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Abstract: This paper presents the substrate comparison on the multiband reflector performance at X-band frequency for an 
Intelligent Reflecting Surface (IRS). Functioning as a multiband reflector, the proposed reflector is using a circular multi-ring 
resonator on several substrates such as RO5880, F4BMX220, RO4003C, and FR4, with slightly different substrate thicknesses 
based on the available market, that can be operated at X-band frequency. The simulated results have shown in the graph of S-
parameters and reflection phase among the substrates. In addition, the bandwidth of the proposed reflector is calculated based 
on the simulation results. Also, the incident wave angle effect against the proposed reflector is shifted along the horizontal 
axis. For the overall simulation results, the reflector that uses a RO5880 substrate has slightly better results and a wider 
bandwidth than the F4BMX220 substrate. 
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1. INTRODUCTION 
Reconfigurable Intelligent Surfaces (RISs) are a new 
wireless transmission technology that enables the concept 
of smart radio environments in future generations of 
wireless communication networks. Intelligent Reflecting 
Surfaces (IRSs) are another term for RISs, which operate 
as reflectors and allow the phase response of adjustable 
unit element metasurfaces to be individually modified and 
optimized for beam-steering, focusing, and other related 
purposes [1]. Two main types of IRSs used in wireless 
networks is discussed in [2]. The first form will be 
implemented into, for example, walls and will be directly 
controlled by wireless network operators via a software 
controller in order to shape radio waves for purposes such 
as boosting network coverage. The second form of IRSs 
will be embedded in things, such as smart t-shirts with 
health-monitoring sensors, and will backscatter radio 
waves generated by cellular base stations in order to report 
their detected data to mobile phones.  

The key research advances of regular metasurfaces and 
newly designed reconfigurable metasurfaces are 
examined, with emphasis on the forms of amplitude, 
phase, polarization, and multi-dimensional modulation as 
reviewed in [3]. The metasurface that realizes 
electromagnetic wave amplitude control is primarily 
utilized to reflect, absorb, or transmit incident 
electromagnetic wave energy. The phase response 

properties of the metasurface, on the other hand, are 
intimately related to the size, shape, rotation mode, and 
substrate material type of the metasurface unit. The phase 
difference of transmitted or reflected electromagnetic 
waves in the orthogonal direction can be realized by 
creating an asymmetric metasurface unit. All of the 
aforementioned metasurfaces can only regulate one degree 
of freedom, such as the amplitude, phase, or polarization 
of incident electromagnetic waves. 

In [4], a metasurface structure is used to enhance a low-
profile antenna which is square metal patches on a 
grounded RO4003 substrate. The proposed metasurface 
design uses a 4.064 mm of substrate thickness to operate at 
2.91 GHz with a 0.72 GHz bandwidth. The proposed 
reflector has been designed and experimentally 
demonstrated at 10 GHz for a beamforming metasurface 
reflector as discussed in [4]. It used a 20x20 unit cells 
metasurface that consists of two coupled coplanar 
resonators: an outer split ring resonator (SRR) and an inner 
dipole ring resonator (DRR). The SRR consists of a 
tunable capacitance, C0, and resistance, R, while the DRR 
consists of a tunable capacitance, C1. The tunable 
components are used to control the magnitude and phase 
separately. This design is fabricated on RO4003C substrate 
with a thickness of 32 mils. Another proposed reflector 
structure that uses a 0.254 mm of RO4350B thickness and 
a gap of 1.8 mm between the RO4350B substrate and 
ground is shown in [5]. This proposed design is operating 
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at 80 GHz for an IRS application. Based on [3-4], we can 
see the difference in thickness and substrate that used in 
each proposed design which affects the operating 
frequency and proposed metasurface structure.  

The real demonstration of RISs in the sub-6 GHz band 
has been designed and implemented on an F4BT450 
substrate with thicknesses of 1.524 mm where the surfaces 
is composed of 2430-unit cells [7]. Each unit cell can be 
controlled by the varactor diodes to set the relative 
reflection angle of these surfaces. This surface is working 
properly if the reflection angle of this surface is 15°, 30°, 
and 45°.  

