions of this paper can be summarized as follows:

o By utilizing the multi-ray tracing method, we propose a
novel analytical model for expressing the surface wave
electromagnetic field. Unlike conventional simulations,
our model provides analytical insights into the relation-
ship between surface wave E-field strength attenuation
and propagation distance both inside and outside the
guided pathway. This capability facilitates performance
analysis in future research endeavors for SWC.

o We validate the accuracy of the proposed model through
3D computer simulation technology (CST) simulations at
the millimeter scale. Compared to CST simulations, our
model significantly expedites the path loss computation.
As such, the proposed model can be effectively applied
to long-distance transmission at the meter scale, which is
otherwise computationally infeasible through simulations.
The application to long-distance transmission enables us
to quantitatively demonstrate the superiority of SWC over
coaxial cable and space-wave communication.

o Moreover, our proposed model comprehensively accounts
for various critical parameters, including different dielec-
tric layers, wall materials, and path widths, all of which
influence propagation performance. This ensures a high
degree of accuracy in our analyses. As demonstrated later
in this paper, the numerical results closely match the
simulation results, indicating that our model can reli-
ably provide accurate insights into optimal reconfigurable
structures for SWC applications.

o Analyzing the electromagnetic wave behavior in metal
pin walls is highly complex. Nevertheless, our proposed

Authorized licensed use limited to: University College London. Downloaded on September 11,2024 at 09:05:18 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2024.3454017

IEEE XXX, VOL. XX, NO. XX, FEBRUARY 2024

model can accurately predict the E-field strength of the
metal pin configurations, serving as a robust reference for
evaluating surface wave performance on reconfigurable
surfaces. This is extremely beneficial as metal pin walls
recently show significant potential in reconfigurable sur-
faces, where fluid metals can be dynamically injected into
metal cavities to alter the direction of surface waves.

The remainder of this paper is organized as follows. Section
II introduces the proposed analytical model for SWC. Section
IIT then discusses the numerical and simulation results, and
the conclusion is presented in Section IV.

II. ANALYTICAL MODEL FOR SWC

Here, we present the analytical model based on the surface
wave ray tracing method. Specifically, we discuss the geometry
of the straight guided pathway, the signal superposition within
the guided pathway, and outside the guided pathway.

A. The Geometry of Straight Guided Pathway

In this paper, we propose an analytical model to calculate
the theoretical power distribution at predefined measurement
points. This model helps evaluate the path loss experienced by
surface waves along a designated pathway.! To facilitate the
mathematical analysis, the pathway is conceptually simplified
by replacing the columns of cylindrical metal pins with two
complete metal walls [38], as depicted in Fig. 2. This simpli-
fication concentrates the propagation of surface waves along
the guided pathway and restricts the surface wave propagation
spreading beyond the boundaries of the pathway.

Our investigation is primarily concerned with the interface
between the air and dielectric layer, i.e., the yz-plane where
xz = 0. The center endpoint of Transducer 1, serving as
the source of the surface waves, is positioned at the origin
(0,0,0) in the zyz-coordinate system. Within the pathway,
a targeted measured point is assumed to be located at the
coordinate (0, yo, zo ). Moreover, two parallel columns of metal
walls are embedded in the dielectric-metal surface, extending
along the +z-direction and aligning parallel to the transducer.
These walls are modeled as metal plates with an electrical
conductivity of o,, a length of [,, and a width of w,,.
The bottom of the metal walls maintains contact with the
metal ground. The separation between these two metal walls,
denoted as w,,, defines the width of the guided pathway. To
ensure that extraneous boundary conditions do not impact
the electromagnetic field strength at the air-dielectric layer
interface, the height of the metal walls is slightly higher than
that of the dielectric layer. Additionally, the left initial ends of
the metal walls are aligned with the y = 0 axis, eliminating
any gaps between the metal walls and the emission aperture
of the transducer along the +z-direction. This effectively
prevents additional leakage of surface waves from gaps.

IFor clarity, this paper refers to ‘path’ as the trajectory of the surface wave
ray excited by the transducer from the source point to the measured point,
while ‘pathway’ refers to the specific channel created by the guided metal
walls for surface wave propagation.

2As verified later in this paper, such simplification is possible since the
propagation of metals pins and metal walls are similar.

