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Abstract—We propose photonic crystal substrates that support microstrip structures to mitigate the
problem of spurious harmonics in microwave devices. The wave propagation in microwave transmission
lines can be controlled by employing substrates that have modulated dielectric constant such that there
exist forbidden spectral regions, which are known as bandgaps in the photonic crystal terminology.
With proper selection of crystalline geometry, these bandgaps can be designed to suppress the spurious
harmonics. To show the existence of bandgaps in microstrip structures, we present Bloch analysis with
a bi-layered photonic crystal configuration of high and low permittivities. For a practical microstrip
structure that incorporates a bi-layered photonic crystal substrate, we show suppression of spurious
harmonics via circuit analysis and transmittance measurements. Furthermore, a 2.5 GHz coupled-line
filter is designed on a photonic crystal substrate, and 30dB second harmonic suppression at 5 GHz is
experimentally demonstrated. With the current trend multiple device integration on single platform,
the photonic crystal substrates can potentially provide the noise suppression and spurious harmonic
rejection needed for microwave components occupying close proximity.

1. INTRODUCTION

Late 1980s marked the discovery of artificially manufactured crystal-like structures that interact with
electromagnetic waves in a manner similar to the behavior of natural crystals in the presence of electron
waves [1-3]. Thereby, the term photonic crystals was rightly coined to signify this analogous behavior.
Subsequently, Bloch analysis was applied to characterize the well-known phenomena of Bloch waves,
forbidden energy gaps, and wave dispersion in the photonic crystals [1,4]. Since the crystalline lattice
behaved as an effective medium in the low frequency regime (where wavelengths are much larger than
the unit cells), interesting wave effects such as the bandgaps and backward wave propagation were
observed in the higher order spectra [5]. The advent of metamaterials at the beginning of the twentieth
century can be regarded as a milestone in the field of dispersion engineering. With the advancement
in metamaterial research, true artificial bulk media were realized that possessed properties beyond
the nature, such as negative index of refraction, sub-wavelength focussing and image resolution. This
term ‘metamaterial’ initially represented the media that possessed negative refractive index in the
fundamental Brillouin zone [6,7]. This term is now used to describe artificial structures characterized
by unique dispersive properties, such as the plasmonic [8], chiral [9], and photonic [10, 11] metamaterials.
Similar phenomena were also observed in photonic crystals in the higher order optical regimes [12, 13].

Photonic crystals and metamaterial research kindled strong inspiration in the microwave community
to exploit dispersion control with these periodic structures leading to novel implementations of
conventional microwave applications [14-20]. One of the earlier works suggested the suppression of
image currents and surface-waves propagating on an antenna ground plane using a high impedance
electromagnetic bandgap (EBG) structure [14]. The EBG structure consisted of hexagonal patches
printed on a dielectric substrate and connected to a ground plane through vertical vias (mushroom

Received 12 August 2020, Accepted 9 September 2020, Scheduled 28 September 2020
* Corresponding author: Hattan F. Abutarboush (dr.abutarboush@gmail.com).
The authors are with the College of Engineering, Taibah University, Madinah, Saudi Arabia.



36 Siddiqui et al.

structure). The ground breaking work on high impedance surfaces was followed by plethora of research
efforts that exploited the periodic structures (EBGs, photonic crystals, and metamaterials) in all areas of
microwave engineering, including antenna design [14, 19, 21-25] phase shifters [22, 23, 26, filters [19, 27]
and other frequency selective devices [18, 20, 28, 29]. Most of these periodic structures exploited metallic
inclusions contained in a background dielectric, thus resulting in strong dispersion that led to novel
devices. However, due to the fact that these strong dispersive effects occur close to resonances, such as in
the case of the well-known negative index medium [6], high conductive losses accompanied the interesting
underlying phenomenon. Moreover, the use of metallic structures [18] and lumped components [16, 19]
increased the complexity of fabrication and the need for a difficult design procedure which may vary
from one application to another. More recently, the photonic crystals and periodic structures have been
exploited in useful applications in optical spectrum, such as haemoglobin detection in human blood [30],
nanometric scale optical devices [31] and high-Q optical sensors [32].

