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ABSTRACT This paper presents a systematic study of a compact and reconfigurable periodic structure in
GaAs MMIC technology. Compactness is achieved by the introduction of spiral inductors in a conventional
unit cell without disturbing the reactive loading mechanism. The proposed architecture exhibits a 28.3%
wider stopband with 62.6% smaller footprint compared to a conventional structure. The compactness and
bandwidth improvement in the proposed structure is explained with the help of dispersion and circuit
analysis. The reconfigurability built into the design using PIN diodes allows stopband switching, dual-band
operation and tuning capabilities with the mere use of a single reactive load in its unit cell. To the best of the
authors knowledge, it is the first time a reconfigurable MMIC implementation is realized using the proposed
structure or even the conventional design. As a guide to design, sensitivity analysis to filter performance is
presented for important structure parameters. Switching element parasitics are discussed in two ways: firstly,
with the design and measurement of structures with idealized switching conditions and in second, with the
circuit and full-wave EM modelling of the finite periodic structure with the actual PIN diodes. The on-chip
measurements of the fully reconfigurable filter show excellent agreement with simulations.

INDEX TERMS Periodic structure, electromagnetic bandgap (EBG), GaAs MMIC, reconfigurable circuits,

tunable filters, PIN diodes.

I. INTRODUCTION
With the advent of 5G, cognitive radio and ultra-wideband
systems, demand for the reconfigurable radio frequency (RF)
front ends is on the rise [1]-[4]. Devices that can adapt them-
selves to a controlled input are getting popular [5]—[8]. This
calls for devices that are multifunctional and offer multiband
operation. Filters being an integral part of such RF front
ends become more beneficial when they support multiple
response types, frequency/bandwidth tuning, band switching,
etc. [9], [10].

It is, however, challenging to combine all these reconfig-
urable attributes in one filter structure. Various reconfigurable
filters reported in the literature demonstrate excellent perfor-
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mance when designed for one or two adaptive features at a
time. Having more bands over which one can tune results
in complex filter structures with compromised performance
attributes. For example, the bandstop filter in [11] supports
single-band operation with centre frequency tuning in a wide
range and stopband rejection level up to 30 dB. In contrast,
the filters in [12], [13] offer bandwidth tuning along with
frequency tuning with lesser stopband rejections up to 20 dB.
Similarly, the filters in [6], [14] demonstrate dual bandstop
performance with frequency tuning, and the filter in [15]
offers a dual-band operation with bandwidth tuning. Few
of the common challenges faced by these filter structures
include narrow bandwidths with limited tuning ranges and
lack of sufficient rejections in the stopbands [11]-[15], which
are among the most desired features when realizing reconfig-
urable RF front ends.
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FIGURE 1. The layer definition (with layer thicknesses) of the
PIH1-10 MMIC process used for this study.

Electromagnetic bandgap structures (EBG) are popular as
they offer deeper stopband rejection with sharper roll-off
factors at the bandgap edges [16], [17]. In these structures,
bandgap characteristics are achieved by a periodic arrange-
ment of disruptions in the flow of the propagation path [18].
The use of mushroom-like structures under a microstrip line
is one way of creating the EBG effect [19]. In a digitally
controlled artificial dielectric (DiCAD) structure in CMOS,
this effect is created by the cross-coupling offered by several
floating metal strips placed under a differential transmission
line [41], [42]. One variant of these structures in microstrip
arrangement involves using a rectangular patch with a pair
of shorting vias in a unit cell to load a microstrip line
reactively [20]. Although this structure is used in literature
for several circuit and non-circuit applications in microwave
frequency bands, it has a large footprint, i.e., bulky circuit
design, thereby restricting its use for monolithic millimeter-
wave applications. A large footprint can reduce the yield and
increase the cost per circuit in MMIC fabrication. To over-
come these challenges, it is very important to reduce the
overall size of the structure. These circuits offer the possi-
bility of creating the reconfigurable EBGs by changing the
state of individual unit cell elements. However, the conven-
tional structure is capable of supporting a single stopband
with bandwidth tuning only [21]. Moreover, dual stopband
characteristics and additional reconfigurable features are only
possible by using multiple reactive loading elements in a
unit cell [22]. Furthermore, the reconfigurability of these
circuits is only investigated using ideal switching conditions
in literature, i.e., without any active components and biasing
circuitries [20]-[23].

In this paper, a reactively loaded microstrip line based
1-D periodic structure is proposed and realized in the MMIC
environment. The loading to the microstrip line is achieved
by means of a capacitively coupled patch and a pair of spiral
inductors shorted to the ground. On-chip PIN diodes are used
to make the structure reconfigurable. The off-state capaci-
tance of the diodes combined with the leakage capacitance
of the reactive load is used to get a second bandgap. Switch-
ing between the two bands is achieved by simultaneously
switching all the diodes in a finite periodic structure to ON
or OFF states. This stopband switching capability of the
proposed circuit makes it suitable for the RF front-ends of the
half-duplex communications systems. Furthermore, bandgap
characteristics of both the stopbands can be discretely tuned
by controlling the switching states of individual unit cells.
These features make it a suitable candidate for applications
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requiring suppression of unwanted signals in the adjacent
channels.