The surface wave rays are emitted from Transducer 1 at
(0,0,0). Theoretically, these rays propagate outward in the
yz-plane, forming a semi-circular region centered around the
transducer as they extend from the source point. The path
travelled by the surface wave ray from the source to the
measured point, representing the propagation trajectory, is
denoted as path m € N*. In this model, there are infinitely
many paths, and thus m ranges from 1 to +o00. As shown in
Fig. 2(a), there exists a direct surface wave path between the
source point and the measured point, resembling a line-of-sight
path. This unique path, identified as path 1, stands out because
the remaining paths require reflection between the two metal
walls to reach the measured point. For example, considering
a single reflection, the surface waves in path 2 and path 3,
originating from the source point, will reflect at the inner sides
of the upper and lower metal walls, respectively, at reflection
points A and B, before reaching the measured point.

Fig. 2(b) depicts the surface wave rays of paths 1-3 within
the two layers of metal walls, illustrating the distribution of
the field strengths. As the surface wave propagation direction
in each path is not solely in the +z-direction anymore, the
surface wave equation in [39] for the field strengths needs to
be re-derived accordingly. Here, the E-field component Ep is
defined as the component along the direction of propagation,
while H, represents the H-field component. It is worth noting
that the direction of E, remains unchanged as it stays aligned
with the 4-z-direction. Consequently, for any surface wave in
path m, their field strengths can be rewritten as

1
Vim

Ae_'YdeL e_'meeJWtQm7

H,=4%

By=d_ 2 — Vj'wao Ae™wim = edt,, (1)
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P p\/dm.jW50 Qm

where d,,, represents the surface wave ray propagation distance
in each path m and A is an initial amplitude constant, which
can be set as 1 for ease of calculations. Furthermore, 0, &, and
P denote the corresponding unit vectors for the field strengths.
The parameters -y, and +y, represent the propagation coefficient
along the direction of wave propagation and the +z-direction,
respectively, while e/“* is the complex exponential function
and can be omitted in subsequent derivations. It should be
noted that ()., is defined as a set of factors that account for
the influence of multiple reflections along path m from the
source to the measured point on the values of field strengths.

As seen in Fig. 2(c), the surface wave rays of the direct
path 1 and the reflected paths 2 and 3, each with different
phases and magnitudes, converge at the measured point and
undergo superposition of field strengths. Here, k1, ko and
’213 represent the direction of the wave vector. In general, the
magnitude of E, is much larger than that of Ep, which is
determined by the values of v, and -y,. Therefore, in the ray
tracing model and simulations, the power of E, in dB can
be considered as the power of the surface wave. Furthermore,
since the field strength of E, always aligns with the z-axis
rather than varying in the yz-plane like Ep and H, with
respect to path m, we focus on the superposition of E,. This
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Fig. 2. (a) The geometry of the straight guided pathway created by two complete metal walls embedded into the surface for analyzing the surface wave rays
in different propagation paths from the source point (0, 0, 0) to the measured point (0, Y0, 20); (b) The distribution of the field strengths of surface wave rays
in paths 1-3 within the two layers of metal walls; (c) Their E at the measured point.

simplifies the mathematical analysis as the vector notation can
be omitted, and E, can be treated as a scalar directly.

B. Signal Superposition Inside the Pathway

The number of reflections experienced by the propagation
path is denoted as n € IN. Fig. 3 illustrates several examples
of paths ranging from n = 0 to +o0 in the yz-plane. Let w;
and wo represent the distances from the source point (0,0)
to the lower and upper metal walls, respectively, where w; +
we = wp. As mentioned earlier, there is only one line-of-
sight path between the source and the measured points that
undergoes no reflection. Therefore, when n = 0, only path 1
exists. The propagation distance of path 1 can be computed as
di1 = \/y2 + 22, given that the coordinates of the source and
the measured points projected onto the yz-plane are (0,0) to
(yo, 20), respectively, as shown in Fig. 3(a).

When n > 1, there are exactly two distinct paths labeled
as 2n and 2n + 1, as further depicted in Figs. 3(b)-3(f). For
example, when n = 1, only paths 2 and 3 are present, and
when n = 2, only paths 4 and 5 exist. This pattern continues
for higher values of n due to the fixed incident angles 65,, and
Oan+1 associated with path 2n and path 2n + 1, respectively.
Furthermore, each of these paths has a specific propagation
distance. Using trigonometry, we can conclude that for any
integer value n > 1, the incident angles and propagation
distances of paths 2n and 2n 4 1 can be derived as (2) and
(3), respectively (see bottom of next page).

