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Passive Antenna Systems Embedded into a Load
Bearing Wall for Improved Radio Transparency

Lauri Vähä-Savo1, Alejandra Garrido Atienza1, Christian Cziezerski1, Mikko Heino1,
Katsuyuki Haneda1, Clemens Icheln1, Xiaoshu Lü2 and Klaus Viljanen3

Abstract — Providing cellular network services inside
residential or office buildings has become challenging, especially
for fifth-generation networks that use higher carrier frequencies.
Additionally, new energy-efficient buildings contain envelopes
such as low-emissivity glass and new multi-layer thermal
insulations, all of which – unintendedly but effectively – also
block radio signals. As a solution to those problems of indoor
coverage, we suggest the use of passive antenna systems embedded
into the building walls. We propose a numerical evaluation
method for determining the electromagnetic transmission
coefficient and the thermal insulation of a typical building wall.
Next, we investigate two antenna configurations embedded to
the wall, a two-patch and a four-patch design, both operating
around 3.5 GHz. We show from numerical simulations that
those antenna systems increase the transmission coefficient of
the wall. At the same time, we show that the four-patch design
does not compromise the thermal insulation of the wall.

Keywords — Antenna systems, energy efficient buildings, radio
transparency, thermal transmittance.

I. INTRODUCTION

Ensuring cellular radio coverage is a prerequisite in
realizing ubiquitous wireless services and applications. Among
different environments where cellular radios have to provide
sufficient quality of services, in-building sites have become
a very challenging environment nowadays, according to a
subjective survey [1]. The problem becomes more serious
in energy-efficient buildings equipped with highly insulated
envelopes and well-sealed structures, e.g. thicker insulation
layers, multi-layer heat insulation systems, low-emissivity
glass, air-tight windows, and radiant barriers, all of which
are also more effective in blocking radio signals [2], [3].
The energy efficiency in national and international building
regulations has become significantly stricter in recent years
toward the zero-energy goal as a standard practice by 2030 [4],
making indoor cellular coverage by outdoor base stations even
more difficult.

The challenge of indoor coverage has been addressed
by several recent research activities that propose active and
passive solutions. Active ones include indoor base stations,
e.g., [5], and active repeaters, e.g., [6], [7], while passive
ones are low-emissivity windows with frequency selective
surfaces that allow microwave signal penetration [8] and
signal slots [9], [10]. Active solutions may need extensive
radio-frequency-over-fiber networks throughout the entire
building, along with additional electricity consumption. This
is particularly a problem in retrofitting a significant amount

of existing buildings so that they comply with the stricter
regulation of energy efficiency. Passive solutions let radio
signals propagate into the building without the need of
additional electricity. However, frequency-selective surfaces
work only for a narrow frequency band. And while windows
with slots are transparent to radio signals across wider
frequency ranges, they cannot contribute much to the coverage
in rooms without windows and to rooms farther away from
windows. Furthermore, to the best of our knowledge, there is
no commonly available design and deployment methodology
for passive repeaters, especially when they are a part of a
building and should operate over the building life cycle.

To tackle these challenges, we in this paper introduce a
concept of passive antenna systems embedded into building
walls. The antenna systems aim at letting radio signals
penetrate into low-energy buildings in urban environments
and hence improve cellular radio coverage provided by
outdoor base stations. The main contributions of the paper are
three-fold, i.e., 1) introduction of the concept of embedding
antenna systems into walls, 2) simulation methodology of
a typical wall that involves electromagnetic and thermal
aspects and finally 3) example design of antenna systems
embedded onto the wall and their electromagnetic and thermal
performance. The rest of the paper is organized as follows:
Section II describes definitions of walls in modern buildings.
Numerical approaches to evaluate electromagnetic and thermal
insulation of general wall structures are also reviewed in the
section. Section III introduces an example antenna system
design for a typical wall, and shows its electromagnetic and
thermal performance, demonstrating its improvement in radio
transparency while maintaining the original thermal insulation
of the wall.