In addition, other metasurfaces for dual band design are 
reported in [8] and [9]. A dual band metasurface design 
using a ring resonator with interdigital capacitors is 
designed to a reflector antenna in [5] where it is suitable to 
operate for LTE (1.8 GHz) and WiMAX (3.7 GHz). [9] 
describes a programmable metasurface that combines the 
benefits of multi-bit phase quantization and dual-band 
operations (C- and Ku-band). Two PIN diodes are 
integrated into the radiating element to actively regulate 
the various functions, and these diodes are controlled by 
biasing voltage. The 2-bit metasurface featured four states, 
each with a phase difference of 90° from the next.  A dual-
frequency channel is presented in the proposed 
architecture, which can be used for flexible EM wave 
manipulation, OAM beam creation, holographic imaging, 
and anomalous reflection. The design method can be 
applied to transmit-arrays, as well as the terahertz, optical, 
and acoustic regimes. 

This paper proposes a comparison of substrate usage 
for a multi-band reflector design on X-Band frequency. 
The substrates used in the proposed reflector are two types 
of Rogers substrate (RO5880 and RO4003C), F4BMX220, 
and FR4 substrate. S-parameter, reflection phase, 
bandwidth, and the effect of the incident wave angle 
describe the performance of the proposed reflector in terms 
of substrate usage comparison. It is important to choose 
and know the best use of substrate for a multi-band 
reflector design before undertaking the next stage or 
fabrication stage. 

2. REFLECTOR DESIGN  

2.1 Multiband Design 
A multiband reflector can be easily designed with a multi-
ring to produce a multi-resonance frequency. Each ring 
resonator is designed to produce a resonance frequency 
using the following equations [11-12]: 
 
For 𝑤𝑤𝑤𝑤 ℎ� ≤ 1, 
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where wr is width line of the circular ring, 𝜀𝜀𝑟𝑟 is relative 
permittivity, 𝜀𝜀𝑟𝑟𝑟𝑟 is effective relative permittivity, h is 

substrate thickness, R is average radius of the circular ring, 
𝑅𝑅𝑖𝑖 and 𝑅𝑅𝑜𝑜 are inner and outer radius of the circular ring. 

The geometry of the proposed multiband reflector can 
be seen in Figure 1. It consists of two layers of the copper 
sheet which are three circular ring resonators to produce 
the multi-resonance frequencies at 8, 10, and 12 GHz on 
the top layer and a full ground plane on the bottom layer to 
ensure the incoming electromagnetic (EM) wave reflects 
in one direction. The proposed multiband reflector has 
been designed on several substrates namely RO5880, 
RO4003C, F4BMX220, and FR4. Table 1 shows a 
parameters comparison among four kinds of substrate 
where RO5880 substrate has a slightly lower loss 
compared to the others because of the smallest tan δ value 
and FR4 has a dielectric permittivity (εr) value that is 
greater than the other substrates. The F4BMX220 substrate 
looks similar to the RO5880 substrate but it has a 0.075 
mm difference in the substrate thickness.  
 

 
Figure 1. The proposed multiband reflector. 

 
Table 1. Parameters comparison among four kinds of 
substrate. 
 

 
 
Table 2. Dimensional comparison among four kinds of 
substrates. 
 