In (2) and (3), the notation ‘mod’ represents the modulo
operation. The incident angles 05, and 62,41 are constrained
to the range (0,7). Note that as n approaches infinity,
these incident angles, 62, and 6o, 1, approach infinitesimally
small values, while the propagation distances, ds,, and day,+1,
approach infinity. Fig. 3(f) illustrates the distribution of the
incident and reflected E-field and H-field components of the

surface wave ray on the metal wall during a single reflection.

By applying the boundary conditions, the reflection coeffi-
cient of the TM mode surface wave can be derived as

€08 Oy — \/€w /€0 — sin® O,
R (0m7 Uw) = )
08 Oy + 1/ €w /€0 — sin? O,
_ 40w

where €, = —J o, 0., is the common incident angle, and ¢,,
denotes the permittivity of the metal walls, which is defined
by its electrical conductivity o,,. We can see that the reflection
coefficient, R (0., 0w ), is primarily dependent on the incident
angle and the electrical conductivity of metal walls.

As discussed earlier, the surface wave rays are excited
from the source point, forming a semi-circular region centered
around the transducer. The field strength of the surface wave

“4)

ray varies with different propagation directions, i.e., 5 — 0.
The magnitude of the variation can be computed as [41]
Ywg (T — 260,
C (6) = cos 2o (™ = 20m) 5)

14\ ’
where A\ denotes the wavelength of operating frequency and
w, denotes the aperture width of a rectangular transducer.

As a result, the E, in (1) at the measured point (yg, o)
can be reformulated within this model by considering multiple
surface wave rays. For n = 0, E, ; exists in path 1. For n > 1,
E, 2n and E, 9,11 exist in path 2n and path 2n 4+ 1, respec-
tively. Furthermore, the set factor Q,,, = R™ (01, 0uy) C (01,)
should be taken into account, which leads to

’yp 1 —vpd1  —YzT
E, = A- —C (0y) e PN e V2T n=>0
! jozo v C
Tp 1
Eion = A- C (02,
: Juoeo V02
x R" (Ogmau})efﬁh’d%e*%x, n>1
Tp 1
Eronyr= A———=C(02n
2n+1 JIRE— (02n+1)
X R"™ (Bgpi1,00) e wd2nt1e=0e® = >
(6)

where R"™ (6,,,0,) gives the cumulative impact of n succes-
sive reflections on the surface wave ray within the walls.
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Fig. 3. The illustration of the surface wave rays in propagation paths within the metal wall after (a) 0, (b) 1, (c) 2, (d) 3, (e) 4 and (f) n times reflection and
its E-field and H-field components distribution at a reflection point.
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Furthermore, the cumulative F-field strength at the mea-
sured point, i.e., E; ., is a superposition of the F, ,, for all
the rays that arrive at the measured point through different
paths m. Therefore, E, . can be modeled as

o
E;z,c = Ew,l + Z (E;C,Zn + Ex,2n+1) . (7)
n=1

Recall that as n approaches positive infinity, the incident
angles, 0o, and 0,1, become infinitely small, while the
propagation distances, ds,, and da,+1, become infinitely large,
as evident in (2) and (3). These infinitely large propagation
distances give rise to an infinite decay in path loss, causing the
E-field values to diminish significantly and become negligible.
Consequently, E, . will converge to a specific value.

To derive the relationship between the propagation distance,
d, and the cumulative E-field strength, E, ., we consider
the scenario where the source and measured points are both
positioned along a line, which is midway between the two
metal walls. In other words, we have w; = wy = %, Yo =0,
and zp = d; = d. By substituting these values into (2) and
(3), we can obtain the incident angle and distance as

4
\/nPws + d? (8)
doy, = d2n+1 =/ nzw% + d2.

Substituting (6) and (8) into (7), the cumulative E-field
strength can be obtained as

02, = 02,11 = arctan

E;c,c = Ea:,l + 2 Z Ea:,2n

n=1

1 > 1
— A — e 1N s
jweo | 2vd — v

x C | arctan | ——————
\ /n2wg + d?
n d — YT
x R™ | arctan , 0w e =T (9)

\/nPw2 + d?