II. ELECTROMAGNETIC AND THERMAL INSULATION OF A
LOAD BEARING WALL

Building walls generally contain four principal functional
layers. The layers are intended for controlling humidity, air,
vapour, and heat, followed by the load bearing structure.
A simple model of a typical load bearing wall structure
that we use as a reference in this paper is illustrated in
Fig. 1. It consists of a 220 mm-thick rock wool layer for
thermal insulation (layer 2) sandwiched between 70 mm and
150 mm-thick reinforced ferroconcrete for structural bearing.
Reinforcement is usually achieved with 15 × 15 cm metallic

1Aalto University School of Electrical Engineering, Finland 
2University of Vaasa, Finland 

3Aalto University School of Engineering, Finland 
lauri.vaha-savo@aalto.fi 

PREPRESS PROOF FILE CAUSAL PRODUCTIONS1



Table 1. Dimensional, electrical and thermal properties of the load bearing wall

Layer # / Thickness Relative permittivity model Thermal conductivity
Material [mm] εr in (1) [11] λ [W/(m ·K)] [12]

#1 Concrete 70 a = 5.31, b = 0, c = 0.0326, d = 0.8095 2.3
#2 Rock wool 220 a = 1.5, b = 0, c = 0.0005, d = 1.16.34 0.035
#3 Concrete 150 a = 5.31, b = 0, c = 0.0326, d = 0.08095 2.3
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Fig. 1. A concrete sandwich panel for load bearing walls, which consists
of 70 mm-thick reinforced concrete (layer 1), 220 mm-thick rock wool for
thermal insulation (layer 2) and 150 mm-thick reinforced concrete for
structural bearing (layer 3). Electrical and thermal parameters of each layer is
summarized in Table 1.

mesh, but this differs between different buildings since the
designer can implement the same load bearing capacity in
many different ways.

A. Electromagnetic Insulation of the Wall

The electromagnetic insulation of the wall was numerically
evaluated using CST Studio Suite [13]. In this work, the
electrical properties of the materials consisting of the load
bearing wall are defined according to ITU-R P.2040 [11],
they are defined for popular materials in living space such
as concrete and plasterboard as

εr(f [GHz]) = ε′ − jε′′ = af b − j cf
d

ε0ω
, (1)

where variables a, b, c and d determine frequency dependency
of the permittivity, and their values are found in Table 1
according to [11]; finally, ω is angular frequency. These
parameters are valid from 1 up to 100 GHz and cover the
frequency range of our analyses. .

The wall is modelled as a multi-layer structure, which is
infinitely large both in x and y directions. The coordinate
system of the wall is defined in Fig. 1. Infinite dimensions
are realized using two Floquet boundaries [14], one on the
outdoor-facing side and one on the indoor-facing side. The
Floquet boundary numerically extends a finite elementary
cell of the wall section to virtual infinity by repeating the
cell structure in ±x- and ±y-directions. A vertical linearly
polarised incoming field is applied to the outdoor-facing
Floquet port, basically representing an incoming plane wave.

Because of reflection, transmission and diffraction from
the embedded antenna systems, we need to define also
higher-order Floquet modes on both Floquet ports of our
elementary cell, in order to capture all energy leaving the cell.
Generally, higher-order modes are weaker than fundamental

modes. We found that a sufficient number of modes to consider
is NF = 18, at both Floquet ports of the elementary cell.
The total transmission coefficient T of a plane wave applied
at the outdoor-facing side is calculated by integrating those
18 meaningful modes at the port on the indoor-facing side as
T =

√∑
|Ti|2, i = 1 · · ·NF.

B. Thermal Insulation of the Wall

1) Analytical Study

The thermal insulation of the wall can be represented by
conductive heat flux. A steady-state density of heat flux is
evaluated for a large-enough wall so that edge effects can be
neglected. The heat flux depends on the structure and material
of the wall as well as on temperature difference between both
sides of the wall. We therefore evaluate heat transfer rate per
temperature, also called a U-value and thermal transmittance.
They are the inverse of thermal resistance as [15]

U =
1

Rtot
=

1

Rsi +Rn +Rse
, (2)

where Rsi and Rse are indoor-facing and outdoor-facing
thermal surface resistances. The thermal resistance is
influenced by radiation of, e.g., the sun and electronic
equipment, as well as air convection by, e.g., air conditioning
indoors and wind outdoors. The ISO6946 standard [15]
for building components and elements recommends that the
evaluation is made with Rsi = 0.13 and Rse = 0.04 m2 ·K/W.
Thermal resistance Rn of the wall can analytically be derived
for a simple wall made of layers of N slabs by

