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Abstract—Reconfigurable surfaces facilitating energy-efficient,
intelligent surface wave propagation have recently emerged as a
technology that finds applications in many-core systems and 6G
wireless communications. In this paper, we consider the porosity-
based reconfigurable surface where there are cavities that can be
filled on-demand with fluid metal such as Galinstan, in order to
create adaptable channels for efficient radio propagation. We aim
to investigate the propagation phenomenon of signal fluctuation
resulting from the diffraction of discrete porosity and study how
different porosity patterns affect this phenomenon. Our results
cover the frequency range between 21.7GHz and 31.6GHz when
the WR-34 waveguides are used as the transducers.

Index Terms—Intelligent surface, Liquid metal, Propagation,
Reconfigurable surface, Surface wave communication.

I. INTRODUCTION

Surface waves have recently gained some attention for their
efficient radio propagation and surface wave communications
has been proposed in many different applications such as on-
body communications [1], network-on-chip (NoC) for many-
core systems [2], and etc. There has also been an upsurge of
research efforts of utilizing large intelligent surfaces, mostly
referred to as reconfigurable intelligent surface (RIS), for 6G
wireless communications [3], [4]. While the current activities
concentrate on performing intelligent reflections directing to
the users of interest, [5] further discusses the potential benefits
of adopting surface waves to control interference and improve
propagation efficiency in wireless communication networks.

A strong selling point of surface wave communications is
that reconfigurable surfaces such as the one proposed in [6] are
possible so that dynamic channels or pathways can be created
on-demand to route the signals in any desirable way. In [6],
such reconfigurable surface is achieved by a porous surface
in which the cavities can be filled with conductive liquid to
form isolated pathways via digitally controlled pumps. There
is however lack of understanding of how the porosity pattern
affects the propagation performance of the surface.

Motivated by this, our aim is to investigate the propagation
characteristics of the porosity-based reconfigurable surface by
considering different porosity patterns and sheds light on what
makes a better surface in terms of signal fluctuation, which is
an undesirable phenomenon resulting from the diffraction of
discrete porosity. Our results demonstrate that a surface with
interleaved cavities performs the best in reducing fluctuation.

Fig. 1. The reconfigurable surface with cavities fillable by fluid metal.

Fig. 2. Illustration of an isolated channel on the reconfigurable surface.

* Porosity is defined as φ = Scavity/Smeasured-unit.

Fig. 3. Models with different cavity distribution densities, or porosity patterns.



Fig. 4. The electric field power (dB) results for the reconfigurable surface with (a) only the Galinstan bars channel, (b) the Galinstan bars channel with
porosity φ = 7.85%, (c) φ = 11.78%, (d) φ = 15.71%, (e) φ = 19.63%, and (f) interleaved cavities with φ = 39.26%.

Parameter Value
channel width, wc 9mm

radius of the bar and cavity, r 0.5mm
channel propagation distance, d 2000mm

inductive surface impedance, Xs j270Ω
relative permittivity of dielectric layer, εr 2.1

conductivity for Galinstan, σg 3.46 × 106 Sm−1

conductivity for copper, σc 59.6 × 106 Sm−1

operating frequency, f 26GHz
transducer (WR-34) frequency band, fb 22 − 33GHz

TABLE I
KEY PARAMETERS OF THE SURFACE.

II. POROSITY-BASED RECONFIGURABLE SURFACE

As shown in Fig. 1, the reconfigurable surface under consid-
eration has evenly distributed cavities where conductive fluid
such as Galinstan can be injected on demand. When Galinstan
fills up two rows of cavities to form a channel, isolated surface
wave propagation can be achieved, see the results in Fig. 2.
The parameters of the model are given in TABLE I.

Five models of porosity pattern, referred to as Model 1 to
Model 5, as illustrated in Fig. 3, are considered. The parameter,
wl, in the model can be changed to specify different values of
porosity which is defined as φ = Scavity/Smeasured-unit where
Scavity denotes the top area of each cavity and Smeasured-unit

is the top area of the measured unit (i.e., the rectangular area
marked in the figure). With porosity φ, the effective relative

permittivity of the surface changes and can be found as [7]

εeff
r =

εr [1 + 3εr + 3φ(1− εr)]

1 + 3εr + φ(εr − 1)
, (1)

where εr denotes the original relative permittivity. The surface
impedance then can be obtained by

Xs = 2πfµ0

(
εeff
r − 1

εeff
r

l +
∆

2

)
. (2)

where ∆ denotes the skin depth of the metal sheet, e.g., the
copper ground plane, l is the dielectric layer thickness, f is the
operating frequency and µ0 is the permeability of free space.