As seen in (9), the accumulated E-field strength at the consid-
ered measurement point is closely related to the propagation
distance d. In particular, a larger d implies a smaller E-field
along each path, leading to a reduced total accumulated E-
field strength. Furthermore, we can observe the characteristics
of the propagating surface and the relationship with the FE-
field strength. For instance, a wider pathway width, w),, results
in decreased cumulative strength, indicating higher energy
dispersion and a lower power spectral density per unit space.
On the other hand, greater electrical conductivity of metal
walls corresponds to a higher E-field within the pathway.

C. Signal Superposition Outside the Pathway

The signal of surface waves outside the metal walls can
also be calculated using the proposed analytical ray tracing

model. Fig. 4(a) illustrates the placement of the measured point
(Yo, 20) outside the walls, where it is observed that the surface
wave ray in path 1 directly traverses the lower metal wall from
the source point to reach the measured point. In Fig. 4(b),
the ray in path 2 undergoes single reflection at the wall and
continues its propagation to reach the measured point. Note
that n € N is similarly defined as the number of reflections,
and Figs. 4(c)—4(f) provide the equations of the incident angles
and propagation distances for different surface wave paths.

In contrast to the scenario within the metal walls discussed
in the previous section, it is important to emphasize that
outside the metal walls, each value of n corresponds to only
a single propagation path, rather than two, due to its unique
trigonometric properties. Fig. 4(f) presents the distribution of
the E-field and H-field components at the transmission point
on the wall. It can be observed that the incident surface wave
undergoes two refractions before traversing the metal wall to
reach the measured point. The transmission coefficients for the
two refractions can be denoted as 77 and 75. Note that the
width of the wall, denoted as w,,, is usually much smaller than
the wavelength. Hence, its influence on practical calculations
of propagation distance is negligible. As a result, the incident
angle and propagation distance can be obtained as

B
Yo + nwy
d;+1:\/(y0+nwp)2+z§, n>0.

As shown in Fig. 4(f), the transmission angle 6; can be
determined using Snell’s law, given by

. o .
0; = arcsin | ,/—sinf/, | .
Ew

Based on the electromagnetic boundary conditions, the trans-
mission coefficients 7 and 7% can be obtained as

0., = arctan (
(10)

Y

2cos !
i (G'lmv Ow) = /
costy, + /54 — sin? 0!
2cosf (12)
T (eina O'w) = .

cos O + /=% — sin? 0,
V ew

It can be observed that both 7} and 15 can be written as
equations involving the incident angle ¢/, and the electrical
conductivity of the metal walls o,,. Consequently, the equation
for £}, ,,, in path n+1 at the measured point, after n reflections

and two refractions, can be expressed as
/ p 1 /
= A- —0
z,n+1 jweo \/ﬂ ( n+1)
X R" (07,41, 00) Ty (0115 0w)

/ —~pd! — Yz T
x Ty (9n+1,aw)e Tplnt1e™ Vel

n>1(3)

The cumulative F-field strength E, , for all the rays that arrive
at the measured point along different paths is written as

00
! 7}: /
E:t,c - Em,n+1‘
n=0

In Fig. 4(a), 0, is defined as the tilted angle included between
the z-axis and the line connecting the source and target points.

(14)
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Fig. 4. The illustration of the transmitting surface wave rays in propagation paths outside the metal wall after (a) 0, (b) 1, (c) 2, (d) 3, (e) 4 and (f) n times
reflection and its E-field and H-field components distribution at a transmission point.

Subsequently, the values zy = dcosfy and yy = dsinfy can
be substituted into (12) and (13). By simplifying the E-field
strength in (14), we obtain

! :iEI

x,n+1

1
= ]UJEQ § : \/d51n90+nwp)2+d2 cos? 6

x C | arctan ﬂ
dsin 0y + nwy,

x R™ [ arctan d cos o
dsin 0y + nw, 0o + nw,

x Ty | arctan d cos bo
dsin 0y + nw, 0o + nw,,

x Ty | arctan d cos bo
dsin 0y + nw, 0o + nw,,

> ef'yp\/(d sin 00+nwp) +d? cos? 09 e~ 1=T (15)

By inspecting (15), we can observe that the value of E;c,c
along the path outside the measurement point is also influenced
by the propagation distance d. Similarly, a larger d leads to a
reduced total accumulated E-field strength. The width of the
pathway, w,, affects the F-field strength, as it increases the
path length, thereby causing greater attenuation and resulting
in reduced cumulative E-field. In contrast, higher electrical

conductivity of metallic walls increases the F-field outside the
pathway. A comparison of the E-field between the interior and
exterior paths will be discussed in subsequent results.