 
 

The overall dimensions of the proposed multiband 
design on four kinds of substrate are shown in Table 2 and 

RO5880 RO4003C F4BMX220 FR4
h (mm) 1.575 1.524 1.5 1.6

εr 2.2 3.55 2.2 4.3
Tan δ 0.0009 0.0021 0.001 0.01
t (mm) 0.035 0.035 0.035 0.035

Parameters
PCB Substrate

RO5880 RO4003C F4BMX220 FR4
Width of substrate (W) 12 12 12 12
Length of substrate (L) 12 12 12 12
Substrate thickness (h) 1.575 1.575 1.5 1.6
1st ring width (wr1) 0.275 0.35 0.35 0.3
2nd ring width (wr2) 0.346 0.35 0.35 0.315
3rd ring width (wr3) 0.346 0.35 0.35 0.3
1st ring diameter (D1) 9.1 9.112 9.12 7.22
2nd ring diameter (D2) 7.76 7.77 7.756 6.14
3rd ring diameter (D3) 6.57 6.579 6.574 5.2

Parameters
Substrate
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see Figure 1 where the dimensions differ slightly to 
achieve the best simulation results on each type of 
substrate usage. The dimensional differences are caused by 
the thickness of substrate available in the market for each 
type of substrate and optimized the coupling effect among 
the three rings. 

2.2 Simulation Results 
The simulation results were obtained in the CST Studio 
Suite for simulating the proposed multiband reflector for 
each type of substrate. The S-parameters and reflection 
phase of the proposed multiband reflector among four 
kinds of substrates are shown in Figure 2. The S-
parameters consist of S11 and S21 in the magnitude value 
where S11 means the reflection value and S21 implies the 
absorption value.  

The reflection value at 8 GHz frequency shows a better 
value for three kinds of the substrates (RO5880, RO4003C, 
and F4BMX220), which is 0.9, which means that around 
80 % of the incoming EM wave is reflected back. But the 
reflection values at the 10 and 12 GHz frequencies 
describes a value above 0.72, which means that the 
reflected power is approximately 53% reflected back. In 
the higher frequency, 10 and 12 GHz, the absorption will 
be even greater due to loss of material from each substrate 
as shown in Figure 2. a. The absorption is increasing from 
0 to 0.24 for all interest frequencies, but the worse value of 
the absorption is depicted to 10 GHz frequency if using 
RO4003C substrate, which is 0.24. 

While using the FR4 substrate, the reflection value for 
all the interesting frequency resonances is the worst 
because the Tan δ has the highest value compared to the 
other substrates. At 8 GHz, the reflection value has 
different around 0.46 compared to the others. Then the 
reflection value at the higher frequency, 10 and 12 GHz, is 
worse value around 0.4 to 0.5 compared to the others. 
Furthermore, the absorption value has a higher value at 8 
GHz, which is 0.03, but the absorption value at 10 and 12 
GHz shows the smallest value compared to the other 
substrates which means the FR4 substrate cannot absorb 
the higher frequency. 

The reflection phase value of the proposed multiband 
reflector is described in the graph of the reflection phase as 
depicted in Figure 2. b. At 8 GHz frequency, the reflection 
phase shows a phase shift of approximately from 4.41° to 
12.24° for all substrates usage. An interesting phenomenon 
occurs at higher frequency as shown in Table 3, namely 10 
and 12 GHz frequencies. If the proposed reflector is using 
F4BMX220 substrate at 10 GHz frequency, the reflection 
phase value has a difference of around 18.94° with 
RO5880 substrate and 22.18° compared with RO4003C 
substrate. While the reflection phase value at 12 GHz 
frequency has a difference around 8.07° with RO5880 
substrate and 7.07° compared to RO4003C substrate. 
Furthermore, the reflection phase at 10 and 12 GHz 
frequencies is out of the specification range if using FR4 
substrate, namely 141.39° and 150.33°. 
 

 
(a) 

 

 
(b) 

 
Figure 2. Simulation result among three kinds of the 

substrate comparison: (a). S-parameters, (b). Reflection 
phase. 

 
The summaries of the simulated results among four 

substrates that used in the proposed multiband reflector are 
shown in Table 3. Based on Figure 2, the bandwidth of the 
proposed multiband reflector can be determined by using 
the resonance frequency in the interested frequency and the 
reflection phase from -90° to +90°. From Table 4, the 
RO5880 and RO4003C substrates have a wider bandwidth 
compared to the F4BMX220 substrate. But the FR4 
substrate is hard to determine the bandwidth, especially in 
the higher resonance frequency because the reflection 
phase is out of the range so that the FR4 substrate is not 
suitable for the high-frequency design, namely 10 and 12 
GHz frequencies.  
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Table 3. Comparison summaries of simulation results 
among three kinds of substrate.  
 

