
 AES 2023, TORREMOLINOS - SPAIN, JUNE 5 – 8, 2023 

  
Characterization and Optimization of Intelligent Reflective Surfaces in mm-Wave 

Band including the Reflection Produced by the Building Structure 
 

Á. F. Vaquero1,2, E. Martinez-de-Rioja3, M. Arrebola1*, and J. A. Encinar4 
1Department of Electrical Engineering, Universidad de Oviedo, Spain 

2Instituto de Telecomunicações, Universidade de Lisboa, Portugal 
3Dep. of Signal Theory and Communications and Telematic Systems and Computing, Universidad Rey Juan Carlos, Spain 

4Information Processing and Telecommunications Center, Universidad Politécnica de Madrid, Spain 
*Corresponding author: arrebola@uniovi.es 

 
 

Abstract 
This work presents the design and optimization of a passive 
Intelligent Reflective Surface (IRS) based on a reflectarray 
technology to improve the coverage in a mm-Wave 5G 
scenario. A preliminary design is performed to achieve a 
wide beam in azimuth and elevation. The IRS is placed on a 
building façade and its effect is electromagnetically 
characterized for different materials. The design is then 
improved by optimizing the IRS considering the wall where 
it is placed.  

1. Introduction 
In the recent years, Smart Electromagnetic Skins (SMEs) 
have been proposed to overcome the issues related to signal 
propagation because of the physical barriers in the 
deployment of novel wireless networks in mm-Wave 
scenarios [1]. Namely, Intelligent Reflective Surfaces (IRS) 
are used to enhance 5G FR2 coverage avoiding the 
installation of multiple base stations (BS). An IRS is a planar 
surface made up of phase-shifting elements that reflect the 
impinging signal radiated from the BS into a desired direction 
(specular or another direction). The reflected field could be 
either a beam pointing or even a shaping beam. Active or 
passive phase-shifting elements can be used in the panel, 
mainly depending on the reconfiguration required by the 
coverage. Moreover, IRS has been also proposed to introduce 
beam tilting in a pointing direction to overcome the so-called 
blind zones, which are defined as an area of poor or even null 
coverage [2]. When the IRS is based on passive elements it is 
called SME. 
IRS have been proposed for both urban and indoor scenarios 
[3], [4]. In both cases, the walls are usually the most suitable 
placements for installing the reflective surface. In a general 
scenario, the BS is far away from the IRS, therefore only a 
small fraction of the radiated power provided by the BS is 
captured by the IRS. This small fraction must be properly 
managed to enhance the coverage. Owing to the BS is far 
away, the surroundings of the IRS are also strongly 
illuminated so that the spillover on the building façade cannot 
be negligible.  
The reflection produced by the surrounding wall should be 
characterized and considered for an accurate modeling of the 
coverage provided to the devices of the users as Figure 1 

shows. If this effect is not taken into account the coverage 
could be not the desired one, having a significant distortion in 
the coverage link. Thus, the coverage synthesis and the IRS 
design should be carried out considering this major effect. 
Moreover, the limits in the achievable coverage should be 
also studied, to avoid unfeasible goals in the design and 
optimizations process. 

2. Smart Electromagnetic Skin Design 

2.1. Scenario and Smart Electromagnetic Skin Optics 

The Intelligent Reflective Surface is based on a passive 
panel, so that it is called a Smart Electromagnetic Skin. In 
this case, the SME is designed for an outdoor scenario. The 
aim is placing the panel in a building face to enhance the 
coverage provided by a base station. A similar case as the one 
of Figure 1 is proposed for this design. The BS is placed at 
30 m in the z-direction and at height of 5 m in the x-direction. 
The panel is used to enhance the coverage in the specular 
direction since there is a blind area with poor coverage due 
to physical barriers (wall, building, etc.).  
The panel does not only reflect the incident wave but also to 
produce a broad beam in both azimuth and elevation. The 
specifications in terms of beam pointing and half-power 
beamwidth (HPBW) are shown in Figure 1. Mainly, the panel 
operates at 27.7 GHz widening the beam 10º in both azimuth 
and elevation, resulting in a square coverage. Since the 

 
Figure 1. Sketch of a 5G scenario using an IRS to enhance the coverage. 
The BS illuminates the IRS that generates a coverage to overcome a blind 
area. 
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incident wave is reflected in the specular, the outgoing angles 
are 9.47º in elevation and 0º in azimuth.  
The panel is dual-linearly polarized considering the 
horizontal polarization (H) defined according to the y-axis, 
while the vertical polarization (V) is defined in the x-axis.  
To achieve the desired specifications the reflective SME is 
comprised of 50 x 50 elements of periodicity 4.29 x 4.29 
mm2.  