The rest of the paper is organized as follows. Section II
discusses the design of the proposed unit cell. Investigations
related to the viability of making the structure reconfigurable,
using ideal switching conditions along with detailed para-
metric study, are discussed in Section III. A detailed account
of the on-chip measurements of the proposed reconfigurable
EBG filter along with its salient features is presented in
Section IV, followed by a concluding discussion in Section V.

II. UNIT CELL DESIGN

In a conventional mushroom type EBG structure, square
patches shorted at the center are used to block the propagation
of electromagnetic waves [24], [25]. Rectangular patches
with vias located at their edges result in a relatively com-
pact EBG structure [26]. However, the realization of these
structures is extremely challenging in size constraint MMIC
environments, specially for the low frequency applications.
To overcome this challenge, a new method to reactively load
a microstrip line is proposed that makes use of a relatively
smaller patch connected to two spiral inductors. These induc-
tors account for a similar electrical length wound in a tight
space resulting in compact periodic structures. Connecting
these inductors to the ground plane through vias provide
approximately similar path length for the induced EM current
to reach the ground, thus resulting in bandgap characteristics
in the same frequency band.

To realize this kind of periodic structure and show its effi-
cacy as a reconfigurable filter with multiple adaptive features
for millimetre-wave applications, a standard two metal layer
MMIC process is selected. The proposed periodic structure
is designed using the PIHI-10 GaAs process from WIN
Semiconductor Corp., Taiwan which is a standard two metal
layer process over a 100 um thick GaAs substrate. The layer
definition for this process is shown in Fig. 1. In this process,
metal-1 layer with the thickness, #1, of 1 um is laid over a thin
layer of (0.15 pum) Silicon Nitride on the GaAs wafer. Metal-2
has a thickness, t>, of 2 um and is isolated from metal-1 with
the help of a 0.15 wm thick layer of SiN and a 1.6 um
thick layer of polyimide. The thick metal can be realized by
combining metal-1 and metal-2, resulting in an approximate
thickness of 3.1 um. This process supports plated back vias
with the thick pad dimensions of Px x Py as 60 um x 90 um
and with an elliptical gold-plated hole having dimensions of
Vx x Vy as 30 um x 60 pm.

Conventionally, in a unit cell, a longitudinal microstrip line
with width W,, is laid on metal-2. Under this line, a transver-
sal patch with dimensions as Wp x Lp is made on metal-1,
as shown in Fig. 2(a). The distance between the edge of the
unit cell and the patch is S, such that total unit cell length
Lyc = Lp + 2S. In the proposed periodic structure unit
cell, a relatively shorter patch is used with width W, and
is connected to two spiral inductors on each side, as shown
in Fig. 2(b). These inductors are realized using thick metal
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FIGURE 2. Unit cell of the 1-D periodic structure. (a) Schematic of the top
view with the conventional shorted patch structure (not to scale).

(b) Schematic of the top view with spiral inductors (not to scale).

(c) Enlarged view of the spiral inductor and back via on the layout. (d) 3-D
view of the conventional unit cell (not to scale) and (e) 3-D view of the
proposed unit cell.
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FIGURE 3. (a) Unit cell dispersion diagram. (b) Full-wave simulation
results showing the bandgap behaviour exhibited by conventional
structure and the proposed structure. The circuit component values for
the spiral inductor are Ls = 1.18 nH, C3 = 0.00448 pF, Cs = 0.0112 pF,
Csub1 = 0.01 pF, Cgypy = 0.01 pF, Rs = 2.53 , Rg,p1 = 50037 @ and
Rsupz = 22289 Q. For conventional loading element as Ly gt = 1.18 nH
and C3 = 0.00448 pF. Other common circuit values are C; = 0.00371 pF,
C, = 0.0216 pF, L; = 0.057 nH and L,;, = 0.012 nH.

with line width as Ly, spacing between spiral segments as
Lsp and other important parameters marked as Lj to L4,
as shown in Fig. 2(c). The total via to via distance in the
proposed unit cell is W), +2Lj,q, where, Ljqg = Ly +L3 +Lg.
The number of spiral segments shown in Fig. 2(c) are 10 and
are referred to as Ly . 3-D views of the conventional and the
proposed unit cell are shown in Fig. 2(d) and (e), respectively.
This shows that the proposed unit cell significantly reduces
the unit cell dimensions in the lateral direction, making it
suitable for MMIC implementation.
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A. DISPERSION ANALYSIS
The propagation mechanism of the unit cells in Fig. 2(a) and
(b) are studied with the help of the dispersion diagram, which
is derived using AWR EM simulated data. For dispersion
analyses, the unit cell is simulated as a two-port network in
the AWR AXIEM simulator. The resulting S-parameters are
used to calculate the propagation constant, y, with the help
of ABCD (transmission) matrix coefficients [27], as given
below:
. _1(A+D

yLuc = (@+jBLuc = cosh™ (=5=) (1)
where, « is the attenuation constant and S is the phase con-
stant. For the dispersion diagram, we are interested in the
imaginary part of y Lyc, which is expressed in degrees.