III. RESULTS AND DISCUSSION

In this section, we provide the 3D electromagnetic simu-
lation results using the CST software to validate the derived
expressions for E,. The simulations are conducted at an op-
erating frequency of 26 GHz, and we use WR-34 rectangular
waveguides with dimensions of height h, = 4.318 mm and
width w, = 8.636 mm as the transducers. As illustrated in
Fig. 5(a), Transducer 1 serves the transmitter while Transducer
2 acts as the receiver, positioned at opposite ends of the
dielectric-metal surface. A copper plate with a thickness of
hym = 0.05 mm is employed as the metal ground.

To investigate the impact of different dielectric layers on
surface wave propagation, low-loss Polytetrafluoroethylene
(PTFE) (g,1 = 1.8, tand = 0.00005 at 26 GHz)> and lossy
PTFE (g,2 = 2.1, tand = 0.0002 at 26 GHz) are chosen as

3Dielectric loss, the imaginary part of the dielectric constant, of a dielectric
material is represented by jeoe, tand with g9 being the permittivity of free
space and ¢, being the relative permittivity, which indicates the energy loss
converted into heat when the material is subjected to an electromagnetic field.
By analyzing the propagation constant -y, of the electromagnetic field, the loss
tangent tan ¢ dictates the magnitude of the E-field strength. That is, materials
with higher dielectric loss tangent factors experience greater attenuation in E-
field strength due to more dielectric losses [4], [40].
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the dielectric layers. For a fair comparison, their thicknesses
are set to hg; = 2.95mm and hgy = 2.50mm to achieve
the same surface impedance Z; of j270(2. This impedance
value can theoretically enhance the excitation efficiency of
surface waves [41]. Additionally, two parallel metal walls
with a width of w,, = 1mm are integrated into the surface
to guide the propagation of surface waves. Different wall
materials, including perfect electric conductor (PEC, o, = 00),
copper (0. = 59.6 x 105 S /m), and Galinstan (as fluid metal,
o4y = 3.46 x 109 S/m), are investigated to examine their
influence on the surface wave propagation.

We consider three pathway widths: 9mm, 11mm and
13mm. The E, values are measured using multiple sampling
probes along the central axis in the +z-direction of the prop-
agation pathway. In short-distance transmission, the measured
range, referred to as the propagation distance d, spans from
100 mm to 2000 mm (2 m), with the position at 100 mm serv-
ing as the normalized reference point, while in long-distance
transmission, the propagation distance ranges from 0.1m to
50 m. Note that the E-field strength at the normalized point is
set to 0 dBm. As the propagation distance increases from this
reference point, the E-field strength diminishes, resulting in
negative values. This decline reflects the propagation losses. In
subsequent results, the y-axis, representing the E-field strength
in dB, predominantly shows negative values. The parameter
values used in the simulations are summarized in Table I.

A. Inside Pathway in Short-Distance Transmission

In Fig. 5, we present simulation results for a range of surface
configurations, demonstrating the propagation characteristics
of surface waves in a surface composed of surface-only,
Galinstan wall pathway, and Galinstan pin pathway (the porous
surface platform in [34]). The surface-only model in Fig. 5(b)
shows the diffusion of surface waves across the entire surface,
accompanied by a gradual attenuation of the field strength
magnitude as the propagation distance d increases. In contrast,
Fig. 5(c) demonstrates that the pathway formed by Galinstan
walls effectively concentrates the propagation of surface waves
within the pathway while preventing their transmission be-
yond the Galinstan walls. Similarly, the pathway composed
of Galinstan pins exhibits comparable behavior as seen in
Fig. 5(d). These findings highlight the similar electromagnetic
interaction between solid metal walls and metal pin pathway.

