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Abstract

This paper presents novel loss quantization of reflectarray elements based on organic substrate
materials. Three differently composed substrate materials derived from recycled materials have been
characterized for their dielectric properties using a broadband analysis technique. The materials show low
dielectric permittivity values of 1.81, 1.62 and 1.84 for X-band frequency range. In order to estimate the
reflection loss of for the three substrates a mathematical relation has been established using empirical
data generated by computer simulated models. The reliability of the proposed model has been established
by simulation and fabrication of unit reflectarray rectangular patch elements on three proposed substrate
substrates. A broadband frequency response has been depicted by scattering parameter analysis of unit
elements with 10% fractional bandwidth of 312, 340 and 207 MHz for RCP50, RCR75 and RNP50
substrate respectively.
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1. Introduction

Conventional high gain antenna applications require highly directional and efficient
reflectors or phased arrays antennas. Parabolic dish reflector have served the communication
industry well in terms of an efficient reflector antenna for long range communication such as
space and radar applications [1]. However parabolic dish reflectors are usually bulky and
massive in size, moreover they require complex rotatory and movement structures for beam
scanning or steering applications. In order to overcome the problems faced by the parabolic
dish reflectors a flat printed microstrip reflectarray antenna was introduced that can be used for
high gain applications with smaller mass and volume. A reflectarray consists of two main parts
an array of elements and a feeding antenna. The phase distribution of elements over the array
is strictly controlled in order to focus the main beam of antenna towards a particular direction.

In a reflectarray antenna the printed elements are excited spatially, this eliminates the
requirement of using complex and lossy feeding network of microstrip lines, as in phased array
antennas. Moreover the low profile and thin structure makes it an attractive choice for small,
shrouded places specially spacecraft payloads [2]. The printed elements in reflectarray are
distributed as an array over a thin dielectric substrate material. The elements may take different
configurations such as variable size patches, parallel or cross diploes, square or circular rings
etc [3-5]. In all the element configurations, the reflection phase of the individual elements is
precisely monitored to control the overall array pattern. The reflection phase of an element is
dependent upon its dimensions as well as its position on the array.

The evolution of printed circuit board (PCB) technology has made commercial
production of flat printed reflectarrays a lot more feasible. On the other hand the production of
parabolic dish reflectors requires difficult casting and molding techniques to acquire dish
curvature. However reflectarray face challenges in terms of its intrinsic narrow bandwidth and
high loss performance. Microstrip reflectarrays are derived from microstrip patch antenna and
the patch antenna has an intrinsic bandwidth of just 3-5% only [6]. This drawback of reflectarray
has been addressed by using thicker or multi-layer structures but this increases the fabrication
complexity of the antenna [7-10]. Along with thicker substrate materials air gaps has also been
introduced between the ground plane and the substrate region in order to achieve smoother
phase and broadband frequency response [11-13].
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The conventional microstrip patch antenna are preferred to be fabricated above
commercially available materials such as Rogers Duroid substrates, Taconic RF301 and FR—4
substrate materials. However with the peaking advances in the material and manufacturing
industry new and efficient materials are being introduced to achieve enhanced performances.
3D printing has been used for the manufacturing of a dielectric resonator reflectarray based on
dielectric resonator element for THz frequencies [14]. The method uses an Objet Eden 350
polymer for 3D printing of the array. In another 3D printed reflectarray utilizes VeroBlue
RGD240 material for the printing of an open ended waveguide reflectarray at 60 GHz [15, 16].
The material was later electroplated to achieve an all metallic reflectarray antenna. The use of
ceramic ferro-electric materials for phase shifting, beam steering or switching applications has
brought a new dimension for reflectarray antennas [17-19]. Barium strontium titanate has been
used for for the wide phase tuning of reflectarray unit cells. Organic substrate materials based
on cellulose material has been reported to be used as substrates for microstrip patch antenna
applications [20-23]. The commercially available papers substrate materials are used for
frequencies as high as 24 GHz [24]. The concept provides efficient low cost antenna electronics
along with fabrication ease.

This research proposes three novel organic substrate materials derived from paper
substrate for microstrip reflectarray antenna. The composition of the paper substrate is
controlled in order to achieve diverse material properties. The proposed material has been
characterized thoroughly using a dielectric probe method. This paper also presents the
reflection loss quantization of rectangular patch elements on the three proposed substrates.
A mathematical model has been derived by relating the reflection loss with substrate height and
the resonant frequency. The paper also presents the fabrication and measurement of
rectangular patch elements on proposed substrate materials.