The unit cell parameters for the conventional patch struc-
tures used for this study are W,, = 40 um, Lp = 30 pum,
Wp = 1800 um, S =75 um, Lyc = 180 um and via dimen-
sions as mentioned before. The dispersion diagram shows
the presence of bandgap between the first two propagating
modes, i.e., 24.55 GHz and 27.3 GHz (10.6% fractional band-
width centred at 25.9 GHz), as shown in Fig. 3(a). To obtain
comparable performance using the proposed unit cell, a small
patch width, W, = 60 pum, is used with inductor dimensions
as L1 =80 um, Ly =210 um, L3 = Ly = 20 um, Ly = 10,
Ly = 10 um and Lgp = 10 um. The proposed unit cell
shows a bandgap between 24.73 GHz and 28.68 GHz (14.8%
fractional bandwidth centred at 26.7 GHz) with relatively
compact unit cell width, i.e., 740 um as compared to 1980 um
(including two back vias), as shown in Fig. 2(d) and (e). It is
worth mentioning that the proposed unit cell not only offers
a 62.6% size reduction of the structure but also offers 28.3%
improvement in gap bandwidth.

B. CIRCUIT ANALYSIS
The equivalent circuit model of a conventional structure hav-
ing a rectangular patch with two shorts is reported in [26] and
is further investigated to have more insight into the circuit in
a monolithic environment. The proposed equivalent circuit is
developed by incorporating the effect of reactive loading on
the microstrip line due to spiral inductors. Fig. 4 shows the
circuit model for the proposed unit cell in Fig. 2(b). Since the
centre of transversal patch and longitudinal microstrip line are
aligned and are symmetric about the center of the structure,
therefore, the equivalent circuit model of the structure is also
symmetric. The microstrip line on each side of the loading
patch is approximated with the help of inductance L; and
a parallel plate capacitance C;. The inductance L; can be
approximated using the formula for the self-inductance of a
straight rectangular bar [28] and is given as Eq. (2)
Li(nH) = LUC{ln<L—UC> — 1+ ﬂ} 1074 (2)
Ry Lyc
Ry = 0.2235(Wy, + 12) 3)
where, all the dimensions are in gm.
The interaction between the microstrip line and the patch
is represented by parallel plate capacitance C,. Furthermore,
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FIGURE 4. Equivalent circuit model approximation for the unit cell in Fig. 2(b).

the parallel plate capacitance between the patch and the
ground plane is represented by Cs. The initial values for
capacitances C1, C2 and C3 can be approximated by using
parallel plate capacitance formulas. The shorting via on each
side is represented by an inductance L,;,. For this analysis,
foundry supplied values of L,;, are used. The effect of the
spiral inductor on the structure performance is approximated
with the help of a relatively simpler 1-7 model [29], [30].
This model gives reasonable accuracy up to the self-resonant
frequency (SRF) of the spiral inductor. In this model, L, and
R, represent the equivalent series inductance and resistance
values, respectively. Cs caters for the through capacitance
between the neighbouring metal segments of the inductor.
Furthermore, Ry, and Ry, are the substrate leakage resis-
tances, and Cy,p1 and Cypo are the substrate leakage capac-
itances. Values for these lumped components are extracted
using the full-wave simulation of the inductor in AWR
AXIEM simulator as a two-port network. Then, Y-parameters
are used to calculate the circuit values [29], [30] using Eq. (4)

1 — 1 —
Ly = —imag(—1/Y) Cs = —imag(—Y)
1) w

1 _ 1 _
Coupr = —imagyn +Y) - Coupp = —imag(yn +¥) 1 (4)

Rapt = 1/real(yi1 +Y) Rgupr = 1/real(yrn +7Y)
Ry =real(—=1/Y) Y = (yi2 +y21)/2

where, y is the Y-parameter matrix. These values are extracted
for frequency corresponding to jX =0, i.e., self resonance fre-
quency of the inductor. For comparison with the conventional
shorted patch structure, the 1-7 model of the spiral inductor,
in Fig. 4, is replaced by a series inductor Ly, which can be
calculated with the help of Eq. (2) using patch dimensions.
An initial estimate of the circuit component values for the
two unit cells in Fig. 2(a) and (b) is made using Eq. (2) to
(4), and phase constant calculations are done using Eq. (1).
A few of the circuit parameter values are slightly tuned, and
resulting dispersion diagrams for the proposed and the con-
ventional unit cells are shown in Fig. 3(a). For verification,
full-wave simulations of the finite periodic structure consist-
ing of eight unit cells are carried out using the AWR AXIEM
simulator. The simulation results are presented in Fig. 3(b),
which shows that full-wave simulation results are consistent
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FIGURE 5. Ideal switching conditions used for modelling (a) ON and

(b) OFF states in a unit cell. (c) Unit cell schematics of the proposed
periodic structure with on-chip PIN diodes and bias circuitry.

with dispersion analysis as well as the circuit simulations for
both structures.