Fig. 6(a) illustrates the simulated values of F, obtained
from the sampling probes along the PEC, copper, and Galin-
stan wall pathways in the low-loss PTFE surface. Numerical
results of the analytical ray tracing model are also pre-
sented for comparison. The results from simulations indicate
that at a distance of 2000 mm (corresponding to 173.3 A
at the operating frequency of 26 GHz), the surface wave
in the Galinstan wall pathway (with electrical conductivity
o, = 3.46 x 10°S/m) experiences only a loss of 1.6dB,
resulting in a path loss of 0.8 dB/m. Meanwhile, PEC walls
(0, = 00) results in a path loss of 0.5 dB/m, and copper walls
(0. = 59.6 x 105 S/m) leads to a path loss of 0.6dB/m.
It is evident that the path loss of the surface wave in the
pathway is inversely proportional to the electrical conductivity

8
Guided Metal (Galinstan) walls
Transducer 2
X
on ) z f=26GHz
ag?tO" (@35 T
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..... (k)
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__________________________________________________ n

Fig. 5. (a) A surface geometry featuring the guided metal walls and the
simulation results for a range of surface configuration models including; (b)
surface-only, (c) Galinstan wall pathway, and (d) Galinstan pin pathway.

Transducer 1

Cavities Galinstan pins

TABLE 1

PARAMETERS USED IN ANALYTICAL MODELS AND SIMULATIONS
Parameter Value
Operating frequency, f 26 GHz
Transducer (WR-34) frequency band, f; 22 — 33GHz
Height of transducer aperture, h, 4.318 mm
Width of transducer aperture, wq 8.636 mm
Relative permittivity of the dielectric layer, €, 1.8,2.1
Thickness of the dielectric layer, hy 2.95mm, 2.50 mm
Surface impedance, Zs 72709
Loss tangent, tan ¢ 0.00005, 0.0002
Pathway width, w 9,11,13 mm
Thickness of the metal ground, A, 0.05 mm
Length of the metal wall, [, same with d
Width of the metal wall, w,, 1 mm
Time of reflection, n 10000

Tilted angle, 69 5°

Propagation distance, d 100 — 2000 mm,
0.1 —50m

Radius of cavities/ metal pins, 7 0.5 mm

Cavities center-to-center separation, we 2mm

Electrical conductivity of PEC, o) 0o

Electrical conductivity of copper, o 59.6 x 10 S/m
Electrical conductivity of Galinstan, og 3.46 x 10 S /m
Permittivity of free space, €g 8.854 x 10712 F/m
Permeability of free space, po 47 x 10~7 H/m
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Fig. 6. Numerical and simulation results for surface waves guided by the
PEC, copper, and Galinstan wall pathway in the (a) low-loss PTFE surface
and (b) lossy PTFE surface within a distance d from 100 mm to 2000 mm.

of metal walls. Nevertheless, the differences in path losses
among the different wall materials are negligible. Therefore,
the influence of wall material on path loss can be disregarded
for short-distance transmissions. In addition, by comparing
Figs. 6(a) and 6(b), it is obvious that the utilization of low-
loss tangent PTFE (tand = 0.00005) leads to reduced path
loss in each metal wall pathway compared with lossy PTFE
(tan é = 0.0002). This observation suggests that the selection
of a low-loss dielectric layer can effectively reduce path loss.

In the numerical results, it should be noted that the number
of reflections, n, is set to 10000 to ensure the convergence
of the cumulative F-field strength E, .. It is evident that the
numerical values exhibit a slight elevation of up to 0.05dB/m
compared to the simulation values. This discrepancy can be
attributed to the presence of standing waves in the simulation,
which leads to a slightly lower field strength. Additionally, in
the simulation environment, the transducers deviate from the
ideal point sources described in the surface wave ray tracing
model, resulting in minor disparities between the two sets of
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-#surface wave between Galinstan walls —-coaxial cable (Sucoflex-103)
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Fig. 7. Numerical results for surface waves within the PEC, copper and
Galinstan walls in the (a) lossless PTFE surface with tand = 0, (b) low-
loss PTFE surface with tan d = 0.00005, and (c) lossy PTFE surface with
tan é = 0.0002 in long distances. The results for surface wave in the surface-
only model, coaxial cable, and space wave are presented for comparison.

results. However, these discrepancies are deemed negligible.