Rn =

N∑
n=1

dn
λn
, (3)

where λn is a thermal conductivity [m2 ·K/W] of layer n.1

2) Numerical Study

Numerical simulations of thermal transmittance were
performed with Comsol Multiphysics heat transfer module
[16] for the same elementary cell of the wall as in the
electromagnetic simulation. As a boundary condition, we
assign heat flux qsi = Tsi/Rsi and qse = Tse/Rse to the
indoor-facing and outdoor-facing surfaces of the wall, where
Tsi = 293 K and Tse = 271 K are the indoor-facing
and outdoor-facing surface temperature, respectively. The four
side surfaces of the elementary cell, i.e., other than the

1A symbol for thermal conductivity λ should not be confused with the
wavelength of electromagnetic waves. We follow the notation of ISO6046 [15]
for the symbol λ.
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( a)

( b)
Fi g. 2.  L o a d b e ari n g  w all  wit h e m b e d d e d  B 2 B a nt e n n a s yst e ms: ( a) t w o  B 2 B
a nt e n n a s yst e ms a cr oss c o n cr et e l a y ers a n d ( b) a  B 2 B a nt e n n a s yst e m g oi n g
t hr o u g h t h e e ntir e  w all.

i n d o or-f a ci n g a n d o ut d o or-f a ci n g s urf a c es, ar e d e fi n e d t o b e
t h er m al i ns ul ati o n b o u n d ari es s o t h at t h e  w all is virt u all y
i n fi nit el y l ar g e al o n g x a n d y dir e cti o ns a c c or di n g t o t h e
c o or di n at e s yst e m i n Fi g. 1.  T h e t h er m al i ns ul ati o n b o u n d ari es
e ns ur e n o c o n d u cti v e h e at fl u x n or m al t o t h e f o ur si d e
s urf a c es a n d h e n c e t h e t e m p er at ur e o n t h e i n d o or-f a ci n g a n d
o ut d o or-f a ci n g  w all s urf a c es is c o nst a nt.  T h er m al c o n d u cti vit y
v al u es f or e a c h l a y er of t h e l o a d b e ari n g  w all i n Fi g. 1 ar e
f o u n d i n  Ta bl e 1.

III.  E M B E D D I N G B A C K - T O - BA C K A N T E N N A S Y S T E M S I N T O

W A L L S

T his s e cti o n el a b or at es a d esi g n of b a c k-t o- b a c k a nt e n n a
s yst e ms e m b e d d e d i nt o t h e r ef er e n c e  w all, c o ntri b uti n g t o
i m pr o v e d r a di o tr a ns p ar e n c y of t h e  w all.  T h eir i n fl u e n c e o n
t h er m al i ns ul ati o n is als o a n al y z e d.

A.  D esi g n of  A nt e n n a S yst e ms

As a n e x e m pl ar y a nt e n n a s yst e m e m b e d d e d i nt o a
l o a d b e ari n g  w all,  w e c o nsi d er b a c k-t o- b a c k p at c h a nt e n n as
r es o n ati n g at a p ossi bl e fift h- g e n er ati o n c ell ul ar b a n d of
3 .5 G H z.  T h er e ar e t w o diff er e nt d esi g ns of s q u ar e d p at c h es,
o n e f a ci n g o ut d o or a n d i n d o or s p a c e a n d h e n c e  m at c h e d t o t h e
air, a n d a n ot h er e m b e d d e d i nt o t h e i n n er p art of t h e  w all a n d
m at c h e d t o r o c k  w o ol. P at c h a nt e n n as ar e d esi g n e d o n  R o g ers
R O 3 0 0 3 s u bstr at e  wit h r = 3 .0 .  A nt e n n as ar e c o n n e ct e d t o
e a c h ot h er vi a a c o a xi al c a bl e,  w h er e t h e f e e di n g p ositi o n
is (x, y )  = ( 0 , − 3) m m f or t h e c e nt er-l o c at e d el e m e nt ar y
c ell.  T h e c o a xi al c a bl e a n d p at c h a nt e n n a di m e nsi o ns ar e
s u m m ari z e d i n  Ta bl e 2.