Ill. RECONFIGURABILITY WITH IDEAL SWITCHING
CONDITIONS

In this section, the suitability of the proposed periodic struc-
ture as a reconfigurable filter is investigated using full-
wave analysis. The ‘ON’ and ‘OFF’ states of the switching
devices are initially modelled using ideal conditions, i.e., with
the presence and absence of metal connections, as shown
in Fig. 5(a) and (b), respectively. It helps in understanding
the performance of a reconfigurable structure and is a widely
used technique by researchers for initial design [31], [32]. For
simplicity, the ON and OFF states are represented by ‘1’ and
‘0’ states, respectively.

In order to investigate the effect of ON and OFF states on
the bandgap performance, two extreme cases were simulated,
i.e., first with all unit cells in ‘1’ state and second with
all unit cells in ‘0’ state. The schematic diagram of two
finite periodic structures, with eight unit cells each, having
all the cells in ‘1’ and ‘0’ states are shown in Fig. 6(a)
and 6(b), respectively. Full-wave simulation results of the
two structures are presented in Fig. 7. Simulation results
show that the structure in Fig. 6(a) (with all unit cells in ‘1’
state) offer a bandgap between 24.22 GHz and 28.76 GHz.
This stopband is approximately the same as predicted using
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ground (open or ‘0’ state) to simulate ideal switching conditions.

TABLE 1. Summary of bandgap performances resulting from parametric
study of important spiral inductor parameters.

. a-]
.. E . i Band-1 Band-2
e Parameter Value fe1 FBW fe2 FBW | fe2/fe1
. (GHz) % (GHz) %
= 6 339 205 485 75 1.43
1 Ly 10 26.6 16.8 353 5.8 132
e & 14 19.6 13.0 254 3.9 1.29
(b) 5 pum 26.6 16.3 353 59 1.32
z 10 pm 26.9 18.1 37.0 6.8 137
SP 15 um 27.0 19.3 38.0 6.8 1.41
20 pm 272 20.7 389 7.9 1.43
7 pm 245 13.6 342 7.6 1.39
I 8 pum 252 17.6 348 6.4 1.38
w 9 um 26.0 17.9 35.9 6.6 137
10 pum 26.8 18.0 37.0 6.8 137
150 pm | 3347 | 215 451 7.6 1.34
Lo 200 um | 266 17.0 353 5.9 1.32
250 um | 222 135 29.1 43 1.31
Low 150 um | 298 194 415 5.7 1.39
200 um | 26.6 16.8 353 6.0 1.32
(L21,=200) | 250 um | 242 14.8 329 4.6 1.35
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FIGURE 7. Simulated vs measured results for two switching states.
(a) Insertion loss. (b) Return loss.

dispersion analysis and is referred to as band-1 with center
at f,1. With 8 unit cells, the rejection levels up to 40 dB are
achieved in the stopband with better than 15 dB return loss
in the passbands. In ‘0’ state, both the spiral inductors in
a unit cell are disconnected from the back via leaving the
patch and the spiral inductors electronically floating under the
microstrip line. This results in reduced reactive loading being
offered to the microstrip line which gives rise to bandgap
characteristics at slightly higher frequencies. With all unit
cellsin the ‘0’ state, a bandgap appears between 33.5 GHz and
37.1 GHz, referred to as band-2 with center at f,. This second
bandgap has a band rejection of 30 dB in the stopband. The
return loss in this state is better than 12 dB in the upper and
lower passbands.

A. PARAMETRIC STUDY ON SPIRAL INDUCTOR
PARAMETERS

The effect of important structure parameters on its perfor-
mance and detailed synthesis scheme to design a filter cir-
cuit using this kind of periodic structure on PCB can be
found in [33], which takes the system specifications as input
and yields 1-D periodic structure geometrical dimensions as
output. Detailed discussions on the effect of each structure
parameter on its performance can be found in [20], [33]. How-
ever, the effect of spiral inductor parameters on the circuit
performance is discussed here. Important structure parame-
ters, such as Ly, Lsp, Lw, Ly and unequal inductor length,
are individually varied by keeping all other parameters fixed
and its effect is simultaneously studied in ‘1’ and ‘0’ states.
This study also identifies critical structure parameters for the
placement of non-overlapping bandgaps i.e., with higher f.»
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to f,1 ratios. Simulation results obtained from AWR AXIEM
simulator are shown in Fig. 8, and a summary of important
bandgap characteristics are given in Table 1.

1) NUMBER OF SPIRAL SEGMENTS, Ly

Parametric study on different values of Ly suggests that
with an increased number of segments, the spiral inductor
presents larger values of inductances. This results in reduced
bandgap resonances in both states, as shown in Fig. 8(a).
It also presents an increase in the series resistance Rg in each
inductor, which increases resistive losses, thus resulting in
decreased bandstop rejections.