Moreover, we see that the numerical results match closely
with the simulation results, thus validating the effectiveness of
the ray tracing model and the accuracy of the derivations. This
validation ensures that the model can be used to predict the
surface wave path loss at various scales, particularly over long
distances, as discussed in Section III-B where simulations are
conducted up to 50 m. It is noted that current simulation soft-
ware, such as CST, often faces challenges in providing precise
outcomes in scenarios involving long-distance propagation. In
some cases, these software may even fail to produce results
in a simulated environment with extensive distances. Further-
more, the utilization of mathematical calculation tools like
matrix laboratory (MATLAB) enables nearly instantaneous
computation time for the ray tracing model, while performing
equivalent simulations in CST to obtain similar results would
require a much longer duration (e.g., days). This highlights the
advantages associated with the adoption of the surface wave
ray tracing model presented in this paper.

B. Inside Pathway in Long-Distance Transmission

Fig. 7 presents the numerical E-field values of the PEC,
copper, and Galinstan wall pathways across a range of long-
distance transmissions, spanning from 0.1m to 50m. As
depicted in Fig. 7(a), when ideal low-loss PTFE (tan é = 0) is
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Fig. 8. Numerical and simulation results for surface waves beyond the copper
and Galinstan wall pathways with a titled angle 0p = 5° in 500 mm.

used as the dielectric layer, the F-field attenuation within the
PEC, copper, and Galinstan wall pathways is approximately
—1dB, —4dB, and —14dB at 50 m, respectively. Also, the
surface-only model, which considers only surface waves,
shows an E-field attenuation of 44 dB. In contrast, the atten-
uation of coaxial cable and space waves are more pronounced,
exceeding 80 dB. Note that the surface-only structure refers to
a dielectric-metal flat configuration without metal walls. The
dielectric used is PTFE with different loss tangents, while the
metal ground is copper, as illustrated in Figs. 1 and 5(b). Note
that this structure was also used in existing literature [35].

Figs. 7(b) and 7(c) compare the numerical E-field values
based on low-loss (tan § = 0.0005) and lossy PTFE (tan§ =
0.00002), respectively. It is worth noting that the loss tangent
tand of these three materials differ. It is evident that the
metal walls still provide significant gains. However, as the
propagation distance increases, the path loss becomes notably
higher and can no longer be neglected as in the short-distance
scenarios. Nevertheless, the path loss within the surface wave
pathway remains significantly lower as compared to coaxial
cable and space wave propagation. In short, the consistency
between the predictions of the surface wave ray tracing model
and the simulation results, along with its performance in long-
distance transmission scenarios, validates that the metal wall
pathway has the ability to achieve much lower propagation
losses compared to other transmission methods.

C. Outside Pathway in Short-Distance Transmission

Fig. 8 presents the numerical and simulation results where
the measured point or sampling probe is positioned outside
the metal walls. The tilted angle is 5°. The simulations reveal
that the E-field values outside the copper wall pathway are ap-
proximately —71dB, while the values for the Galinstan walls
are around —58 dB. Notably, the field strength values outside
the pathway are significantly lower, exhibiting a difference of
approximately 50 dB compared to the values within the path-
way. This observation highlights the metal wall’s capability to
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Fig. 9. The numerical and simulation results for surface waves with a pathway
width of (a) wp = 9mm, (b) wp = 11 mm, and (¢) wp = 13 mm.

effectively concentrate the surface wave propagation, resulting
in notable gains along the guided pathway.

The significant attenuation of the surface wave signal on
the outer surface of the copper wall underscores its strong
shielding capability. In contrast, the Galinstan wall, with its
lower electrical conductivity, demonstrates a relatively higher
level of surface wave leakage. This indicates the potential to
select wall materials based on specific application require-
ments, enabling the achievement of either complete blockage
or controlled leakage of surface waves.

Furthermore, it is worth mentioning that the numerical
results are slightly lower, approximately 3 dB, compared to
the simulation results. This discrepancy can be attributed to the
consideration of wave reflections in the simulations, leading
to an increase in received power at the receiver. In short,
these findings provide evidence for the practical feasibility
and utility of metal walls in effectively preventing surface
wave propagation in undesired directions. This ensures that
the desired signal propagates effectively in the pathway, while
minimizing the potential interference outside the pathway.

