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Observed Accuracy of Point-Tested and Galerkin Implementations
of the Volume EFIE for Dielectric Targets

Andrew F. Peterson

School of Electrical and Computer Engineering
Georgia Institute of Technology, Atlanta, GA. 30332-0250, USA
peterson@ece.gatech.edu

Abstract — Galerkin testing in method-of-moments
procedures is defined as the use of the same set of
functions as both basis functions and testing
functions to construct a linear system from a
continuous equation. There is a widespread belief
that Galerkin testing enhances the accuracy of
numerical results, and this has been shown to be
true under certain conditions for surface integral
equation formulations. This property is investigated
for the volume electric field integral equation
(EFIE) applied to dielectric bodies. The relative
accuracy obtained in internal fields and scattering
cross section for Galerkin and for point testing
schemes is compared for a variety of target sizes
and materials. In many cases, the point-tested
results converge at the same rate as the Galerkin
results and are more accurate.

Index Terms — Diclectric targets, method of
moments, numerical techniques, radar cross
section.

I. INTRODUCTION

There are numerous applications requiring
accurate numerical solutions for electromagnetic
fields in the presence of heterogeneous dielectric
bodies. Volume integral equation formulations
offer one avenue to approach these problems, and
are of interest in conjunction with fast iterative
solvers due to their relatively low matrix condition
numbers. Formulations based on both the electric
field integral equation (EFIE) and the magnetic
field integral equation (MFIE) using tetrahedral
cells in 3D have been proposed [1-7]. The EFIE
approaches impose the integral equation using
“Galerkin” testing, where testing functions that are
identical to the basis functions are used to enforce
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the equations and create a linear system. This type
of testing scheme imposes a cost in the form of
additional integrations that must be carried out to
produce the system of equations. Galerkin testing
offers the advantage that it produces a symmetric
matrix for EFIE formulations, and may make it
easier to compute the entries of the system matrix
by distributing derivatives and thereby limiting the
order of the Green’s function singularity. However,
there is also a widespread belief that Galerkin
testing is associated with a variational principle that
enhances the accuracy of the numerical results,
specifically the far fields and scattering cross
section (SCS) [8-9].

For surface EFIE formulations involving
scattering from conducting targets, the SCS
accuracy converges at a faster rate than the surface
current density when Galerkin testing is used with
mixed-order divergence-conforming basis
functions [10]. Galerkin-tested results with these
basis functions also show faster convergence rates
and improved accuracy for SCS compared to point-
tested results [10]. However, this “super-
convergence” does not happen for all equations and
all basis function types [11]. Furthermore, to the
author’s knowledge, this phenomenon has not been
investigated for volume integral equations.

The following considers the widely-used EFIE-
D formulation proposed in [1], where the electric
flux is represented by mixed-order divergence-
conforming  Schaubert-Wilton-Glisson (SWG)
basis functions. Results obtained using a Galerkin
testing scheme to enforce the EFIE are compared
with results obtained using point testing in the
center of the cell faces. The theory of variational
techniques [9] suggests that the accuracy of internal
fields obtained by the two approaches should be

1054-4887 © 2015 ACES
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similar, but that the accuracy of the SCS will be
improved by Galerkin testing. However, results
suggest that this is not the case for most of the
examples considered. Often, point testing produces
more accurate SCS results than Galerkin testing.
Preliminary results of this study were reported in
[12-13].

II. THE POINT TESTED EFIE-D
FORMULATION
Details of the point-tested EFIE-D formulation
are not reported in the literature, so the expressions
arising from that scheme that are summarized in
this section. The EFIE can be expressed:

7S inc — - eij]" 1 eijkr
E" =E" + jou,| J*— |+—=V| px—1, (1)
47r g, 47r

where the asterisk denotes spatial convolution, @ is
the radian frequency, 16 and & are the permeability
and permittivity of the background medium, and

k = w4/ p,¢, 1s the wavenumber of the background

medium. The electric flux, polarization current, and
polarization charge densities are represented by:

D" (F)=Y.D [ (F), )

n=1

J = joY Dx(F)f.(F), 3)

n=1

and

p, == Dx(FIVe{f(F)}
@
2D, {k, —x, }5(F - F),

where f denotes an SWG basis function straddling

two tetrahedral cells 7,” and 7, adjacent to face n

[1], and k= (& —1)/ & denotes the contrast ratio of
the appropriate cell, where & is the relative
permittivity of that cell. The point-matched
approach employs a Dirac delta test function:

L) =i,8x-x)80-y)8z=z2) (5
where (x,,y,,z,) denotes the center of face m and
u, is a normal vector to that face pointing from cell

T, to cell 7, . However, since the total electric

field exhibits a jump discontinuity at a dielectric
boundary, the EFIE must be tested slightly to one
side of such an interface, at a point where the total,
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scattered, and incident fields are all well-defined.
For uniqueness, we will test slightly to the 7, side

of face m.
Point testing produces the system of equations
ZD = E, where the entries of the system are:

1

Z,=—i o f7)
80£rm
2 o kR
_L;n._{,( [ 7w ﬂ(rmw}
0 _
N 1 K, e , 4K, e .
e e e

(6)

and the excitation vector is:
E, =1, eE" (7). (7

The evaluation of the first and second expressions
in (6) is straightforward; in the latter case there is a
1/R singularity at the observer that can be handled
by the usual singularity cancellation procedures.

The third term in (6) may be expressed as:

7° = 1ax, mr i eR {(1 + ij):”—/:Z}dv'

50 I/n+ T

1 ak . N e
=== [[ a, e RY U+ kR — tav

g vV % 47R _

8
These integrals contain 1/R*> singularities at the
observer, but since they are volume integrals they
are integrable and can also be handled by
singularity cancellation transformations.
Finally, when the observation point is located
on the source face, the final expression in (6) may
be evaluated analytically to produce:

S ! ] ) A R . — jkR '
z, = . Yo -}l e R{(l R 4eirR2 }ds

g o
:—2—80{1(‘” —K'" }

ninT,

9)
In summary, for a point-tested EFIE, the matrix
entries are well defined and bounded and may be
computed without difficulty. Integrals are
performed using adaptive quadrature to an accuracy
of at least 3 decimal places.