We c o nsi d er e d t w o t y p es of b a c k-t o- b a c k a nt e n n a s yst e ms,
ill ustr at e d i n Fi g. 2.  T h e o n e i n Fi g. 2 a a d o pts t w o b a c k-t o- b a c k
p at c h a nt e n n a s yst e ms, e a c h g oi n g t hr o u g h o n e of c o n cr et e

Ta bl e 2.  O pti mi z e d di m e nsi o ns of 3. 5  G H z  mi cr ostri p p at c h a nt e n n as

P a r a m et e r S y m b ol Di m.( m m)
P at c h  wi dt h, f a ci n g air w a 2 3. 7
P at c h  wi dt h, f a ci n g r o c k  w o ol w r 2 3. 2
S u bstr at e  wi dt h w s 5 0
S u bstr at e t hi c k n ess t s 1
M et al t hi c k n ess t m 0. 0 3 5
C o a xi al c a bl e i n n er r a di us r i n 1
C o a xi al c a bl e o ut er r a di us r o u t 3. 3 5
C o a xi al c a bl e di el e ctri c r a di us r di el 2

Fi g. 3.  El e ctr o m a g n eti c i ns ul ati o n of t h e l o a d b e ari n g  w all i n Fi g. 1, al o n g
wit h t h os e e m b e d di n g b a c k-t o- b a c k a nt e n n a s yst e ms. I n t his e x a m pl e, a nt e n n a
s yst e ms ar e e m b e d d e d at e v er y 1 5 0 m m o n t h e  w all.

l a y ers; t h e r o c k- w o ol l a y er r e m ai ns i nt a ct.  T h e o n e i n Fi g. 2 b
h as a c o a xi al c a bl e g oi n g t hr o u g h t h e e ntir e  w all; t h es e ar e
r ef err e d t o as f o ur- a n d t w o- p at c h d esi g ns h er ei n aft er.  We s h o w
el e ctr o m a g n eti c a n d t h er m al pr o p erti es of a nt e n n a- e m b e d d e d
l o a d b e ari n g  w alls  wit h t w o- a n d f o ur- p at c h d esi g ns i n t h e
f oll o wi n g s u bs e cti o ns.

B.  El e ctr o m a g n eti c I ns ul ati o n of  A nt e n n a- E m b e d d e d  W all

Fi g ur e 3 ill ustr at es el e ctr o m a g n eti c i ns ul ati o n of
a nt e n n a- e m b e d d e d l o a d b e ari n g  w all  wit h t w o- a n d f o ur- p at c h
d esi g ns.  Di m e nsi o n of t h e a nt e n n a- e m b e d d e d el e m e nt ar y c ell
is 1 5 0 × 1 5 0 m m 2 .  B ot h c as es s h o w n arr o w b a n d wi dt h of
d esi g n e d p at c h a nt e n n as r es o n ati n g ar o u n d 3. 5  G H z.  O ut of
t his b a n d, el e ctr o m a g n eti c i ns ul ati o n b e c o m es hi g h er t h a n f or
t h e ori gi n al  w all b e c a us e t h e gr o u n d pl a n e r e fl e cts p art of t h e
i n ci d e nt fi el d. F or t h e a nt e n n a- e m b e d d e d  w all, t h e att e n u ati o n
of tr a ns mitt e d fi el ds is r e d u c e d b y 6 d B a n d 2 .7 d B at
3 .5 G H z f or t h e t w o- a n d f o ur- p at c h d esi g ns, l e a di n g t o t h e
tr a ns missi o n c o ef fi ci e nts of − 1 1 .3 a n d − 1 4 .6 d B, r es p e cti v el y.

C. T h er m al I ns ul ati o n of  A nt e n n a- E m b e d d e d  W all

T h e t h er m al i ns ul ati o n  w as si m ul at e d f or t h es e a nt e n n a
str u ct ur es usi n g t h e s a m e el e m e nt ar y c ell si z es as t h e
el e ctr o m a g n eti c si m ul ati o ns.  T h e r ef er e n c e  w all h as a  U- v al u e
of 0 .1 5  W / ( m 2 K ) .  T h e  w all  wit h t h e t w o- p at c h d esi g n
d e gr a d es a  U- v al u e t o 0 .5 1  W / ( m 2 K ) ,  w hi c h is hi g h er t h a n
all o w e d f or b uil di n g  w alls i n Fi nl a n d [ 1 7] a n d t h er ef or e is n ot a
g o o d s ol uti o n i n t er ms of t h er m al i ns ul ati o n.  O n t h e ot h er h a n d,
t h e f o ur- p at c h d esi g n  m ai nt ai ns a  U- v al u e of 0 .1 5  W / ( m 2 K ) .
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Fi g. 4.  El e ctr o m a g n eti c a n d t h er m al i ns ul ati o n of a nt e n n a- e m b e d d e d  w all
s h o w n i n Fi g. 2 a f or v ar yi n g el e m e nt ar y c ell si z e f or t h e f o ur- p at c h
a nt e n n a- e m b e d d e d  w all s h o w n i n Fi g. 2 a as a f u n cti o n of el e m e nt ar y c ell
si z e.