The scope of this paper is limited to the photonic crystals (or EBGs) that support microwave
transmission lines and are formed by periodic repetitions of dielectric configurations without the use
of metallic inclusions. Throughout this paper, we will refer to these structures as ‘photonic crystal
substrates’ (PC-substrates). Consider two such configurations depicted in Fig. 1. The first substrate is
the well-known 2D photonic crystal [4] with cylindrical cavities separated by a periodicity of d = 1 cm in
a dielectric material (having € = 4). The second substrate is the bi-layered photonic crystal composed
of alternating dielectric layers with relative permittivities 2.3 and 6.15, repeated with a periodicity
of 2cm. A quick periodic analysis using the MBP simulation package [33] gives the band diagram
for the two structures (Fig. 1) showing the pass-bands and the bandgaps. The simulation assumes
periodic boundary conditions in the three dimensions and electric fields orientated in the z-directions
to simulate an environment similar to the microstrip structures. Note that the wavelength remains
significantly larger than the unit cell in the lowest passband of propagation (the fundamental band).
Hence an effective dielectric constant can be defined, which is useful to design microwave components
that work in this regime. The wave propagation in the periodic structures (i.e., the pass and stop band
regimes) can be controlled by the proper choice of geometrical parameters like periodicity and other
physical dimensions.

The concept of (non-metallic) photonic-crystal based microwave substrates can be found in some
of the early research works [34, 35]. Surprisingly, it did not gain much popularity among the microwave
community, probably due to the complexity of the underlying manufacturing process. However, with
the recent trend of multiple device integration (such as in smart phones), the requirement for space-
efficient filters has also increased. At the same time, the recent advancements in fabrication techniques
such as the 3D printing, the material patterning and fusion have become a household phenomenon.
Therefore, we feel there is a need to have a fresher look on the patterned all-dielectric PC-substrates
which have natural filtering abilities and hence are superior than the ordinary substrates in multiband
applications. Particularly, in an integrated application environment, the PC-substrates can provide
the noise suppression and spurious harmonic rejection needed for microwave components occupying
close proximity [36,37]. The PC-substrates can significantly reduce the number of filter stages that
are essential to eliminate harmonics caused by amplification processes in all RF transmitters and
receivers [38-40].

In this paper, we design and fabricate the bi-layered PC-substrate (of Fig. 1(b)), which consists
of alternate dielectric materials. We present a systemic procedure to design PC-substrates based on
the derivation of the effective dielectric constant. Such a systemic approach have not been presented
in earlier works which are based mainly on simulation-based designs [34, 35]. Our analytical derivation
of the effective permittivity is based on Microwave Bloch Analysis [41] in which infinite structures are
assumed. The design is subsequently applied to the truncated practical structures. The fundamental
band of the designed substrate is centered at 2 GHz and the bandgap lies between 4 to 5.5 GHz.
We explain the formation of bandgaps and parameters such as the propagation constant and Bloch
characteristic impedance by performing an exhaustive Bloch Analysis on the microstrip structure.
Furthermore, a practical microwave device i.e., a 2.5 GHz coupled-line filter is designed to experimentally
demonstrate the suppression of the second harmonic at 5 GHz. We anticipate that utilizing the photonic-
crystal based substrates in an integrated multiband environment will eliminate the need of explicit
filtering components, leading to dramatic size reduction of microwave devices [36].
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Figure 1. Photonic crystals used as substrates for microstrip structures (a) two dimensional photonic
crystal designed with a background medium of € = 4 by carving cylinders of radius a = 0.25 cm, repeated
with periodicity of d = 1cm. (b) One dimensional photonic crystal consists of alternating materials of
high and low dielectric constants of e; = 2.3 and e; = 6.15 with a periodicity ‘d’ of 2 cm.

2. ANALYSIS OF THE BI-LAYERED PC-SUBSTRATE

The analysis includes two parts. First, the Bloch analysis which assumes infinite structures and involves
the determination of the dispersion equation that governs the pass and stop bands and also leads to
the determination of the effective permittivity. Second, the circuit analysis using the Kirchhoff’s laws
which is needed to calculate the transmission characteristics of the practical truncated structure. As
shown in Fig. 1(a), the unit cell of the bi-layered photonic crystal can be drawn by assuming equivalent
microstrip segments with substrate (relative) permittivities of &1 and €5 and characteristic impedances
of Z; and Z,. The effective intrinsic phase velocities (u1,us) and the effective propagation constants
(61, B2) for the two types of microstrip transmission segments can be defined as:
c w c w

uyp = fr=—, uz= P2 =—. (1
VEel ’ uy’ vVEe2 ’ U2 )
ge is the effective relative permittivity of one of the photonic crystal layers and is related to the

substrate’s dielectric constant e, height H and the strip width W by the following well-known
equation [42]:

e+l e-—1 1
=+ (2)
2 2 1+ H/W

As depicted in Fig. 2(a), the unit cell is made symmetric by splitting the first line segment into
two halves of length d/4 such that the periodicity (or the unit cell length) remains equal to d. The
accumulative forward transmission (ABC D) matrix, which is the product of all the ABC' D matrices
contributing to the unit cell, can then be defined as:

A B costy  jZysinb, cos JZo sin 61 costy  jZysinb,
= ] 1 ;
(C D) ( J sin 64 cos 01 ) ( A sin 64 cos 0 ) ( ZL sin 64 cos 64 ) (3)