III. NUMERICAL RESULTS

A variety of results were computed for
homogeneous spherical targets of different size and
permittivity, using a series of tetrahedral-cell
meshes ranging from 32 cells (80 faces) to 3383
cells (7067 faces). The error in each result was
determined using exact solutions obtained from the
eigenfunction series. The 2-norm error in the
scattering cross section is defined:

1 N, N,
r z z sin@,

2
0 (0,:8,) = 0 (6,9,

angles n=1 m=1

E=

3

exact , forward
(10)
while the 2-norm error in the internal electric field
1S:

E-= L\/LZ B —eE| .1
gr 770 N exact numerical

The SCS error was averaged on a 30 degree grid in
spherical angles (6,¢); the error in internal fields
was compared at the center of each face in the mesh.

In addition to results obtained from the point-
tested EFIE-D and the Galerkin-tested EFIE-D, we
also computed results for each target using the
Galerkin-tested EFIE-H formulation, which
employs solenoidal basis functions for the electric
flux [3,7].

As an illustration of typical results, Fig. 1
shows the error in the bistatic SCS versus number
of unknowns for a homogeneous dielectric sphere
with ka = 0.6 and & = 10, averaged over samples
taken every 30 degrees in 8 and ¢. For this target,
the Galerkin-tested EFIE-D SCS is slightly more
accurate than the point-tested EFIE-D SCS, but
both are converging at an approximate rate of O(/4?),
where / is the average cell dimension. SCS results
were observed to converge at an O(/?) rate for every
target considered in this study, for both point-tested
and Galerkin results. The SCS produced by the
EFIE-H formulation is somewhat more accurate
than either EFIE-D result for a given mesh and for
a similar number of unknowns. Figure 2 shows the
error in the internal electric fields versus the
number of unknowns, for ka = 0.6 and & = 10,
obtained from (11) by averaging over every cell
face in the mesh. The point-tested EFIE-D results
are slightly more accurate than the Galerkin-tested
EFIE-D results, and are similar in accuracy to the
EFIE-H results. In this case, the rate of convergence

faces =1
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of the internal electric field appears to be
somewhere between O(/) and O(/4?).

10

2-norm error in SCS
|

—&—-EFIE-D point
—e—EFIE-D Galerkin
—+—EFIE-H

unknowns

Fig. 1. Error in the SCS for a dielectric sphere with
ka=0.6 and & = 10.0.

10—

2-norm error in E-field
-
o

| —e~EFIE-D point :
|——EFIE-D Galerkin| .. :
——EFIE-H
---0fh)
2
O(h?)

10, N i N N i
10 10 10 10
unknowns

Fig. 2. Error in the internal electric field for a sphere
with ka = 0.6 and & = 10.0.
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Figure 3 shows the error in the SCS versus
number of unknowns for a larger sphere with ka =
1.5 and & = 10. For this target, the point-tested
EFIE-D SCS is almost an order of magnitude more
accurate than the Galerkin-tested EFIE-D SCS,
with both converging at an O(/4?) rate. Figure 4
shows the error in the internal electric fields for this
target. The point-tested EFIE-D internal field
results are more accurate than the Galerkin-tested
EFIE-D results. The EFIE-H results exhibit an
accuracy between those of the point-tested and
Galerkin tested EFIE-D results. In this case, the rate
of convergence of the internal electric field appears
to be O(h?) for both point and Galerkin tested
approaches.

Table 1 shows the approximate error in the SCS
and internal fields for a range of targets, at a
common cell density where the average edge length
is approximately 0.1 A; within the target. For the
specific set of models in use, the number of faces
(and therefore, the number of unknowns) that
corresponds to an average cell edge length of 0.1
dielectric wavelengths is approximately given by:

N, =400(ka) (s)". (12)
We will use unknown level in (12) to standardize
accuracy comparisons. These results are
extrapolated from error plots similar to those in
Figs. 1-4 using (12) to identify the appropriate
number of unknowns. Table 2 shows the observed
rate of convergence for the electric field in each set
of results. The SCS always appears to converge at
an O(/?) rate.

From Table 1 we observe that, at an average
edge length of 0.1 A4 the point-tested EFIE-D
results for internal fields exhibit an error level of
approximately 0.007 across a wide range of target
parameters. The error level for the Galerkin-tested
EFIE-D internal fields for this average edge length
is much more variable, and usually at least twice as
high as the point-tested errors. For SCS errors, the
point-tested results show a trend of lower error as
the effective target size grows, while Galerkin-
tested SCS results seem to show the opposite. In
other words, from these data, it appears that the
Galerkin SCS error grows as either koa or &
increases, despite the cell dimensions being
reduced to compensate for the smaller dielectric
wavelength.

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

10

10°
9]
Q
O
=
S
5]
£
Q
T
N -1

10

—o-EFIE-D point
——EFIE-D Galerkin
.. |—*—EFIE-H
2
10 )
10° 10° 10"
unknowns

Fig. 3. Error in the SCS for a dielectric sphere with
ka=1.5and & = 10.0.

10°

~1|

2-norm error in E-field
)

-9-EFIE-D point
—s—EFIE-D Galerkin| -
—+—EFIE-H

- _O(hg)

unknowns

Fig. 4. Error in the internal electric field for a sphere
with ka = 1.5 and & = 10.0.