2. Organic Substrate Materials
2.1. Material Preparation

A paper is usually made up of a combination of particle suspension bounded by a
fiborous component. The fibrous component bonds the suspended particles and provides
strength and stress properties to the paper. The proposed substrate has been derived from
recycled material such as copier paper, carton paper and the newspaper. Banana fiber has
been used as binding fiber to add strength properties to the paper material. The three proposed
paper substrates along with their composition and used acronyms are presented below:
a. Newspaper (50%) + Banana Pulp (50%) ; RNP50
b. Carton box (75%) + Banana pulp (25%) ; RCR75
c. Copier Paper (50%) + Banana Pulp (50%) ; RCP50

The paper substrate materials were processed to achieve uniform sheets of paper.
The sheets were then glued together to achieve thick substrates samples suitable for microstrip
patch antenna applications. The samples were passed through various stages of pressing,
rolling and heating to remove the moisture content of glue. This was done in order to minimize
the effect of moisture on the dielectric material properties.

2.2. Dielectric Material Characterizaiton

The proposed papers substrate materials were characterized for their dielectric material
properties. The method used for characterization was based on dielectric probe method; a
broadband characterization technique. The setup used for characterization is presented in
Figure 1. It consists of a Speag Dielectric Assesment Kit (DAK) 3.5 mm probe. The probe
provides an analysis range of 0.2—20 GHz. The system uses a vector network analyzer and a
software plat form installed at the PC. The probe is controlled remotely by the PC via VNA. A 14
GHz Rodhe & Schwarz network analyzer has been used for this purpose. The analysis of
the proposed materials was done for X-band frequency range. Figure 1 (a) shows the proposed
substrate materials with commercially available substrates such as FR-4 and Rogers Duroid
5880. The material characterization setup shows the dielectric probe used for the analysis as
shown in Figure 1 (b). The setup was calibrated precisely using water as a load material due to
universal properties of water. The dielectric material characterization results are presented in
Figure 2 and Figure 3.
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Figure 1. Dielectric material characterization (a) proposed dielectric materials
(b) material characterization setup
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Figure 2. Relative permittivity results for three Figure 3. Loss tangent results for material
proposed substrates characterization of paper substrate materials

The results presented in Figure 2 shows the relative permittivity for the three proposed
substrates. The results depict that there is a minor variation of permittivity over the entire
X-band. The findings from Figure 2 and Figure 3 are tabulated in Table 1.

Table 1. Dielectric Material Charaterization

Substrate € tand
RCP50 1.81 0.053
RCR75 1.63 0.046
RNP50 1.84 0.057

The presented values are the mean values over X-band frequency range.
The presented results show that the substrate materials RCP50, RCR75 and RNP50 substrate
shows dielectric permittivity of 1.81, 1.63 and 1.84 along with loss tangents of 0.053, 0.046 and
0.057 respectively.
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3. Reflection Loss Quantization

This section provides the mathematical modeling for the reflection loss estimation of
rectangular patch element on proposed substrate material. Full-wave computer simulation
model based on finite integral method (FIM) was used to model a rectangular patch element on
dielectric slab of proposed substrates. The simulation model utilizes the concept of closed
boundary conditions with conductive walls and normal incidence of E-field to realize an infinite
array of elements. The simulated model with applied boundary conditions is presented in
Figure 4, where the electric and magnetic wall are also labelled. The incident E-field operates
with TE10 mode of operation.
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Figure 4. Unit reflectarray element with closed boundary conditions and normal E- field
incidence

Mathematical modelling was done by taking in to consideration three parameters of unit
reflectarray design while keeping the others as constant. Different parameters was made
constant to simplify the fitting process. The variable taken under consideration were substrate
height, resonant frequency and the reflection loss. Other parameters such as the dielectric
properties, patch antenna dimensions, boundary conditions and incidence angle were all kept
constant. The empirical data was generated by sweeping the substrate heights between the
ranges of 0.6-3.0 mm for all the three substrates. During the data generation special
consideration was taken in terms of reflection phase of the element so that the reflection phase
does not get corrupted. The range 0.6-3.0 was selected also to keep the resonant frequency
range within the limits of X-band (8-12 GHz).