2) SPACING BETWEEN SPIRAL SEGMENTS, Lgp

Changing spacing between spiral segments affects the series
capacitance Cs. An increase in Lgp results in an increased
upper cutoff frequency of band-1, thus increasing the frac-
tional bandwidth, as shown in Fig. 8(b). However, it causes
bandgap resonance of band-2 to move up in frequency scale,
thus, increasing the second to first bandgap ratio, f.2/f:1,
as shown in Table 1. The value of Lgp can be carefully chosen
to place the second stopband in the band of interest without
affecting the resonance of band-1.

3) WIDTH OF SPIRAL SEGMENTS, Ly

Changing the width of spiral segments have a direct effect on
the effective inductance offered by the spiral inductor, which
results in changed bandgap resonances. Increasing segment
width would mean lower inductances, thus bandgap centre
frequencies to move up in the frequency scale, as shown
in Fig. 8(c).

4) LENGTH OF INDUCTOR, L,

Increasing L, not only increase the total spiral length, which
results in increased inductances, but also moves the two vias
away from the microstrip line, thus resulting in increased
effective path length to the ground as well. The overall effect

VOLUME 9, 2021
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FIGURE 9. Snapshot of the fabricated EBG structures with hard-wired
ideal switching conditions for (a) all unit cells shorted to ground, i.e., ‘1"
state and (b) all unit cells floating, i.e., ‘0’ state.

of this is reduced bandgap resonances, as shown in Fig. 8(d).
Increased L, also results in increased series resistance Rg
making the inductive path lossier, which results in reduced
bandwidths and lower values of rejections.

5) UNEQUAL INDUCTOR LENGTH

As mentioned earlier, increasing L, results in increased path
length to ground, thus causing bandgap resonances to shift
down in frequency. However, using unequal inductor length,
Ly, in two spiral inductors of a unit cell has more effect on
band-2 resonance. Its effect is investigated by varying Ly
(Iength of the lower inductor) and keeping Loy (length of the
upper inductor) fixed. By doing this, the ratio of second to
first bandgap center frequencies, i.e., fro/fc1 can be greatly
changed when compared with an equal inductor length case,
as shown in Fig. 8(e). As a result, unequal inductor lengths
can be used to avoid overlapping of the two bandgaps pro-
duced by the proposed periodic structure.

B. EXPERIMENTAL VERIFICATION

In order to ascertain the validity of simulated results, fab-
rication and measurement of hard wired states of the finite
periodic structures are carried out as a proof of concept. Two
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models with the pre-defined ‘1’ and ‘0’ states of the proposed
finite periodic structure were fabricated using WIN Semicon-
ductor’s PIH1-10 GaAs process, as shown in Fig. 9. On-chip
measurements were carried out using Cascade Microtech’s
summit 9000 analytical probe station using M/s Infinity’s
RF probes with ground-signal-ground (GSG) pads having a
pitch of 100 wm. The measured results present two distinct
bandgaps, which are non-overlapping, as shown in Fig. 7.
The simulation and measured results are in good agreement
with each other. The proposed structure shows its suitability
as a potential candidate for a reconfigurable filter, which
can give rise to two distinct bandgaps with a single reactive
loading arrangement in a unit cell. The parasitic effects of
active devices on the bandgap performance of the structure
are discussed in the next section.

IV. PROPOSED RECONFIGURABLE EBG FILTER

This section presents a study on the parasitic effects intro-
duced by the active devices followed by the discussion on
proposed reconfigurable EBG filter. On-chip PIN diodes are
used as active switching devices which have the ability to
switch states in nanoseconds and thus have the potential to
make these devices suitable for many cognitive radio and
5G applications. However, these active devices also have
adverse effects on the structure performance, which needs to
be addressed during design.

A. PARASITIC EFFECTS OF ON-CHIP DEVICES

The effect of active switching devices on structure perfor-
mance is investigated using industry provided model in the
APLAC simulator of AWR Microwave Office. Since both
sides of the reactive load in a unit cell are required to be
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FIGURE 10. (a) Sy, curves showing the comparison of ‘1 and ‘0’ states of
the proposed periodic structure using PIN diode and ideal conditions.

(b) S5; curves showing the effect of PIN diode channel width on the
structure states.

simultaneously switched ON or OFF. Therefore, the series
arrangement of two diodes (D and Dy) is used, as shown
in Fig. 5(c). This ensures that both the diodes are in the
forward bias mode when the bias is applied, thus, connecting
the two spiral inductors to the ground through vias repre-
senting ‘1’ state. Similarly, the absence of bias voltage will
disconnect the loading elements from the ground, i.e., ‘0’
state. Furthermore, to ensure an RF short in this state and to
isolate the reactive load from the effects of the DC supply,
a bypass capacitor is used on the DC side of the unit cell.
The bypass capacitor is implemented using capacitor-on-via
(CoV) with Cpypass = 3.35 pF and capacitor dimensions
of 125 um x 65 pum. In this process, a current-limiting
thin film resistor (TFR) with a value of 20 2 and dimen-
sions of 50 um x 20 wm is realized to restrict the bias
current to 20 mA. For comparison, the diode equivalent area
(30 um x 40 pum with the channel width Wp = 10 um) is
replaced with a metal connection to simulate ideal ‘1’ and ‘0’
states.