To have the maximum excitation efficiency, Xs should be
set to j270Ω [8]. This is achieved by adjusting the dielectric
layer thickness l appropriately to match the different porosities
for a fixed surface impedance. The corresponding values of the
parameters are presented in TABLE II.

III. SIMULATION RESULTS

To evaluate the models, electromagnetic (EM) simulations
were conducted by CST Studio Suite 2020. PTFE (εr = 2.1,
tan δ = 0.0002@10GHz) was used as the dielectric layer and
the rectangular waveguide WR-34 was used as the transducer
with a height of 2.8mm and width of 9.6mm for surface
wave transmission in this design. Fig. 4 demonstrates a set of
electric field distribution results in dB over the surface inside
the straight channel localized by the Galinstan bars. The results



Model Longitudinal
separation
wl(mm)

Horizontal
separation
wh(mm)

Porosity

φ(%)

Effective
permittivity
εeff
r

Thickness

l(mm)
0 – – 0 2.10 2.50
1 5.00 2 7.85 2.00 2.63
2 3.33 2 11.78 1.95 2.69
3 2.50 2 15.71 1.91 2.77
4 2.00 2 19.63 1.86 2.85
5 1.41 2 39.26 1.63 3.40

TABLE II
THE PARAMETER VARIATIONS IN THE COMPARATIVE MODELS.

Model Porosity
φ(%)

Fluctuation SD
σ

Path loss
L(dB /m)

0 0 0.052 1.10
1 7.85 0.297 1.12
2 11.78 0.265 1.13
3 15.71 0.221 1.10
4 19.63 0.131 1.11
5 39.26 0.070 1.12

1 SD is the standard deviation, σ =

√∑
(xi−µ)2

n
.

2 n is the number of data samples, xi is the value of each sample and µ is
the value of the local mean.

3 Path loss L is measured using the numerical mean line in each model.

TABLE III
SIGNAL FLUCTUATION AND PATH LOSS OF THE MODELS.

show much fluctuation caused by standing wave reflection and
diffraction from the cavities. To facilitate comparison, we plot
the numerical means of the models.

In TABLE III, we provide the standard deviation (SD) of the
electric field fluctuation, σ, and the path loss of each model.
As can be observed, the fluctuation SD, σ, decreases gradually
from 0.297 to 0.070 from Model 1 to Model 5 as the surface
porosity increases from 7.85% to 39.26%, suggesting that a
surface with denser cavities helps reduce the signal fluctuation,
approaching closer to Model 0 which has a signal fluctuation
SD of just 0.052. Additionally, the discrepancy in path losses
in different models is below 0.05dB in a 2000mm propagation
distance, indicating that potential loss caused by the porosity
is negligible if the surfaces keep a same surface impedance.

We conclude this section by studying the wideband perfor-
mance of the reconfigurable surface with interleaved cavities,
i.e., Model 5. The S11 and S21 results over the frequency from
20GHz to 35GHz are presented in Fig. 5. The results reveal
that the peak, i.e., the optimum frequency occurs at 24.5GHz
with S21 of −11.6dB. Moreover, the half-power bandwidth
is measured to be located from 21.7GHz to 31.6GHz which
may be only limited by the cut-off frequency of the trans-
ducer at 22GHz and 33GHz. In summary, the porosity-based
reconfigurable surface works over a wide band although it still
needs to keep an appropriate surface impedance by adjusting
the thickness to match the different working frequencies of the
transducers on-demand.

IV. CONCLUSION

This paper investigated the impact of porosity on reconfig-
urable surfaces through EM simulations. The signal fluctuation
phenomenon was discussed while different porosity patterns
were investigated to understand how porosity would affect the

Fig. 5. The S11 and S21 simulation results for the interleaving porous surface
operating in a wide frequency band from 21.7GHz to 31.6GHz.

performance. Our results illustrated that the signal fluctuation
could be much reduced with a denser porosity pattern and the
porosity-based reconfigurable surface demonstrated promising
performance over a wide bandwidth.
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