IV. DISCUSSION

For SWG bases, which are fundamentally
piecewise-constant functions, the error in the
internal fields is expected to converge at an O(h)
rate. However, it appears that the field error at the
center of the faces of the mesh converges at a
superconvergent rate of O(h?). (A similar effect
occurs in numerical solutions of the surface EFIE
using RWG basis functions [10-11].) This may
explain the convergence rates reported in Table 2,
although the effect is not apparent for small target
sizes. For the Galerkin-tested EFIE-D, the SCS
convergence rate of O(h?) is expected due to
variational properties [8-9]. However, the point-
tested SCS also always appears to converge at an
O(K?) rate, which is contrary to expectation (and
different from what is observed for the surface
EFIE using RWG basis functions and point testing
[11]). Since the SCS is computed by actually
integrating over the SWG basis functions, one
should expect an O(/) convergence rate in the

PETERSON: OBSERVED ACCURACY OF POINT-TESTED AND GALERKIN IMPLEMENTATIONS

absence of some variational effect.

The author has also investigated two-
dimensional volume integral equations using
triangular cells, and has observed similar behavior
for the TM EFIE with pulse basis functions, and the
TE EFIE with RWG basis functions [12]. In both
cases, internal field results are usually slightly
better with point testing, while SCS results appear
to be as good or sometimes better with point testing
than with Galerkin testing.

It is also observed in Table 1 that the point-
tested results exhibit an SCS error that is usually
comparable or larger than the field error, while the
Galerkin-tested SCS error is often much smaller
than the field error. This observation seems to be in
accordance with the Galerkin theory that predicts
that the SCS error will be lower than field error [8-
9]. However, for these results the point-tested field
error is often substantially smaller than the
Galerkin-tested field error, so there is no net
improvement in SCS error with Galerkin testing.

Table 1: Approximate error levels when the average edge length is 0.1 dielectric wavelengths

ka & Unknowns for Avg. | Point-Tested Galerkin Point-Tested Galerkin
Edge Length =0.1 A, | E-Field Error | E-Field Error | SCS Error SCS Error
1.0 3 2100 0.007 0.015 0.006 0.006
1.0 5 4500 0.006 0.020 0.005 0.009
1.0 7 7400 0.007 0.035 0.004 0.016
1.0 10 12,600 0.007 0.060 0.0035 0.035
0.35 10 540 0.011 0.008 0.03 0.0034
0.6 10 2700 0.005 0.01 0.009 0.005
1.0 10 12,600 0.007 0.06 0.003 0.035
1.5 10 42,700 0.009 0.03 0.02 0.1
Table 2: Approximate convergence rates for the IV. CONCLUSION

internal electric field error

ka & Point E-Field Galerkin E-Field
Error Rate Error Rate

1.0 | 3 | Between h and h? O(h)

10 | 5 O(1?) Between 4 and h?
10 | 7 o) )

1.0 |10 o) )
035 | 10 o(h) O(h)

0.6 | 10 | Between /4 and /* O(h)

1.0 | 10 o) O()

15 |10 o) )

Results suggest that for the most widely-used
volume integral formulation, the expected benefit
of Galerkin testing is not realized in practice for
many targets. Galerkin testing imposes a significant
additional cost (an order of magnitude) in terms of
matrix fill time, while increasing the complexity of
the required integrations since observer locations
are often closer to source cells as a result of the
iterated integrals. However, it seldom produces
more accurate near fields and only occasionally
produces more accurate far fields than point testing.

It was observed in [7] that the EFIE-H
formulation wusually outperforms the Galerkin
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EFIE-D approach. That observation also applies
here, for a wider range of target size and
permittivity than considered in [7]. However, in
many cases the point-tested EFIE-D outperforms
the EFIE-H approach.

In conclusion, when compared to the Galerkin-
tested EFIE-D approach [1], the point-tested EFIE-
D formulation is more efficient, more accurate for
near fields, and usually as accurate for far fields.
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Abstract — Wireless power transfer to embedded
smart sensor antennas using near-field coupled loop
antennas is experimentally studied. Multi-turn loop
antennas designed for operation at around 10 MHz
show that they can attain fairly high efficiency
when properly matched and operated in close
proximity to each other whether in free-space or
within dry concrete. When one loop is embedded
inside 2, 4, and 6 cm of concrete while the other
resides over it, it is shown that the embedded loop
can receive about 1.9, 1.6, and 1.3 watts of power
respectively when the transmit power is 5 watts.
Thus, even with an external transmitter with only 1
watt of power (30 dBm) will allow the received
power to be 380 mw, 360 mw, and 260 mw for 2,
4, and 6 cm of concrete respectively. It is expected
that the use of an even larger loop, magnetic
material loading, and or the use of a flux
concentrator will increase the efficiency further.

Index Terms — Concrete, embedded, near-field,
sensor, wireless power.

L. INTRODUCTION

The infrastructure that supports the smooth
operation of our society such as, buildings, roads,
and bridges has grown in an incredible rate during
the last decades. Many of these structures have
surpassed their life cycle and require routine
structural evaluation to ensure proper operation and
safety. In addition, the nation’s infrastructure is
aging and major upgrades are becoming a necessity.
The structural integrity of a building or bridge can
be compromised in several ways. For example, the
rebar could corrode due to the salt used to de-ice
roads, humidity and other environmental factors.
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This corrosion reduces the area of the steel bars and
it eventually changes the stress distribution within
the reinforcement. Structural Health Monitoring
(SHM) focuses on developing sensor technologies
and systems that assesses the integrity of structures
[1]-[10]. Apart from conventional visual inspection
[11] and ground penetrating radar (GPR) [12]-[13],
various types of sensors have been introduced for
SHM applications, such as fiber optics [14], strain
gauges [15], accelerometers, guided wave [16]-[18]
and ultra sound sensors. Such sensors and the
necessary wire connections must be installed while
the infrastructure is being built or afterwards as
retrofits. The wires connect the sensors with their
data acquisition stations to which measured data are
collected and processed.