2.2. Design procedure 

As a first attempt, the SME is designed to radiate a pencil 
beam in the desired direction following (1) to compute the 
phase-shift of the elements:  

𝜙𝜙(𝑥𝑥𝑙𝑙 , 𝑦𝑦𝑙𝑙) = 𝑘𝑘0(|𝒅𝒅𝑙𝑙| − (𝑥𝑥𝑙𝑙 cos𝜑𝜑0 + 𝑦𝑦𝑙𝑙 sin𝜑𝜑0) sin𝜃𝜃0) (1) 
where 𝑘𝑘0  is the wavenumber in vacuum, (𝜃𝜃0,𝜑𝜑0)  are the 
pointing direction of the pencil beam, in this case 9.47° and 
0° , respectively. 𝒅𝒅𝑙𝑙  is the distance from the feed 
(𝑥𝑥𝐵𝐵𝐵𝐵 ,𝑦𝑦𝐵𝐵𝐵𝐵 , 𝑧𝑧𝐵𝐵𝐵𝐵) = (−5, 0, 30) m  and the 𝑙𝑙 th element, and 
(𝑥𝑥𝑙𝑙 ,𝑦𝑦𝑙𝑙) are the coordinates of  the 𝑙𝑙th element referred to the 
center of the SME. 
This solution provides a narrow beam whose half-power 
beamwidth is around 2º. Therefore, this configuration does 
not provide a successful solution, requiring widening the 

beam in both azimuth and elevation to fulfill the 
specifications 
To obtain the broadened beam, the phase-shift distribution of 
the SME computed using (1) is synthesized using a Phase-
Only Synthesis (POS) technique. The aim is to synthesize the 
phase of the reflection coefficients of the elements to finally 
find a proper distribution that radiates the desired pattern. To 
do so, the classical technique based on the Intersection 
Approach [5],[6] is used to reach the broadened beam with a 
ripple lower than 3 dB. Note that, during this process, the 
elements are modeled as ideal elements and the output of the 
synthesis is the phase-shift distribution that produces the 
desired co-polar pattern. 
The synthesis procedure is based on a multi-stage process to 
improve the convergence of the algorithm. This procedure is 
commonly used when dealing with a large number of 
elements (in this case 2500), since the elements are the 
number of unknowns to be solved in the synthesis for each 
polarization. Figure 2 shows the phase-shift distribution that 
should introduce each element in both linear polarizations. 
Then, Figure 3 shows the main cuts of the co-polar pattern of 
the starting point and the synthesized phase-shift distribution 
for the V-polarization. Since the synthesis is based on ideal 

 
Figure 2. Phase-shift distribution of the elements of the SME obtained 
after the POS. 
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Figure 4. Reflection coefficient of the analyzed materials at several 
frequencies considering normal incidence (a) amplitude (dB) (b) phase 
(deg). 
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Figure 3. Normalized E-field pattern computed in the main cuts of the 
coverage for the V-polarization before (dotted line) and after (solid line) 
the synthesis at 27.7 GHz. 
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elements, the results for the H-polarization are nearly the 
same.  
In the light of these results, the beam is properly widened in 
both directions, reaching a square coverage of 10º by 10º. 
Furthermore, the ripple is quite low, having an almost flat-
top beam in both azimuth and elevation. Therefore, it 
satisfies the requirements of ripple.  