 
 
Table 4. Bandwidth comparison among three kinds of 
substrate. 

 

  
 
In real conditions, sometimes the planar reflector is 

located on a wall or huge building to reflect the incoming 
EM wave to a certain path, but the incoming EM wave is 
not always pass through in the middle of the planar 
reflector, assuming in 0°. The next section will only 
describe the simulated results for three kinds of the 
substrate usage, RO5880, RO4003C, and F4BMX220, if 
the incident wave angle is moving from 0° to 72° along the 
horizontal line as shown in Figures 3 to Figure 5. 

2.2.1 The incident wave angle effect if used the RO5880 
substrate.  
Figure 3 shows the simulated result of the reflection and 
absorption values for moving the incident wave angle from 
0° to 72°. The reflection value at 8 GHz frequency 
decreased from 0.93 to 0.71 with a slight shift in frequency 
to a higher frequency and the absorption value at this 
frequency increased slightly from 0.02 to 0.04. 
Meanwhile, the reflection values at higher frequencies 
dropped from 0.79 to 0.42 at 10 GHz frequency and from 
0.786 to 0.4 at 12 GHz frequency. The absorption values 
declined from 0.06 to 0.02 at 10 GHz and from 0.18 to 0.1 
at 12 GHz.  

Furthermore, the reflection phase value is moving from 
-32.35° to 128.6° at 8 GHz where if the incident wave 
angle is 72°, the reflection phase value is out of the 
specification range. It can be caused by the incident wave 
not passing through the proposed reflector properly. 
Meanwhile, the reflection phase value is moving from -
24.1° to 24.6° at 10 GHz frequency and from 5° to -42.7° 
at 12 GHz frequency.    

 

 
(a) 

 
(b) 

 
Figure 3. Incident wave effect from 0 to 72 degrees 
against the reflector with RO5880 substrate: (a). S-

parameters, (b). Reflection phase. 
 
The operating bandwidth of the proposed reflector 

using RO5880 substrate can be seen clearly in Table 5 
where the bandwidth value will be narrowed if the incident 
wave is moving from 0° to 72°. 
 
Table 5. Bandwidth reduction against the incident wave 
angle by using RO5880 substrate. 
 

  

2.2.2 The incident wave angle effect if used the RO4003C 
substrate.  
S-parameters and reflection phase graphs of the simulated 
result based on the incident wave angle effect are shown in 
Figure 4. In the S-parameters graph, the reflection value 
will be dropped from 0.94 to 0.72 at 8 GHz frequency with 
a shifting frequency to the higher frequency. Meanwhile, 
the reflection value at the higher frequency is moving from 
0.73 to 0.26 at 10 GHz and from 0.79 to 0.56 at 12 GHz. 
But the highest absorption value occurs at 10 GHz, which 
is 0.32 at the incident wave angle of 72°. It can happen 
because the incident wave is not properly going through 

RO5880 F4BMX220 RO4003C FR4
8 GHz 0.93 0.93 0.94 0.47

10 GHz 0.79 0.75 0.73 0.11
12 GHz 0.79 0.79 0.79 0.23
8 GHz 0.02 0.012 0.002 0.03

10 GHz 0.06 0.1 0.24 0.026
12 GHz 0.18 0.04 0.1 0.0005
8 GHz -32.35 -20.11 -24.52 -22.95

10 GHz -24.14 -5.2 -27.38 141.4
12 GHz -5.02 -13.09 -6.02 150.3

Parameters

S11 
(Mag)

S21 
(Mag)

Reflection Phase
(deg)

Substrates

RO5880 RO4003C F4BMX220 FR4
8 - BW (GHz) 0.6133 0.64 0.56 0.51

10 - BW (GHz) 0.24 0.24 0.2133 -
12 - BW (GHz) 0.2933 0.2933 0.2667 -

Freq 
(GHz)