In recent years, there has been a growing
interest on wireless sensors for structural health
monitoring [19]-[27]. Major advantages of wireless
sensors over traditional wired sensors are their low
cost and ease of installation. Most of the sensors
studied in the literature utilize RF (radio frequency)
wireless modules that operate outside the
infrastructure, and hence some sort of wired
connection to the actual measuring unit (strain
gauge, humidity sensor) is required for the data to
reach the outside wireless unit.

Wireless sensors that can be embedded or
buried within the infrastructure, such as a concrete
bridge pier during its construction phase would be
clearly a better choice. Wireless embedded sensors
will have improved reliability since the lack of any
wired connection will prevent the sensor from loss
of connection due to crack and corrosion in the wire
resulting from changes in the surrounding
environment. The possibility of developing such

1054-4887 © 2015 ACES
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sensors has been conceptually demonstrated by
some RF studies of antennas buried in concrete
[28]-[32].

The sensors when placed in appropriate
locations of the structure will measure strain,
vibration, moisture, etc., and then communicate
such data to other sensors and or to a supervisory
base station. The sensors will operate
independently and will be capable of processing
information and make decisions, and hence called
smart sensors. A basic schematic illustrating a
typical sensor deployment scenario is shown in Fig.
1. However, for smart wireless sensors energizing
the sensor battery wirelessly from outside is
essential because once embedded the sensors
cannot be accessed without destroying the
structure.

_\
S

0

Local Base Station

o \Smaﬂ wireless sensors
!4~ embedded or buried
U 7 within a bridge pier

Fig. 1. Proposed distributed embedded or buried
wireless sensors within a bridge pier.

In the literature, wireless power transfer has
been addressed from two different thrusts: (1) far-
field radiated power transfer, and (2) near-field
coupled power transfer.

For far-field radiated power transfer, a rectenna
[33-35] consisting of an antenna for receiving
microwave power, filters, and a diode (mostly
Schottky diode) as a rectifying component are
needed. The rectenna can receive microwave power
and convert it into dc output. Except for difficult to
access areas, wireless power transfer using far-field
radiated power is very inefficient. For example, in
[31] we find that a microstrip patch antenna
embedded in 20 mm thick concrete receives only
10.4 mw of power at a distance of 60 cm when the
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transmit power is 7w.

Clearly for smart sensors embedded in concrete
or other structures, wireless power transfer using
near-field coupling will be far more efficient than
far field wireless power transfer. For the latter case,
just above the surface of the infrastructure closely
coupled power transfer antennas and transmit
circuits will be installed. The transmit circuits and
the external antennas can be energized using solar
energy or energy from utilities if available. With the
proliferation of RFID (Radio Frequency
Identification Device), near-field wireless power
transfer has become an intense activity of research
and development [36-37], [32] including wireless
phone battery charging, car battery charging, etc.
The objective of this paper is to study the efficacy
of wireless power transfer to sensor elements that
can be embedded in concrete.

To that end, a multi-turn loop antenna is
designed and matched for operation in free-space.
Experiments are performed to evaluate the wireless
power transmission loss in free-space for two
closely coupled loops. Then wireless power
transmission loss when one of the loops is
embedded in concrete is measured. Measurements
are performed for different thicknesses of concrete
demonstrating the feasibility to charge the battery
of a wireless embedded sensor in concrete.

II. ANTENNA CONFIGURATION

We consider a square spiral loop printed on one
side of a 9 cm by 9 cm by 0.0508 cm Rogers 5880
substrate (&~2.2, tand=0.0002).

The back side of the substrate does not contain
a ground plane. The end of the inner loop turn is
connected to a trace on the back surface of the
substrate using a via. The loop geometry is shown
in Fig. 2. The antenna is fed using a 50 Q SMA
connector. Three loop configurations were
investigated (see Table 1).

Table 1: Square spiral loop configurations studied

Loop Name Width of | Gap Between
Type Strip (cm) | Strips (cm)
1 Thin dense 0.1 0.1
2 Plain 0.2 0.2
3 Thin 0.1 0.3
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feries capacitor
b
0.4 cm

9 cm I

Connector

'

t —+ <« 0.4cm 04cm —» |«
0.4 cm |

‘r— 9 cm

1 via

—_—

\

Connector

Fig. 2. A multi-turn square spiral loop antenna in
free-space with a series chip capacitor. Top and
bottom views.

II1. SIMULATION RESULTS

Antenna impedance and S-parameters were
studied by performing modeling and simulations
using Ansys HFSS (High Frequency Structure
Simulator). Our objective was to design efficient
coupled resonant loop antennas for wireless power
transfer where each loop was matched to a 50 Q
feed transmission line. Initially, all simulations
were performed at 13.56 MHz. Given the long
wavelength (22 meters), the multi-turn loop shown
in Fig. 2 is electrically small and thus not self-
resonant. In order to force it to resonate at a specific
frequency, knowledge about its impedance
characteristics is required. Simulated self-
resistance data of the three loops listed in Table 1
are plotted in Fig. 3 as function of the number of
turns. Clearly, the “Plain” and “Thin” loops have
smaller self-resistances which will be difficult to
match with a 50 Q feed transmission line. The self-

resistance of the “Thin dense” loop exceeds 50 Q
when the number of turns exceeds 15. Therefore,
for this particular board size if we construct a 16
turn loop with trace width of 1 mm and trace gap of
1 mm that will meet our 50 Q impedance matching
requirements.

’g 80p==m—r— e
£ =¥=Type 1. Thin dense ! :
C .l 2Type 2: Plain | _____ Yl !
= 60 : .
& —+=Type 3: Thin | :
H 1 |
o] E— S S - S |
3 : ]
Xz ; i
g 20[———— e M 4
T ! i
T g 1 ]
WM 5 9 13 17 21

Number of Turns (N)

Fig. 3. Simulated loop self-resistance, R4 at 13.56
MHz versus number of turns, N.