Linear polynomial fitting technique based on linear regression was utilized to fit a
polynomial to the empirical data. The empirical data was utilized to generate linear polynomials
that best describe the relation between the reflection loss, substrate height and the resonant
frequency. The fitted polynomials are presented below:

RLpepso = 2715 — 794 h — 243.8 f, + 47.13 h? + 52 hf, (1)
RLpcrss = —159 + 574.9 h + 139.8 f, — 36.2 h2 — 39.25 hf, @)
RLgypso = 6502 — 6906 — 575.8f, + 2210h2 + 569.3hf, — 125.7h3 — 154.4 h2f, ©)

The above equations relate the reflection loss with the substrate height and the
resonant frequency of a rectangular unit reflectarray patch element where RL represents the
reflection loss, h represents the substrate height and fr represents the resonant frequency. The
above solution is only applicable to X-band frequency range. In order to validate the proposed
model for the estimation, a comparison was drawn between the empirical data used for fitting
and the actual fit. Figure 5 presents the comparison for validation of model. In the figure
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the solid lines represent the actual simulated data from the software while the dotted and
dashed lines represent the different types of fitting calculated from the (1-3).
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Figure 5. Comparison between the simulated reflection loss and the modelled loss using
mathematical relation

The results of validation show that there is a close agreement between the empirical
data and the actual mathematical fits. The presented results in Figure 5 show that for RNP50
substrate material maximum loss trend is being followed to -32 dB where the modelled curve
also follows the actual cuve very closely however it can be seen deviating from the actual loss in
the range between 2-3 mm. The curve for RCP50 substrate material shows that the simulated
data gives the maximum loss of -26.3 dB followed by the reflection loss calculated by (1)
i.e. 25.1 dB. The difference between the data and the mathematical model decreases as the
substrate height is increased. The comparison provided for RCR75 substrate material curve is
also presented in Figure 5 with both simulated data and the loss calculated using (2). The
results show that simulated and calculated losses are 21.01 and 21.56 dB respectively.
The reflection loss shows a gradually decreasing trend as the substrate height is increased.
Thus the presented results show that the fitted model using empirical data follow closely with
the empirical data with an average discrepancy below 10% for all the substrate materials.

4. Fabrication and Measurements

In order to realize the reflectarray antenna based on rectangular patch elements, unit
elements were fabricated on three proposed substrate materials. The fabrication process used
was based on manual cutting of adhesive copper tape. Adhesive copper tape was preferred
over conductive printed ink based on silver nano-particles because copper tape provides
conductivity of bulk copper that reduces the conductor losses at high frequencies. The silver
nano-particle ink also requires sintering process at high temperatures for proper deposition that
might affect the cellulose based paper substrate. The proposed substrate material is also not
robust enough to withstand the CNC milling or wet chemical etching process. Thus manual
cutting was the most suitable process to be used for fabrication. Rectangular patch elements
fabricated above proposed substrate are presented in Figure 6.

The elements fabricated were measured for the dimensions after the fabrication.
The simulation results were then updated to the actual fabricated dimension to eliminate any
errors. The fabricated elements were measured for the scatting parameters using an X-band
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waveguide simulating based on the technique proposed in [25]. A Rodhe and Schwarz 14 GHz
Vector Network Analyzer was used for measurements. The complete measurement setup is
shown in Figure 7. The elements are placed inside the waveguide aperture shown in
Figure 7 (a) and the reflection loss and reflection phase response of the elements is measured.
Figure 7 (b) shows the complete measurement setup.

Figure 6. Fabricated unit reflectarray Figure 7. Scattering parameter measurements
elements on proposed organic substrate (a) waveguide simulator
materials (b) complete measurement setup

The scattering parameter results for all the three proposed substrate are presented in
Figure 8 and Figure 9. The reflection loss curves show a close agreement between
the measured and simulated results. The dotted lines represent the measured results.
The ripples present in the measured results are due to non-ideal nature of waveguide simulator.
Figure 8 shows the results for reflection loss curves. It can be seen that the RNP50 substrate
material shows the maximum reflection loss and a minimum reflection loss is shown by RCR75
substrate material. The reflection phase curves are presented in Figure 9. The results show
gradual change in slope curves from maximum to minimum with maximum gradient at
the resonance point. This is due pure resistive behavior at the resonance. The finding from
Figure 8 and Figure 9 are tabulated in Table 2.