PCB Substrate

0 deg 18 deg 36 deg 54 deg 72 deg
8 - BW (GHz) 0.61 0.56 0.43 0.27 -
10 - BW (GHz) 0.24 0.24 0.19 0.11 0.05
12 - BW (GHz) 0.29 0.27 0.21 0.13 0.03

Freq 
(GHz)

 RO5880 PCB Substrate
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the proposed reflector so that the reflected power 
percentage will be dropped. In addition, the reflection 
phase value at 8 GHz and 12 GHz is shifting from -24.52° 
to 132.3° and from -6° to -92.3°, respectively, where the 
reflection phase values at the incident wave angle of 72° 
are out of the specification range. While the reflection 
phase value at 10 GHz is shifting from -27.4° to -5.4°. 
 

 
(a) 

 

 
(b) 

 
Figure 4. Incident wave effect from 0 to 72 degrees 

against the reflector with RO4003C substrate: (a). S-
parameters, (b). Reflection phase. 

 
The bandwidth of the proposed reflector using 

RO4003C can be shown in Table 6. If the incident wave is 
moving from 0° to 72°, the operating bandwidth of the 
proposed reflector will be narrowed. But the bandwidth for 
the incident wave of 72° is hard to determine especially at 
8 and 12 GHz because the reflection phase value is out of 
the specification range. 

 
Table 6. Bandwidth reduction against the incident wave 
angle by using RO4003C substrate. 
 

 
 

2.2.3 The incident wave angle effect if used the F4BMX220 
substrate.  
Figure 5 shows the simulated result on the F4BMX220 
substrate if the incident wave is moving from 0° to 72° 
where the results are shown in S-parameters and reflection 
phase graphs. The reflection value at 8 GHz dropped and 
shifted to a higher frequency from 0.93 to 0.69. While the 
reflection value is moving from 0.75 to 0.29 at 10 GHz and 
from 0.79 to 0.39 at 12 GHz where there is a slight shift in 
frequency. Meanwhile, the higher absorption value has 
occurred at 10 GHz, which is equal to 0.13 at the incident 
wave of 72°. Furthermore, the reflection phase value is 
from -20.1° to 135.9° at 8 GHz and from -13.1° to -106.8° 
at 12 GHz where the reflection phase values at the incident 
wave of 72° are out of the specification range. While the 
reflection phase value at 10 GHz is from -5.2° to 78.8°. 

Table 7 shows the operating bandwidth based on the 
incident wave angle effect. Similar to the other substrates, 
the operating bandwidth of the proposed reflector will be 
narrowed. But the operating bandwidth at incident wave of 
72° is hard to calculate especially at 8 and 12 GHz. 

 
 
 

 
(a) 

 

 
(b) 

 
Figure 5. Incident wave effect from 0 to 72 degrees 

against the reflector with F4BMX220 substrate: (a). S-
parameters, (b). Reflection phase. 
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Table 7. Bandwidth reduction against the incident wave 
angle by using F4BMX220 substrate. 
 

  

3. CONCLUSION 
For the overall simulated results, the proposed 

multiband reflector has been designed and simulated by 
using CST software on several PCB substrates. If the 
proposed multiband reflector uses the FR4 substrate as a 
dielectric substrate, the reflection value only reaches lower 
than 0.5 because the tan δ is too small compared to other 
substrates and the bandwidth at the higher frequencies is 
difficult to calculate so that the FR4 substrate is not 
suitable for the proposed multiband reflector design. The 
best simulation results can be seen if the proposed design 
uses the RO5880 substrate because the reflection values at 
all desired frequencies are slightly better than the 
RO4003C substrate, especially at 10 GHz. But the RO5880 
substrate has an expensive price compared to others. In 
addition, the proposed reflector can be operated well if the 
incident wave angle is from 0° to 36° for RO5880, 
RO4003C, and F4BMX220 substrates. 
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