Next, we look into the inductance the loop
produces. As indicated before, given that this is a
magnetic antenna it will have energy stored in its
magnetic field which is characterized by its self-
inductance. The self-inductances of all three
antennas were simulated using HFSS.

Analytically, loop self-inductance is given by
[38]:

L =234y N* s (1)
o T 142.75p
where N is the number of turns and based on the
coefficients for modified wheeler expression, for
the case “Layout - Square”, the layout dependent
are 2.34 and 2.75, respectively.

For all three loops listed in Table 1, there are
the outer diameter d,,,= 0.082 (m), and the inner
d, =d, —0.002(2N —1) (m),
d,,—0.002(4N —2)(m), andd,, —0.002(4N -3)
(m) for loops of Type 1, Type 2, and Type 3,

diameter

respectively, where the average diameter
d,, +d d —d.

d — _out in . — Zout in

g =T 5 fill ratio »p —dout v, and

U, =47 =107 (H/m).

Simulated and calculated (using Eqn. (1)) self-
reactance data for these three loops are shown in
Fig. 4. Simulated and calculated data are in good
agreement for Type 2 and Type 3 loops. For the
Type 1 loop (Thin dense), simulated self-reactance
is larger than the calculated self-reactance,
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especially for larger N. The difference between the
simulated and calculated reactance of Type 1 for
higher N is due to the larger parasitic capacitance
between two adjacent turns.

W 2000 I A A I e ey |
£ | 1 1
= | | |
O 1500 -——--—+----—- e
o 1
g it
S 1000 -t T  — .
o | |
8 |
O e~ | ¥-Simulated |
T - Calculated |
0] 0 w w : w

1 5 9 13 17 21

Number of Turns (N)

Type 1
7 400~ e . .
£ 1 ! 1 ! |
- | | | |
O 300f-----—4----—- tmmm AT
® : 1 ! 1 :
g L L | ]
g 200 [V~ T T |
G | ! | ! |
3 ] | !
o 100 A r | J-Simulated |,
5 ! 1 | =%Calculated |!
w0 ) | ) : |

1 3 5 7 9 11
Number of Turns (N)

Type 2
L S A |
£ |
- I
O 300f--————t-—mmt
@ | i
8 1 1
g 200f-——--- T~ i S 1
© : 1 !
3 | S
o 100 — i | ¥ Simulated |}
o ! 1 || ¢ Calculated ||
w0 ; w Attt iad |

1 3 5 7 9 11
Number of Turns (N)

Type 3

Fig. 4. Simulated and calculated (using Eqn. (1))
loop self-reactance, X, at 13.56 MHz versus N for
loops of Type 1, Type 2, and Type 3, respectively.

Comparing the self-impedances of Type 2 and
Type 3, it is seen that the Type 1 loop can offer
much larger input resistance which will make it
easier to match it with a 50 Q line. For example, for
N = 16 the Type 1 loop has self-impedance of
53.73+j1656 Q at 13.56 MHz. Simulated self-
resistance and reactance of Type 1 (16-turn loop)
are shown in Fig. 5 as function of frequency. Both
the self-resistance and reactance increases with
frequency as expected. It is clear that antenna
resistance variation with frequency is fairly slow
and would not be a problem for impedance
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matching. However, because the antenna is
electrically very small, the inductance varies quite
rapidly and thus the matched bandwidth is expected
to be narrow

200 - - . 3000
- ---Reactance XA /‘ -
E —Resistance RA /’ E
S 150 o {2500 S
8 3
E 100 2000 5
] 1=}
& 3
x 50 1500 &
© ©
5] (%3]

-
e
-

99" 117 12 13 14 15 16 17°%°

Frequency (MHz)

Fig. 5. Simulated self-resistance and reactance of
the 16-turn loop versus frequency (MHz).

IV. EXPERIMENTAL RESULTS

A. Free-space measurement results

Figure 6 (a) shows a 16-turn loop that was
fabricated on FR4 substrate. Measured S;; (dB)
data of the loop matched using different chip
capacitors are shown in Fig. 6 (b). An Agilent
E5071C vector network analyzer (VNA) was used
to perform the measurements. It is clear that the
tuning frequency can be changed by choosing an
appropriate capacitor.

.
(4]
———

Measured S11 (dB)
=)

o
a

0
=D

0 11 12 13 14 15 16 17
Frequency (MHz)

(b)

Fig. 6. Measured S;; (dB) data of 16-turn loop
versus frequency.
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To explore the transmission properties between
two resonant loops they were connected to two
ports of a VNA and were brought close to each
other as shown in Fig. 7 below. Measured S;; (dB)
data shown in Fig. § clearly shows that there are two
resonances present when the distance is 3 to 10 cm.
Only when the distance is larger (30 cm; i.e., greater
than 0.1 wavelength) the double resonance
disappears because the coupling between the two
loops becomes weaker and the loop behaves like a
loop in isolation.

Fig. 7. Measurement setup for two loops in free
space.

Measured Si2 (dB) data for two closely coupled
loops at different distances are shown in Figs. 8 (b)
and (c). Distance varies as 1 to 5 cm at 1 cm
increment and then as 6, 10, 20, and 30 cm.
Measured Si; (dB) results are shown in Fig. 8 (a),
where from it is clear that for 30 cm distance the
loop resonance shows a single well-defined
resonance that coincides with the resonance of an
isolated loop in free-space. As the loops are brought
closer and closer mutual coupling increases
significantly which is manifested in two
resonances.

Measured S;> (dB) results show that for
distances less than 30 cm the loss is smaller than 10

Table 2: Resonant frequency of two loops in free space.

dB. The (upper or lower) resonant frequencies are
listed in Table 2, which will shift according to the
relative distance d (cm). As apparent, for larger
distances the frequencies are closer and eventually
merging, while for very short distances the
frequencies significantly diverge from each other.