----------- === RCP50 Meas.

.......... RCP50 Sim.
300F N A == == RCR75 Meas. | 1
RCR75 Sim.

------- RNP50 Meas.

1] g’ 250 RNP50 Sim
k] ° -
} o
§ Y g 200
c ) c
§ ot 2 150t
2 —-—RCPSOMeas.| \ 1 K
e s RCP50 Sim. “ 1% : S
-0 | = = RCR75 Meas. Vet ; 1 @ 100 [
RCR75 Sim. P =3
[TTEED RNP50 Meas. B ‘.".,.
SM2F | e RNP50 Sim. A 1 50 1 Wl
.g-_...,...“
a . . . . . . . o . . ‘ . . . ‘
8 8.5 9 9.5 10 10.5 1" 1.5 12 8 8.5 9 9.5 10 10.5 1" 1.5 12
Frequency - GHz Frequency - GHz
Figure 8. Comparison between measured and Figure 9. Reflection phase curves for
simulated reflection loss for rectangular patch  rectangular patch elements on unit reflectarray
elements elements

The summary of the results presented in Table 2 show that the rectangular patch
elements show resonances at 9.94, 9.95 and 10.42 GHz for RCP50, RCR75 and RNP50
substrate materials respectively. The reflection loss for measured curves is -10.36, -8.14
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and -13.19 dB for RCP50, RCR75 and RNP50 substrate materials respectively. A 10 %
bandwidth was also defined by moving 10% above the maximum loss level on the reflection loss
curve. The results show the maximum fractional bandwidth of 340 MHz for RCR75 substrate
materials followed by 312 and 207 MHz for RCP50 and RNP50 substrate materials respectively.
The calculated phase range for the element is also presented with a maximum phase range of
319° shown by RNP50 substrate material and a minimum phase range of 301° shown by
RCR75 substrate material with RCP50 substrate materials showing an intermediate phase
range of 308°. In order to establish a relation between the reflection phase and the bandwidth of
the reflectarray element a metric Figure of Merit (FOM) has been defined. The FOM shows
the gradient of the phase curve with respect to changing frequency. The FOM calculated for all
the phase curves show that the maximum FOM of 0.28 °/MHz is shown by RNP50 substrate
element while a minimum phase gradient is shown by 0.14 °/MHz. The RCP50 substrate
element shows a gradient of 0.19 °/MHz.

Table 2. Scattering Parameter Results for Rectangular Patch Element

on Proposed Substrate Mateial
Af

Substrate fr RL (MH2) AD FOM
(height - mm) (GHz) (dB) 10% (deg) (°/MHz)

RCP50 Sim. 992 592 465 254 0.13
Mea. 994  -10.36 312 308 0.19

Sim. 998  -438 682 243 0.10

RCR75 Mea. 995  -8.16 340 301 0.14
Sim. 1046  -6.41 356 275 0.12

RNPS0 Mea. 1042  -13.19 207 319 0.28

The presented results for the rectangular patch element on three proposed substrates
show good agreement between the simulated and the measured results. The presented organic
substrate materials will provide an eco-friendly solution for the future electronic industry.
The microstrip reflectarray antenna fabricated using proposed substrates also shows a
broadband frequency response compared to conventional substrates that will address
the narrow bandwidth limitation.

5. Conclusion

Organic substrate material derived from recycled materials has been presented for
microstrip reflectarray antenna. The proposed substrate materials were thoroughly
characterized for the dielectric properties. The characterization results shows low dielectric
permittivities of 1.81, 1.62 and 1.84 for RCP50, RCR75 and RNP50 substrate materials.
A mathematical model has been defined using empirical data generated from computer
simulated model. Linear polynomial fitting have been used to establish a mathematical relation
between reflection loss, resonant frequency and the substrate height. The developed
mathematical relation has been validated for the reflection loss values and a close agreement
has been established. In order to realize the simulated models, unit reflectarray elements were
fabricated on all the three substrate materials. The scattering parameter results show
broadband frequency responses to solve the narrow bandwidth limitation of microstrip
reflectarray technology.
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