D. Effect of Pathway Width

As demonstrated in Fig. 9, the pathway width, w,,, between
the metal walls also affects the surface wave propagation
to a certain extent. In particular, surface waves of various
pathway widths experience a similar linear attenuation effect
ranging from 100 mm to 2000 mm, with their E-field values
being attenuated by approximately 1.5 dB. However, the key
distinction lies in their initial £-field values. For example, with
wp = 9mm, the initial E-field value is set to 0dB, which
acts as the normalized reference point. When w, = 11mm,
the initial FE-field value decreases to —1.7dB, and when
wp = 13 mm, the initial E-field value decreases to —3.3 dB.
These findings demonstrate that narrower pathways effectively
concentrate surface wave propagation, thereby mitigating the
initial attenuation at the starting position. This behavior arises
due to the confinement of surface waves within narrower
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pathways, resulting in more focused propagation. However,
it is important to note that excessively reducing the pathway
width is not a feasible strategy for achieving higher gains
within the pathway. As appended in Fig. 9, a pathway width
smaller than the transducer aperture width results in surface
wave leakage into the outer field, preventing the complete
concentration of surface wave energy within the pathway
and reducing the F-field strength. Therefore, we recommend
selecting a pathway width as close as possible to the transducer
aperture width. An optimal pathway width, ideally approx-
imating or slightly exceeding the transducer aperture width
denoted as w,, ensures concentrated surface wave propagation
while minimizing excessive attenuation losses.

E. Effect of Metal Wall and Metal Pin Pathways

Fig. 10 illustrates the E-field decay characteristics in Galin-
stan wall pathways and Galinstan pin pathways using low-loss
PTFE and lossy PTFE surfaces. As seen, the E-field values ob-
tained from the simulations align well with the analytical ray-
tracing model with metal walls, confirming the effectiveness
of the surface wave ray tracing model in accurately capturing
path loss within the reconfigurable surface pathways. This
suggests that the proposed ray tracing model can also be used
to simulate scenarios involving the utilization of liquid metal-
filled cavities to achieve reconfigurable surface pathways. In
the case of low-loss PTFE, it is observed that the path loss in
Galinstan pin pathways with cavities is approximately 1.70 dB
over a propagation distance of 2000 mm, exhibiting a slight
increase of approximately 0.15dB compared to the path loss
in Galinstan wall pathways of approximately 1.55dB. This
difference can be attributed to minor leakage of surface waves
beyond the pathway boundaries due to gaps between the cavi-
ties in this reconfigurable surface wave platform. Nevertheless,
the difference is negligible and can be disregarded. Similar
trends can be observed in the case of lossy PTFE. It is
important to highlight that metal pin walls present substantial
promise in reconfigurable surfaces, facilitated by the dynamic
injection of liquid metal into cavities to manipulate surface
wave propagation directions. However, the electromagnetic
analysis of metal pin walls is inherently intricate. Our proposed
model offers an approximate calculation of electromagnetic
field intensity in metal pin wall configurations, thereby pro-
viding robust reference support for assessing surface wave
characteristics on reconfigurable surfaces.

IV. CONCLUSIONS

This paper introduced a novel analytical ray tracing model
designed to accurately estimate the electromagnetic field and
path loss of surface waves within reconfigurable surface struc-
tures. Our proposed model accounts for the effects of FE-
field superposition and surface material properties, including
loss tangent, dielectric constant, and pathway width. Diverging
from traditional simulations, our analytical model offers swift
computation of surface wave electromagnetic fields. Through
validation via extensive simulation, we confirmed the model’s
accuracy in short-distance propagation scenarios, paving the
way for its evaluation in long-distance scenarios that typically
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Fig. 10. The numerical and simulation results for surface waves using
Galinstan wall or Galinstan pin pathway in the (a) low-loss PTFE surface
and (b) lossy PTFE surface.

are challenging to simulate. Our numerical findings underscore
the superiority of SWC over coaxial cable and space-wave
communications in minimizing path loss. Furthermore, our
work delves into optimal designs of reconfigurable structures
by examining the impacts of various factors such as dielectric
layers, wall materials, leakage, and pathway width. Intrigu-
ingly, our model has also extended its predictive capabilities
to anticipate the electromagnetic field behavior of metal pins
embedded within reconfigurable surfaces. Using the proposed
model and insights presented in this paper, future research
endeavors in SWC could focus on performance analysis.
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