[o]5

'
3]

Measured S11 (dB)
o)

o ---d=30cm
E qo 11 12 13 14 15 16 17
Frequency (MHz)

(a)

=30+
~405 10 15 20 25
Frequency (MHz)
(b)
(o] s
—d=6cm

s, ===d=10cm

'
-
o

Measured S12 (dB)
@ N
o o

A
-0
o

12 14 16
Frequency (MHz)

(©)

Fig. 8. Measured S-parameters of 16-turn loops at
distance, d, in free space, C =4.7 pF.

d(em) 1 2 3 4 5 6 | 10 | 20 | 30
%f,[vﬁezr)resonamfrequency 8.58 | 10.06 | 10.86 | 11.58 | 12.03 | 12.64 | 13.18
Upper resonant fr n 13.47 | 13.54
(l\l/’[%ez)esoa equency | 5515 | 17.82 | 1636 | 15.30 | 14.76 | 1437 | 13.96
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B. Measurement results in concrete

Subsequently measurements were performed
when one of the loops were embedded inside
concrete. This measurement setup is shown in Fig.
9, where the thickness of each concrete slab is 2 cm.
Thus, we have the thickness of concrete: t =2 cm
for one layer of concrete, # =4 cm for two layers of
concrete, and ¢ = 0 for no concrete between (i.e.,
free space). Measured results according to this
situation are shown in Fig. 10.

(b

Fig. 9. Measurement setup: (a) Loop 1 put inside
the concrete, and (b) Loop 2 put near concrete.

0
m -2f
=
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s e
L
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= -8 |---d=4.4cm. t=2cm
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Bo 417 12 13 12 15 16 17
Frequency (MHz)
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Fig. 10. Measured Si; (dB) for: (a) loop 1 inside
concrete, (b) loop 2 touching the surface of concrete
with C = 4.7 pF at relative distance d with concrete
thickness 7, and (c) measured Si» (dB) or
transmission between the two loops.

Clearly for 2 cm of concrete thickness
transmission loss is about 12 dB which increases to
15 dB for 4 cm thick concrete. Free-space loss is
about 9 dB. Note that, the coupled antenna system
has two closely separated resonant frequencies and
we are discussing the performance at the higher
frequency. Observing the impedance matching of
the external and embedded loops, it is apparent that
the matching is not good when the antennas are near
concrete. To improve the impedance matching, we
decided to use C =15 pF instead of 4.7 pF. The
measured results comparing these two matching
scenarios are shown in Fig. 11. Note that, with C
=15 pF the operating frequency is significantly
lower (8.5 MHz as opposed to 14 MHz). Because
of the improvement in matching transmission, loss
even in concrete is much lower (5 dB for 4 cm of
concrete).
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Fig. 11. Measured Si1 (dB) and Si2 (dB) or
transmission for two loops with C = 4.7 and 15 pF
at relative distance d with concrete of thickness ¢
between.

V. RECEIVED WIRELESS POWER

Tests were performed using a power meter and
a network analyzer to determine the power
transmission efficiencies also. In this case, the
power received by the embedded antenna was
measured using a power meter. The transmit
antenna was connected to a vector network analyzer
and was set to signal generator mode of operation.
These results are shown in dBm scale in Fig. 12 (a)
and in watt scale in Fig. 12 (b). The maximum
received powers corresponding to SW of transmit
power are 1.9, 1.6 and 1.3W with 2, 4, and 6 cm of
concrete thickness respectively. Hence, the
corresponding power transmission efficiencies

through concrete are 38%, 32% and 26%,
respectively.
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Fig. 12. Measured received power results with input
5W to transmitting loop with series capacitor 15 pF.

VI. CONCLUSION

The concept and prospects of energizing the
battery of a wireless sensor embedded in concrete
are introduced. It is shown that a well-designed pair
of coupled resonant loop antennas operating around
10 MHz can achieve nearly 40% power transfer
efficiency even in the presence of 2 cm of concrete.
Given the loops operate in very close proximity to
each other and that their resonant frequencies are
susceptible to slight changes in the distance and the
environment, proper matching of their impedance
under a deterministic scenario will ensure even
higher power transfer efficiency. Nevertheless,
wireless embedded sensors that require very small
power (10-100 mW) can be easily charged using the
proposed scheme where both the embedded and
external elements are left unattended and are in
essence therefore self-sustained.
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Abstract — A new method to design Fresnel Zone
Plate Antennas (FZPA) is presented in this paper.
The proposed method is based on deforming a flat
metallic surface in order to achieve the desired
phase distribution required to point the main beam
to a certain direction. The resulting shaped reflector
is modeled by using parametric surfaces, since they
allow fitting the real shape of the antenna accurately
providing smooth variations. Therefore, the
diffraction effect that appears in the transition
region between Fresnel zones can be reduced.
Unlike bulky parabolic reflectors, FZPAs are much
smaller and easy to transport and support, being a
promising candidate for satellite communication
applications due to its high gain, high polarization
purity and minimum volume.

Index Terms — Electromagnetic radiation, reflector
antennas, satellite communication.