3. Electromagnetic response of the wall  
The SME is designed for an outdoor scenario, so that the 
panel will be installed in a building façade. Considering that 
the BS is far away and provides a beam with wide HPBW (in 
this case about 12°), the incident field will have a strong 
illumination also in the surrenders of the SME, producing a 
high spillover. Comparing the electrical size of the SME and 
the façade, the SME will only capture a low fraction of the 
radiated power, while the spillover will be high. Therefore, 
the reflection produced by the wall should be analyzed to 
evaluate its influence on the coverage.  
To do so, the wall should be firstly characterized. We have 
evaluated different materials to obtain their electromagnetic 
response. In this case, the materials analyzed are concrete 
( 𝜖𝜖𝑟𝑟 = 5.45, tan 𝛿𝛿 = 0.0021) , reinforced concrete ( 𝜖𝜖𝑟𝑟 =
12.8, tan 𝛿𝛿 = 0.0021) , wood 𝜖𝜖𝑟𝑟 = 1.54, tan 𝛿𝛿 = 0.033) 
and steel ( 𝜎𝜎 = 7.69 ∗ 106 S/m) . The electromagnetic 
characterization of the materials is extracted from the 
libraries of CST Microwave Studio [7].  
Those materials are analyzed in CST Microwave Studio to 
obtain the reflection coefficient. The analysis is carried out 
considering a block of 120-mm thick made up of the 
corresponding material under analysis. The block is analyzed 
considering local periodicity environment, ant it is 
illuminated by a uniformed-linearly-polarized plane wave 
propagating in the z-direction. The four materials are 
analyzed within a band of 4 GHz, from 26 to 30 GHz. 
Note that the analysis is carried out using a uniformed-
linearly-polarized plane wave, since the distance between the 
BS and the SME is large enough to consider the real incident 
field as a plane wave. Furthermore, the angles of incidence 
on both SME and surrounding area will be low enough to 
only consider normal incidence.  
Figure 4 shows the amplitude and phase of the reflection 
coefficients (𝜌𝜌𝑥𝑥𝑥𝑥 and 𝜌𝜌𝑦𝑦𝑦𝑦). As might be expected, the greater 

the presence of steel (or other metals), the greater the 
reflection produced. The response of steel can be 
approximated by the reflection produced by a Perfect 
Electrical Conductor (PEC), while the wood might be 
considered as transparent since it barely reflects the wave (at 
least within this bandwidth).  

4. Effect of the wall on the coverage 

4.1. Computation of the wall in the radiation pattern 

Once the electromagnetic characterization of the wall is 
obtained, its influence on the coverage can be obtained. We 
are going to assume that the panel is centered in a wall. Now, 
the wall and the SME will be assumed as a whole, having a 
larger SME. To do so, the wall is also divided into unit cells, 
considering the same periodicity of the SME. The new SME 
(wall plus SME) is comprised of 𝑁𝑁𝑥𝑥 × 𝑁𝑁𝑦𝑦 elements that are 
extended 𝑁𝑁𝑥𝑥𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙 × 𝑁𝑁𝑦𝑦𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙  elements in x- and y-direction, 
respectively. Therefore, the total size of the new SME is 
(𝑁𝑁𝑥𝑥 + 2𝑁𝑁𝑥𝑥𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙) × (𝑁𝑁𝑦𝑦 × 2𝑁𝑁𝑦𝑦𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙) . Figure 5 shows further 
details on how the elements are distributed.  
The radiated field of the whole SME is computed by means 
of contributions [8]. The aperture is divided into subdomains 

 
Figure 5. Sketch of the discretization of the whole array (SME plus 
wall). 
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Figure 6. (a) Normalized amplitude (dB) and (b) phase (deg) of the 
reflected field onto the SME surface and the wall at 27.7 GHz. 

-150 -100 -50 0 50 100 150

x (mm)

-150

-100

-50

0

50

100

150

y 
(m

m
)

-15

-10

-5

0

-150 -100 -50 0 50 100 150

x (mm)

-150

-100

-50

0

50

100

150

y 
(m

m
)

-150

-100

-50

0

50

100

150



4 
 

that are associated to a single element of the SME. Then, the 
radiated field can be expressed as 

𝑬𝑬𝑅𝑅(𝒓𝒓) = � � 𝑬𝑬𝐵𝐵𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚 (𝒓𝒓) + � � 𝑬𝑬𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙
𝑝𝑝𝑙𝑙 (𝒓𝒓)

𝑁𝑁𝑦𝑦𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑙𝑙=1

𝑁𝑁𝑥𝑥𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑝𝑝=1

𝑁𝑁𝑦𝑦

𝑚𝑚=1

𝑁𝑁𝑥𝑥

𝑚𝑚=1

 (2) 