A J42 1

€e
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Transmission Line Model for Bloch and Circuit Analvsis
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Figure 2. (a) Unit cell of the circuit model consists of a microstrip transmission line printed on a b-
layered photonic crystal substrate comprising of alternate layers of materials of high and low dielectric
constants. To maintain the symmetry, the unit cell length is d is divided into three segments. The
forward transmission (ABC D) matrix is also shown for each microstrip segment. (b) The results of the
Bloch analysis and truncated circuit analysis showing the phase and attenuation constants and the Boch
impedance showing passbands and the bandgap. (c¢) Truncated circuit model of the periodic structure

of (a).

where angles 6; = [1d/4 and 0y = [2d/2 define the intrinsic phase shifts incurred when an
electromagnetic wave traverses over the two types of line segments. From the Bloch-Floquet Theorem,
the circuit voltages and currents at the terminals can only differ by a phase of e=7?, where ~ is the
complex Bloch propagation constant of the periodic structure. Therefore, voltages and currents at the
terminals of the unit cell are related by [42]:

A — e B Ve d 0
d _ = ) (4)
C D—¢ Te—d 0
By applying the condition of non-trivial solution (A — ¢7%)(D — ¢7%) — BC = 0 and the relation for

symmetric circuits AD — BC' = 1, the dispersion equation can be evaluated as:

A+D
coshyd = —g . (5)

The Bloch impedance (Zp) can be determined by finding the ratio of voltage and current at the
output port of the unit cell (Fig. 2(a)),
-B

Zp = A_erd (6)
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Consider the dispersion characteristics of the PC-based microstrip structure of Fig. 1(b). The real
and imaginary parts of the Bloch propagation constant (6) are plotted in Fig. 2(b). Apart from a
slight frequency shift, the Bloch propagation constant from the full-wave solver and the transmission
line model look quite similar. The first bandgap extends from 3.75 GHz to 4.8 GHz. The peak in the
imaginary part of the propagation constant signifies the attenuation in the band gap. Note that the
Bloch impedance in the fundamental band is 502, which corresponds to the standard characteristic
impedance of practical microwave devices.

Figure 2(b) also contains the calculated parameters for 5-unit-cell truncated microwave model,
given in Fig. 2(c). The truncated model results are important because they show the circuit behavior in
practical situations and also provide confidence to the designer. As observed, the infinite and truncated
models behave close to each other when a reasonably long (10cm) truncated periodic structure is
considered. Note that the output voltage phase and attenuation characteristics (V,/V1) for the truncated
model of N-unit-cells are calculated by applying Kirchhoff’s current equations at the input and output

nodes [43): N
) ) =) g

The characteristic impedance of the truncated structure (Zy,,) is calculated by first calculating
the input impedances of the open and short circuited truncated structure (Zoc, Zsc) and using the

relation:
A.B
Zom = ZocZsc = CtDt- (8)
t47t

where As, By, Cy, and Dy are the elements of the ABC' D matrix of the truncated model, given in Eq. (7).
Finally, an important design parameter of a periodic structure is the effective dielectric constant which
can be obtained by equating the Bloch propagation constant to the general phase relation:

fd = VEAT 9)

c
where k is the Bloch phase constant, and kd is the phase incurred over a unit cell and is obtained by
taking the imaginary part of the dispersion relation in Eq. (5). For the design of the considered bi-
layered PC-substrate, the effective dielectric constant at the center of the passband at around 2.5 GHz
(see Fig. 2) is around 3.25.

3. EXPERIMENTAL RESULTS: HARMONIC SUPPRESSION

A practical 5-stage truncated microstrip structure using the bi-layered PC-substrate of periodicity
(d) 2cm is fabricated by alternatively placing 1cm wide x2mm thick strips of Rogers RT/Duroid
5870 (e, = 2.3) and RO3006 (¢, = 6.15) materials on a copper ground plane. The LPKF S62 CNC
machine was used to precisely obtain the exact microstrip dimensions. The fabricated structure along
with the experimental set-up to measure transmission coefficients with Anritsu MS2026 vector network
analyzer (VNA) is depicted in Figs. 3(a)—(c). The measured transmission coefficient (S21) along with
the simulated results done using Agilent’s ADS software are shown in Fig. 3(d). The stopband appears
to be in the same approximate frequency band, as predicted in previous section using the infinite and
truncated models of the structure. There is a slight shift of frequencies in the experimental results and
an attenuation (of within 2dB). The frequency shift between theory and experiment may be attributed
to tolerance in the permittivity value of the Rogers substrate and the approximations assumed in the
analytical microstrip rules that were used to calculate the amplitude response. The attenuation loss in
the experimental transmission coefficient is due to the imperfections resulting from fabrication such as
air gaps between the dielectric layers.