The simulation results for the two configurations are shown
in Fig. 10(a). In the ‘1’ state, PIN diodes absorb some part
of the induced EM energy consumed by the reactive load,
thus, resulting in lesser rejections in the stopband. This is
evident from 20 dB lesser rejections offered by the actual
model when compared to the ideal conditions. Similarly,
in ‘0’ state, the off-state capacitance of the PIN diode adds
up with the shunt leakage capacitance of the reactive load
resulting in decreased bandgap resonances. For example,
the actual diode model shifts the center frequency of band-2
to 32.5 GHz from 35.5 GHz (for ideal ‘0’ state), as shown
in Fig. 10(a). This off-state capacitance is a function of PIN
diode channel width, Wp, and have a direct impact on the
center frequency of band-2. Larger channel width of the
diode causes band-2 to resonate at lower frequencies with
negligible effect on band-1, as shown in Fig. 10(b). Therefore,
in order to get non-overlapping bandgaps from the proposed
periodic structure, smaller footprint of PIN diodes is required.
Since these diodes are not directly connected in the main
transmission path, they are capacitively coupled, which only
offer an induced EM effect, hence having a minimal effect
on the power handling capability of the proposed structure.
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FIGURE 11. (a) Block diagram of the proposed reconfigurable EBG
structure. S-parameter curves showing the bandwidth tuning of

(b) band-1 and (c) band-2 by presenting different reactive loading profiles
to the microstrip line.

TABLE 2. Switching patterns for bandwidth tuning in both bands.

Seq No. Switching seq Band-1 (% BW) Band-2 (% BW)

1 0000000000000100 5 26.5
2 0000000000001100 11.3 27
3 0000000000010010 15 25

4 0010000000100010 20.5 24.6
5 0000010001001010 25 23.7
6 1001001001001001 30 224
7 1100110011000100 36 229
8 1100110110100010 40 20.6
9 101111IT11111111 65 5

10 II110IT111011111 55 12.5
11 I110111011101111 50 15
12 1001110110111001 43 20

To further limit these effects, the two PIN diodes in the pro-
posed unit cell are recommended to be placed at the farthest
possible distance from the microstrip line.

B. INDEPENDENT SWITCHING OF UNIT CELLS

Independent switching of each unit cell in a finite peri-
odic structure configuration, as shown in Fig. 11(a), offers
means of presenting different reactive loading profiles to
the microstrip line. The number of unit cells, N, in a peri-
odic arrangement shall give rise to 2" switching patterns
where each sequence has the potential to exhibit an EBG.
This arrangement results in bandwidth tuning of both the
stopbands in discrete steps each time a unique switching
sequence is applied. Selectively switching of unit cells to
‘1’ and ‘0’ states results in bandwidth tuning of band-1 and
band-2, respectively. This is demonstrated by simulating a
finite circuit having N = 16 unit cells using the on-chip PIN
diode model data. It can be seen in Fig. 11(b) and (c) that
the stop bandwidths of band-1 and band-2 can be tuned in
nearly continuous/discrete steps. Here, an approximate step
size of 5% is shown for tuning the stop bandwidths of both
bands. Salient characteristics of the resulting bandwidths with
corresponding switching sequences are given in Table 2. The
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proposed reconfigurable EBG filter configuration is useful
for the suppression of narrowband as well as wideband sig-
nals in the adjacent channels.

C. FABRICATION AND MEASUREMENTS

For validation, the proposed finite structure is fabricated
using WIN’s PIH1-10 process. In order to achieve non-
overlapping stopbands, unequal inductor lengths are used for
the two spiral inductors in a unit cell such that Lyy # Lpr.
Wider bandgaps are achieved using larger microstrip-patch
interaction. A total of 16 unit cells are used in this reconfig-
urable EBG filter prototype to ensure switching flexibility.
Keeping in view the limitations in measurements, such as
the in-house availability of a DC-probe with limited fingers,
a proof of concept is carried out by arranging unit cells into
groups for biasing purposes. As a DC-probe with 12 fingers
was available with the option to support bias supplies up
to 5 cells, therefore, to apply reactively loading profiles in
a periodic manner, an even number of bias lines were con-
sidered. All 16 cells are biased with the help of four bias
lines named S1525354, as shown in Fig. 12(a). Furthermore,
in order to ensure periodicity, each bias line is connected
to four unit cells such that n + 4 unit cells share the same
bias voltage. For example, bias line ‘S;’ is shared by unit
cell number 1, 5, 9 and 13. In this arrangement, powering on
lines ‘S;’ and ‘S>’ only, would result in a periodic sequence
as ‘1100110011001100* or ..1100..”. Each finger of the
DC-probe offers a bias voltage of 3 V with a total forward
current of 80 mA. Fabricated model for the proposed recon-
figurable EBG filter is shown in Fig. 12(b). The measurement
set-up, as discussed in Section III-B, was used for on-chip
measurements. A 12 finger DC probe from GGB Industries
(MCW-29-3173-3) was used to provide the bias voltages to
the device under test. GSG pads were used at the two RF
ports, as shown in Fig. 12(b).