I. INTRODUCTION

Shaped reflector antennas have been typically
used to radiate contoured beams in applications
where a certain geographical coverage is required
[1]. Although contoured beams can also be obtained
using array feeds, parabolic shaped reflectors are
becoming more popular mainly because they have
smaller volume and lower losses, and because array
feeds require a complex feeding network.
Moreover, the shaping technique is cheaper, since
it only needs a single feed element. Parabolic
reflectors have been also deformed to improve the
antenna performance [2]. For instance, the shaping
technique has been applied to increase the aperture
efficiency, to improve the beam scanning
capabilities, to enhance the polarization purity or to
minimize side lobes. These reflectors have been
particularly useful in satellite communications
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because they require simple feeds. However, in
practical applications, parabolic reflectors are too
bulky and difficult to place due to mechanical
constraints. To overcome this limitation, membrane
and mesh reflectors have been deployed for space
applications. Although these reflectors outperform
Fresnel Zone Plate Antennas (FZPA) due to its
broad bandwidth, FZPAs have been also studied
over a period of many years due to its low profile
and low weight. The concept of the zone plate for
optical wavelengths was developed by Wood in
1898 [3]. The first millimeter wave usage was
reported in 1960 [4]. There are two types of zone
plates: one where alternative concentric zones are
made opaque or reflecting [5], and the second
where phase correction is introduced in successive
zones [6]. The latter can be fabricated by cutting
grooves in a slab of dielectric material and
depositing a thin metal film on the substrate. Thus,
each zone is composed of a number of terraces or
steps that are used to compensate the phase shifts.
Starting from the idea that the bandwidth of the
FZPA increases as the number of steps increases,
the proposed antenna has been designed
considering that the number of steps in the
correcting zones tends to infinity. Figure 1
illustrates this concept. It shows the profile of a
conventional FZPA with 5 zones and 4 steps per
zone and the equivalent profile of the proposed
FZPA, where it can be seen that the steps in each
zone have been replaced by a NURBS (Non-
Uniform Rational B-Splines) surface [7]. Also, note
that the shadow regions, which are the transition
areas between Fresnel zones, are not completely
abrupt.

Hence, the novelty of the proposed antenna is
that it is designed by smoothly deforming a flat
metallic surface and that it is not composed of
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correcting zones. The modified FZPA present
neither terraces nor grooves, and it is defined by
continuous parametric surfaces that accurately
model the deformations of the metallic surface.

Fig. 1. Schematic profile of a conventional FZPA

with 5 zones and 4 steps and schematic profile of
the proposed FZPA.

Compared to reflectarray antennas [8, 9], FZPA
are easier to manufacture since they do not need any
complex layout to reflect the incident field, and
FZPA are cheaper since they are made of aluminum
and do not require any layer of dielectric substrate.
A 60cm x 60cm prototype operating at 10 GHz has
been designed and analyzed to validate the benefits
of the proposed technology. Although the proposed
antenna has not been measured, the full wave
Moment Method code that has been used to perform
the simulations provides reliable results. The code
has been validated with many experimental results.

II. THEORY OF OPERATION

The FZPA operation consists of converting a
spherical wave front into a desired scattered wave
front by means of an appropriate phase distribution.
To achieve this, according to Fig. 2, each point of
the original flat surface must introduce a phase shift
that is obtained as follows:

¢i = ko(d; — 7, 75) + 21N, (D

where k, is the propagation constant in vacuum,
7p 1s the unit vector in the desired direction of the
main beam, 7; is the position vector from the center
of the reflector plane to the is point of the surface,
d; is the distance from the feed to the i point and
N is an integer number. We obtain the value of NV in
each 7; by imposing that ¢; is in the (0, 27) range.

Most reflectarray antennas use microstrip
radiating elements to compensate the phase shift
given by (1). The proposed new solution deforms
the flat surface to achieve the desired phase
distribution. First, the reflector surface is meshed
using rectangular patches. The elements of the
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mesh have the same area that shall be electrically
small (less than a half of wavelength) in order we
can assume that in each element the amplitude and
phase of the current is constant. Once the desired
phase distribution ¢; is known, the deformed
surface can be completely determined by moving
each element a certain distance given by (2) if ¢; is
in the (0, ) range and given by (3) if ¢; is in the (m,
2m) range.

zi= i, @)

zi=—¢i—. 3)
As mentioned before, the obtained shaped
surface is modeled by NURBS surfaces that exactly
fit the deformations that have been conducted on
the flat surface. These particular surfaces are able
to model accurately any freeform shape, providing
an extraordinary realism as they perfectly fit the
shape of real objects. Moreover, they are defined as
mathematical equations so the computational
treatment is not very complicated. NURBS are
compatible with several CAD formats and they are
invariant under affine transformations.

Fig. 2. Diagram of the original flat reflector.

III. VALIDATION AND SIMULATION

A center-fed FZPA has been designed to
operate at 10 GHz to radiate a collimated beam in
the direction given by 6=10°, $=0°. The total size of
the prototype is 200 x 200 x 0.5A. The designed
antenna has been fed by using the radiation pattern
of a linearly polarized pyramidal horn positioned at
x=0, y=0, z=0.45 m. The geometrical model of the
proposed antenna is depicted in Fig. 3 and its flat
profile can be observed in Fig. 4.
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Fig. 3. Geometrical model of the FZPA.

e

Fig. 4. Side view of the FZPA.

Simulation results based on the Method of
Moments (MoM) have been conducted to evaluate
the proposed technique. The full wave MoM code
Monurbs [10-12] has been used for this purpose.
This code has been validated in many benchmark
experiments to check its reliability [13-16],
showing high accuracy when comparing to
measurements. The computed 3D radiation pattern
is shown in Fig. 5.

Fig. 5. 3D radiation pattern.

As it can be observed in Fig. 6, the peak gain
provided by the FZPA is 33.67 dBi. This implies an
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aperture efficiency of 46.45%. Figures 7 and 8
depict the E and H planes of the normalized
radiation pattern. The side lobe levels of the co-
polarized far field radiation pattern are below 18.6
dB regarding the maximum gain level.
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Fig. 6. Gain of the FZPA.
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Fig. 7. Normalized far-field radiation pattern. Cut
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The technique used to design the FZPA has
been validated by comparing a previously
published similar antenna [17] with a second
design. The reference antenna operates at 62.1
GHz, is 150 mm in diameter, 132 mm in focal
length, and has an edge illumination level of —12
dB. This design has been analyzed according to the
parameters of the reference conventional FZPA
antenna. Figure 9 shows the computed gain of the
designed antenna. According to Figs. 9 and 10, it
can be seen that for the same antenna dimensions
and design parameters, the presented antenna with
a peak gain of 37.4 dBi and an efficiency of 59.4%
surpasses 0.8 dB in gain and 7.7% in efficiency the
FZP reported in [17]. Therefore the 3 dB bandwidth
of the proposed antenna is also a bit higher than the
22% achieved by the reference antenna.
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Fig. 9. Computed directive gain against frequency
of the FZPA designed using the parameters
reported in [17].
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Fig. 10. Directive gain (solid line) and antenna
efficiency (dashed line) against frequency of the
FZPA reported in [17].
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IV. CONCLUSION