where 𝑬𝑬𝐵𝐵𝑆𝑆𝑆𝑆  is the contribution of the 𝑛𝑛𝑛𝑛-th elements of the 
original SME at the observation point 𝒓𝒓 , and 𝑬𝑬𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙  is the 
contribution of the 𝑝𝑝𝑙𝑙-th element of the wall.  
Both contributions 𝑬𝑬𝐵𝐵𝑆𝑆𝑆𝑆  and 𝑬𝑬𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙  can be computed using 
the classical theory of planar apertures, since the SME and 
wall are considered as a planar radiating aperture. Those 
contributions require knowing the tangential field onto the 
aperture surface. The tangential field is obtained from the 
incident field and the reflection matrix 𝑹𝑹�. In this case, we 
must consider two reflection matrices, one for the SME 
elements (4), and one for the wall elements (5). In the case of 
the SME the elements are modeled as ideal phase shifters, so 
that they are lossless and only introduce a delay in the 
incident wave. Moreover, only the co-polar pattern is 
computed. This approximation is valid since the losses of the 
elements are quite low in reflective surfaces. However, in the 
wall the elements are fully characterized considering the 
reflection coefficients as a complex number. It is important 
to consider the loss of the material, otherwise there will be 
no difference between steel or wood, just on the introduced 
delay. Furthermore, the elements of the wall introduce the 
same phase delay and loss, since all of them are under normal 
incidence.  

𝑹𝑹�𝐵𝐵𝑆𝑆𝑆𝑆 = �
𝜌𝜌𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚 𝜌𝜌𝑥𝑥𝑦𝑦𝑚𝑚𝑚𝑚

𝜌𝜌𝑦𝑦𝑥𝑥𝑚𝑚𝑚𝑚 𝜌𝜌𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚
� = �𝑒𝑒

𝑗𝑗𝜙𝜙𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚 0
0 𝑒𝑒𝑗𝑗𝜙𝜙𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚� (4) 

  

𝑹𝑹�𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙 = �
𝜌𝜌𝑥𝑥𝑥𝑥
𝑝𝑝𝑙𝑙 𝜌𝜌𝑥𝑥𝑦𝑦

𝑝𝑝𝑙𝑙

𝜌𝜌𝑦𝑦𝑥𝑥
𝑝𝑝𝑙𝑙 𝜌𝜌𝑦𝑦𝑦𝑦

𝑝𝑝𝑙𝑙 � = �
|𝜌𝜌𝑥𝑥𝑥𝑥|𝑒𝑒𝑗𝑗𝜙𝜙𝑥𝑥𝑥𝑥 0

0 |𝜌𝜌𝑦𝑦𝑦𝑦|𝑒𝑒𝑗𝑗𝜙𝜙𝑦𝑦𝑦𝑦
� (5) 

 

4.2. Distortion on the coverage produced by the wall 

To compute the effect of the wall we assume that the wall has 
an area of 0.480 × 0.480 m2, being the SME area 0.215 ×
0.215 m2  (it is centered in the wall as Figure 5 shows). 

Therefore, the wall extends the array in 20 elements from 
each edge of the SME, so that the new array is 90 × 90 
elements. Figure 6 shows the reflected field considering the 
whole array, for the case of concrete. It should be noted that 
the illumination taper at the edge of the SME is less than 
1 dB. The amplitude of the reflected field along the SME 
surface barely changes, having a uniform reflection, while 
the amplitude in the wall is attenuated due to the losses of the 
material (reinforced concrete). The phase clearly changes in 
the area wherein the SME is placed, while the wall only 
introduces a delay in the incident field (being the same delay 
for each cell). 
Applying (2) to compute the radiated field, we obtain the 
radiation pattern shown in Figure 7. This radiation pattern is 
clearly distorted regarding Figure 3, mainly due to the strong 
specular reflection produced by the wall. Although the field 
level increases, the shaped beam is shattered.  

5. Conclusions 
In this work, a SME is proposed to enhance the coverage of 
a 5G network in mm-Wave band. A synthesis technique is 
used to obtain a phase-shift distribution of the SME elements 
that generates a widened beam. Specifically, a flat-top beam 
of 10° × 10°  in azimuth and elevation, with the aim of 
covering a blind coverage area. The antenna is designed and 
the effect on the radiation pattern is evaluated once it is 
placed on a façade. For this purpose, a simple model based 
on the Principle of Superposition is introduced, which allows 
taking into account the field reflected by the wall (spillover). 
It is observed that the shaped beam is shattered, mainly 
because the contribution of the wall is much higher than the 
one of the SME. For this reason, the design of SME or, in 
general IRS, must consider the environment where the 
antenna is located. Therefore, the optimization or synthesis 
processes used in the antenna design must be extended to 
include these new effects. Additionally, the used of higher 
directivity beams to illuminate the IRS (or SME), as well as 
the use of larger aperture should be also analyzed to 
overcome those effects. 
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