1) BAND SWITCHING

When all the PIN diodes are in forward bias mode,
ie., “..1111.) state, the proposed finite periodic structure
shows the existence of an EBG with lower and upper 10 dB
cutoffs at 19.08 and 38.21 GHz, respectively. The rejections
in the stopband are about 55 dB. Moreover, when all the PIN
diodes are reverse biased, i.e., ..0000..” state, the reactive
loading being offered to microstrip line is changed resulting
in bandgap properties at a different frequency band, i.e., from
40.68 GHz to 53.19 GHz with 55 dB rejection in the stopband
and better than 1.8 dB insertion loss in the lower passband.
Simulated and measured results for ..1111.. and *..0000..
states showing the stopband switching characteristics of the
proposed circuits are presented in Fig. 13. As the full-wave
simulation of the finite circuit comprising of 32 spiral induc-
tors is computationally very large, the circuit was simulated
with a coarse mesh and reduced convergences resulting in a
slight deviation between the simulated and measured results.
However, the proposed structure exhibits the ability to switch
between two stopbands with these two states. The insertion
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FIGURE 12. (a) Block diagram of finite periodic structure comprising

16 unit cells, where, 4 DC probes are used to fed 4 unit cells in a group.
(b) Fabricated reconfigurable EBG structure with probes landed for
measurements. Important structure parameters are Wy = 71 um,

Lp =50 pum, Wp =100 um, S =35 um, N = 16, Lyc = 120 pm,

Ly =7 pum,Lg =4 pm, Ly =6, L; =36 um, Lyy = 207 pm,

Ly =237 pm, Ly =Ly = 10 pum and Wp = 8 pm.
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FIGURE 13. Simulated and measured (a) S; and (b) S;; curves for
‘.1111.] and “..0000.. states of the proposed circuit showing its band
switching capability.
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loss, once these stopbands are switched OFF, is 1.4 dB and
3.1 dB at the bandgap center frequencies of the two bandgaps,
i.e.,28.6 GHz and 46.9 GHz, respectively. Using the proposed
reconfigurable circuit architecture, this band-switchable stop-
band filter can be utilized for half-duplex communication
system applications.

2) DUAL-BAND OPERATION AND TUNING

The use of four DC lines for switching results in 2* =
16 states which has a total of six unique periodic patterns,
ie., “..1111.7, ©.0000.”, ..1010.., *..1100..”, ..1110..”, and
*..1000..”. The number of unique patterns are limited due to
the fact that all the state sequences are not unique. For exam-
ple, periodic sequence °..1100.” would have similar EBG
characteristics as exhibited by sequences ..0011..”, ..1001..
or °..0110.’, as shown in Fig. 14(a). The measurements
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TABLE 3. Measured reconfigurable filter characteristics for different switching patterns.

Switching Patterns Band-1 Band-2
fL fu fe1 FBW [ SBRT fL fu fez | FBW [ SBRT Remarks
5152539 (GHz) | (GHz) | (GHz) | (%) (dB) (GHz) | (GHz) | (GHz) | (%) (dB)
T111 1908 | 3821 | 2865 | 6678 55 - - . - . Single Band
0000 - - - - - 4068 | 53.19 | 4693 | 26.65 55 Single Band
1010, 0101 2068 | 33.00 | 2684 | 45.90 5 4140 | 5045 | 4592 | 19.70 60 Dual Band
1110, 1101, 1011, 0111 19.60 | 3560 | 27.60 | 57.97 50 4190 | 4854 | 4522 | 14.68 40 Dual Band
1100, 0110, 0011, 1001 2046 | 3264 | 2655 | 4587 40 40.63 | 5045 | 4554 | 21.56 55 Dual Band
1000, 0100, 0010, 0001 2185 | 2940 | 2562 | 29.46 25 4068 | 51.84 | 4626 | 24.12 55 Dual Band
T Stopband rejection
TABLE 4. Comparison with the state of the art.
Response Tuning Reconfigurable Band-1 Band-2
Ref T Mech Features fe1 TR FBW TR SBR L fe2 TR FBW TR SBR iy
ype ¢ Band-1 | Band-2 (GHz) MHz / % dB) | (dB) (GHz) MHz / % (dB) | (dB)
[11] BSF Varac fe - 11.3-16.5 - 30 1.5 - - - -
[34] BPF to BSF Varac fe - 0.95—1.35 - 15 1 - - - -
[36] BSF MEMS fe - 8.5—12.3 - 18 - - - - -
[37] BSF - - - 245 - 23.1 - - - - -
[38] BSF - - - 60 - 33 1 - - - -
[9] BPFtoBSF | Varac | f.,BW - 19-23 2—52%7T 28 3 - - - -
[12] BSF Varac | fe, BW - 2.8-3.4 0—3.4%* 20 NG - - - -
[35] BSF PIN fe. BW - 6.87—7.15 | 8.8—13.4%% 12 1.93 - - - -
[13] BSF LC fe. BW - 49-54 | 222-36.7%* | 23 NG - - - -
[14] Dual BSF Varac fe fe 127157 - 139 | NG 1.98—234 - 143 | 04
[6] Dual BSF Varac fe fe 0.51—0.85 - 20 NG || 0.72—1.17 - 12 NG
[10] Dual BSF Varac fe fe 147—1.84 - 33 NG 27 - 10 NG
[39] Dual BSF - - - 30 - 35 25 80 - 25 25
[3] Dual BSF VOs Band Switching 28.2 - 15 2 35 - 18 1
[40] Dual BSF | MEMS Band Switching 50 - 34 - 60 - 38 -
[15] | BPFtoBSF | Varac BW BW - 6.5—13.2%" 15 1 - 1.5-3.6%" 15 1
\g‘)‘r;( Dual BSF | & ;ges f céfn\gslvit{ ﬁ{n?;w 256-286 | 0—668%% | 55 | 18 || 452-469 | 0—266%% | 55 | 3.1