From Fig. 3(d), it can be observed that the measured stopband occurs approximately between 4
and 6 GHz. Hence if a microwave device that operates on a fundamental frequency between 2 and 3 GHz
is designed, its second (spurious) harmonic would be suppressed. To demonstrate this effect, we design
a 4-stage (N = 3) coupled-line bandpass filter centered at 2.5 GHz. The filter is designed following the
standard 3rd order filter design procedure described in a microwave engineering textbook such as [42].
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Figure 3. (a) Prototype of a 10 cm microstrip line printed on a photonic crystal substrate. The unit
cell length is 2 cm and the dielectric layers consist of Rogers 5870 (e, = 2.3) and RO3006 (e, = 6.15).
The effective relative permittivity of the substrate is 3.25. (b) Side view of the microstrip transmission
line. (c) Measurement set-up with Anritsu MS2026 VNA. (d) Simulated and Measured transmission
coefficient showing a bandgap between 4 GHz and 6 GHz.

Each stage consists of a coupled line of electrical length 90°. The even and odd impedances of the kth
stage is given by the following equations [42]:

Zoe = Zo[L + JiZo + (JkZ8)| Zoo = Zo[1 — JxZo + (J1Z3)), (10)

where J, Zj is different for each filter stage and is given in terms of the lowpass prototype values g and
the fractional bandwidth A as follows:

A A A
Y e & N ey (11)
291 2,/9292 29394

The dimensions of the equivalent microstrip coupled line sections corresponding to the even and
odd impedances (10) can be obtained by using any standard Electromagnetic simulator program
such as Agilent’s ADS. The results of these calculations for a 3dB equi-ripple filter designed on a
substrate of effective dielectric constant 3.25 are summarized in Table 1, while Fig. 4(a) gives the
graphical representation showing the widths (W) of the constituting transmission lines and the gaps
(S) between them. The photograph of the filter prototype can be seen in the inset of Fig. 4(a). The
VNA measurements of the transmission coefficient (S21), given in Fig. 4(b), indeed demonstrate the
suppression of the second harmonic that occurs at around 4.8 GHz. Fig. 4(b) also shows a simulation
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Table 1. Design of a coupled-line maximally-flat band-pass filter using photonic-crystal based substrate.

n ‘ Jk ‘ ZoJy, ‘ Z0e(£2) ‘ Z00(R2) ‘ W (mm) ‘ S (mm)
1] 1 ]0.2166 | 63.17 41.51 3.2 0.65
2 2 |0.1017 | 55.60 45.43 3.5 2.0
31 1 (0.1017 | 55.60 45.43 3.5 2.0
41 1 |0.2166 | 63.17 41.51 3.2 0.65

3.5mm 32mm
I

3.2mm 3 1‘@“ 2

10 cm
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substrate (simulation) Filter on Photonic &rystal

substrate (Experimégt}
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Frequency (GHz)

(b) Measurement and Simulation Results

Figure 4. (a) Design of 2.5 GHz coupled line 3 dB equi-ripple bandpass filter on the photonic crystal
microwave substrate. The inset showing the practical implementation using Rogers materials with
dielectric constants 2.3 and 6.15. (b) Transmission coefficient measured using VNA demonstrating the
second harmonic suppression. Simulation results show the behavior of the conventional filter with the
second harmonic appearing around 4.8 GHz.

of the a conventional coupled line filter designed on a substrate of €, = 3.25 showing a second passband
at twice the fundamental frequency. The attenuation in the measured passband can be improved by
employing better fabrication methods such as 3D printing.

4. CONCLUSION

We demonstrate the existence of bandgaps in microstrip lines fabricated on a substrate which is designed
by using photonic crystals (PC-substrate). The substrate is designed by arranging an alternating
pattern of high and low dielectric constants given by the values 6.15 and 2.3, respectively with a
periodicity of 2cm. We explain the dispersion properties of the structure by Boch analysis and
plotting the resulting Brillouin diagram and the Bloch impedance plot. A practical microstrip structure
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using the designed PC-substrate is constructed using commercially available dielectric materials from
Rogers Corporation. A fundamental band and a bandgap centered at 2.5 GHz and a bandgap 4.5 GHz
respectively experimentally shown. The suppression of second harmonic is practically demonstrated by
designing a 3 dB equi-ripple coupled-line bandpass filter with a center frequency of 2.5 GHz. Measured
transmission coefficient shows more than 30dB suppression of the second harmonic at 5 GHz. The
photonic crystals based substrate can be potentially applied in applications such as filtering and spurious
harmonic suppression to free higher spectra that can be utilized for other devices located in close
proximity. With three-dimensional printing becoming a common trend, we anticipate a broader scope
of these engineered substrates.
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