D. I m p a cts of  A nt e n n a Til e  Ar e as o n  El e ctr o m a g n eti c a n d
T h er m al I ns ul ati o n

Fi g ur e 4 s h o ws t h e v ari ati o n of t h e el e ctr o m a g n eti c (l eft
y - a xis) a n d t h e t h er m al (ri g ht y - a xis) i ns ul ati o n  w h e n t h e
el e m e nt ar y c ell si z e v ari es fr o m 7 0 m m t o 1 7 0 m m  wit h
t h e f o ur- p at c h d esi g n.  We c a n o bs er v e fl u ct u ati o ns i n t h e
el e ctr o m a g n eti c tr a ns missi o n,  m ai nl y d u e t o t h e st a n di n g
w a v es t h at o c c ur i n t h e r o c k- w o ol l a y er a n d d u e t o a si n gl e
a nt e n n a c o u pl e d  wit h  m ulti pl e ot h er a nt e n n as i n t h e s a m e
l a y er.  As e x p e ct e d, t h es e i nt erf er e n c es ar e r e d u c e d  w h e n t h e
el e m e nt ar y c ell si z e is i n cr e as e d.

T h e  U- v al u e d e cr e as es sli g htl y  w h e n t h e el e m e nt ar y c ell
si z e is i n cr e as e d.  T his u n e x p e ct e d d e cr e as e c a n b e e x pl ai n e d b y
t h e f a ct t h at  R o g ers  R O 3 0 0 3 P C B  m at eri al us e d i n t h e p at c h
a nt e n n as h as a l o w t h er m al c o n d u cti vit y of 0 .5 W / ( m · K)
a n d h e n c e a cts as a n a d diti o n al t h er m al i ns ul at or o n t o p of t h e
c o n cr et e.  W h e n el e m e nt ar y c ell si z es is c h a n g e fr o m 7 0 m m
t o 1 7 0 m m t h e a nt e n n a til es c o v er 5 1 t o 8 .5 % of t h e  w all.
H e n c e,  wit h l ar g e el e m e nt ar y c ell si z e, t h e  U- v al u e a p pr o a c h es
o n e of t h e r ef er e n c e  w all.  H o w e v er, t h e  U- v al u e c h a n g es o nl y
v er y sli g htl y  wit h el e m e nt ar y c ell si z e a n d  wit h t his d esi g n  w e
al w a ys g et at l e ast t h e s a m e  U- v al u e as t h e r ef er e n c e  w all.

I  V.  C O N C L U D I N G R E M A R K S

T his p a p er i ntr o d u c es a si m ul ati o n  m et h o d f or a nt e n n a
s yst e ms e m b e d d e d i nt o a l o a d b e ari n g  w all.  T w o diff er e nt
a nt e n n a s ol uti o ns  w er e si m ul at e d, s h o wi n g t h at t h e
el e ctr o m a g n eti c att e n u ati o n is d e cr e as e d b y u p t o 6 d B
wit h s h o w n a nt e n n a c o n fi g ur ati o n.  Als o, t h e t h er m al
i ns ul ati o n e v al u at e d t hr o u g h  U- v al u e s h o w e d t h at a d di n g
a nt e n n as a n d c o a xi al c a bl es o nl y t o t h e c o n cr et e l a y ers of
t h e  w all  m ai nt ai ns t h e t h er m al i ns ul ati o n,  w hil e t h e  U- v al u e
b e c o m es u n a c c e pt a bl y hi g h if a c a bl e g o es t hr o u g h t h e e ntir e
w all.

As a f ut ur e p ers p e cti v e,  w e  will st u d y t h e i n fl u e n c e of
e m b e d di n g diff er e nt a nt e n n a s yst e ms als o o n ot h er ess e nti al
fi g ur es- of- m erit of  w alls, e. g., str u ct ur al s oli dit y a n d a c o usti c
i ns ul ati o n.

A C K N O W L E D G E M E N T

T h e  w or k h as b e e n s u p p ort e d b y t h e  A c a d e m y of Fi nl a n d
R es e ar c h Pr oj e ct “ Si g n al- Tr a ns missi v e- Walls  wit h  E m b e d d e d
P assi v e  A nt e n n as f or  R a di o- C o n n e ct e d  L o w- E n er g y  Ur b a n
B uil di n gs ( S T A R C L U B),” d e cisi o n # 3 2 3 8 9 6.
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