BSF = Band Stop Filter, BPF = Band Pass Filter, TR = Tuning Range, FBW = Fractional Bandwidth, SBR = Stopband Rejections, IL = Insertion Loss
NG = Not given, Varac = Varactors, LC = Liquid Crystal,VV O2 = Vanadium Oxide, * = 3 dB FBW, & =10dB FBW, # =15dB FBW, T =20 dB FBW
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FIGURE 14. (a) Simulated and (b) measured insertion loss curves
showing the bandwidth tuning capability of the proposed circuit with
different switched states.

confirm that different switching patterns present different
reactive loading profiles to the microstrip line resulting in
different EBG characteristics in each unique switching state,
as shown in Fig. 14(b). With these switching states, the pro-
posed structure exhibits dual-band operation with tunable
bandgap characteristics. For example, the fractional band-
width for first stopband or band-1 can be tuned from O to
66.78% over a frequency range of 25.6 to 28.6 GHz with
selectable bandstop rejection levels in a range of 1.8 dB to
55 dB with these six unique states. Similarly, bandwidth for
band-2 can be tuned from O to 26.65% over a frequency
range of 45.2 to 46.9 GHz with these switching states. The
maximum insertion loss of 6.59 dB is observed between
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the stopbands at 39 GHz for “..1110..” state. A summary of
bandgaps resulting from these switching states is presented
in Table 3.

A comparison of the proposed filter structure with sev-
eral reported reconfigurable bandstop filters is presented
in Table 4. It can be seen that the proposed structure has many
advantages as far as reconfigurable features such as stopband
switching, dual-band operation with tunable stop bandwidths
and resonant frequencies are concerned. In addition to these
multiple adaptive features, the circuit also offers excellent
rejection in the stopband, i.e., up to 55 dB, which is at least
20 dB deeper than other reported circuit topologies [3], [6],
[9], [10], [12]-[15], [35], [39], [40]. Moreover, the proposed
structure offers wider tuning ranges in resonant frequency and
stop bandwidth for both bands, as compared to [9], [12], [13],
[15], [35]. These features make the proposed structure a better
choice for the reconfigurable filter design.

V. CONCLUSION

In this paper, a systematic design of a reconfigurable fil-
ter is presented that exhibits stopband switching, dual-band
operation and tunable characteristics using a single reactive
loading element in its unit cell. In the proposed unit cell,
two spiral inductors have been introduced with a relatively
smaller patch in the conventional shorted patch structures
to achieve miniaturization in the MMIC environment. The
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proposed mechanism offers a 28.3% wider stopband with a
62.6% compact size when compared to conventional shorted
patch structures. A detailed account of the parasitic effects
of active devices on the structure performance is presented
with a comparison to ideal switching conditions. Simultane-
ously switching all the diodes in ON or OFF states results
in band switching characteristics. The measured 10 dB stop
bandwidth in the ON state is 66.8% at 28.6 GHz and in the
OFF state is 26.6% at 46.9 GHz. Both have 55 dB rejections.
The passband insertion loss is 1.8 dB and 3.1 dB at the two
bandgap center frequencies. By individually controlling the
switching state of each unit cell, dual stopband operation
along with simultaneous tuning of bandgap characteristics
can be achieved. The first and second stopband can be tuned
from 0 to 66.8% and 0 to 26.6% bandwidths over frequency
ranges of 25.6—28.6 GHz and 45.2—46.9 GHz, respectively.
These features make the proposed reconfigurable EBG circuit
a suitable candidate for different 5G and cognitive radio
applications.
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