A new type of FZPA has been introduced in this
paper. This new methodology allows designing low
profile reflector antennas with the same advantages
as the traditional parabolic reflectors, while
remaining a minimum volume. Simulated results
reveal that the proposed antenna is very attractive
for applications in broadcasting and satellite
communications due to their good polarization
purity and high gain.
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Abstract — In this manuscript, a new CPW-fed slot
antenna with two band-notches for ultra-wideband
communication systems is proposed. The antenna
contains a trapezoid-shaped patch and a slotted
ground plane. To achieve two notched bands, both
of the inverted L-shaped strip and triangle-shaped
element connecting to patch by via are used. The
designed antenna is printed on an FR4 substrate
with compact size of 20x27 mm?. Moreover, the
antenna has been successfully fabricated and
measured, indicating extended impedance
bandwidth (3-11.2 GHz, VSWR<2) and dual band-
notched (3.2-3.9 GHz and 5-5.9 GHz) respectively.

Index Terms — Coplanar waveguide (CPW)
antennas, notched band, ultra wideband (UWB).

I. INTRODUCTION

In recent years, planar structures or printed
antennas have attracted much attention due to the
set of benefits including simple structure, low
profile, easy integration with monolithic
microwave integrated circuits (MMICs), and ease
of fabrication. In spite of all these advantages, the
narrow impedance bandwidth is one of the main
challenges of antenna design. Newly, various
techniques have been proposed to overcome the
narrow bandwidth of these antennas. A big number
of antennas with different structures have been
experimentally characterized which patch of this
type of reported antennas has different shapes such

Submitted On: November 27, 2013
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as rectangular, Disc, triangle and oval forms [1-2].
There are many techniques that contain changes in
configuration and geometry of patch, feed line, and
ground structure which is introduced as the most
important of all to enhance the bandwidth and
access to UWB bandwidth [3-4]. On the other hand,
the frequency range for UWB systems between 3.1
and 10.6 GHz will end up interfering to the existing
wireless communication systems, such as the
wireless local area network (WLAN) for IEEE
802.11a operating at 5.15-5.35 and 5.725-5.825
GHz, the IEEE 802.16 WiMAX system at 3.3-3.69,
5.25-5.85 GHz; therefore, the UWB antenna with a
band-stop performance is needed. For this goal,
different techniques with single, dual, and multiple
notch functions have been recently reported [5-6].
In this paper, a novel rectangle-like slot antenna
with wide impedance bandwidth and dual band-
notched characteristic is proposed. By employing
both triangle-shaped coupling element and an
inverted L-shaped strip, dual band-notch function
can be achieved at the central frequencies 3.5 and
5.5 GHz.

II. ANTENNA DESIGN
The configuration and photo of the fabricated
antenna are shown in Fig. 1, the proposed antenna
has a compact size 2027 mm? which is printed on
a FR4 substrate with thickness 1.6 mm and
permittivity 4.4. Only reason for using FR4 is its
cheap cost. The width of the CPW feedline, WT, and

1054-4887 © 2015 ACES
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the gap between the ground and feedline, g, are
fixed at 2.6 and 0.4 mm respectively. The basic
antenna structure contains a trapezoid-shaped patch
and a slotted ground plane. As illustrated in Fig. 1,
the rectangle-like slot of the ground plane has a
width W1 and length L1 and the proposed antenna
is connected to a 50 2 SMA connector for signal
transmission. To achieve two notched bands has
been used two different techniques, the former an
inverted L-shaped strip for filtering 3.2 up to 3.9
GHz, the latter triangle-shaped coupling element on
the back side which is connected to patch by a via
for generating another notch from 5 up to 5.9 GHz,
that both of them seem to be very sharp which will
be more examined as follows.

Top layer

Side view Bottom layer
) B ——
wé

Lsub

FR4 I
2

w4 L7

Lg1

=L

Wsub

Fig. 1. Geometry of the fabricated antenna.

ITI. ANTENNA PERFORMANCE AND
DISCUSSION

A. Time-domain analysis

Computation of the dispersion that occurs when
the antenna radiates a pulse signal is also of interest.
The transmit transfer functions of the antennas were
used to compute the radiated pulse in different
directions when a reference signal was applied at
the antenna input. This signal should present an
UWB spectrum covering the antenna bandwidth
and particularly the FCC mask from 3.1 to 10.6
GHz. It is shown in Fig. 2 an acceptable
approximation to a FCC mask compliant pulse can
be obtained with a Gaussian seventh derivative.
This pulse is represented in the time domain by:

G(t):A.exp(z_—;], (1)

d"G 1

G (1)=S5= (1) ] H[ J;_(J.G(t), @)

H, (t)=128t" —1344t" + 3360t —1680t.  (3)
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This signal and its spectrum are represented in
Fig. 2. The pulse bandwidth is exactly into mask
desired. Luckily, after drawing various Gaussian
pulses from the first to eighth derivative, it was
obtained that the best pulse for covering FCC mask
can be the seventh derivative. Besides, with a bit of
tolerance, the sixth and eighth derivative are
acceptable. In telecommunications systems, the
correlation between the transmitted (TX) and
received (RX) signals is evaluated using the fidelity
factor (4):

F=max_ | [2 8@t -t |, “4)

s e’

where S(t) and r(t) are the TX and RX signals,
respectively. For impulse radio in UWB
communications, it is necessary to have a high
degree of correlation between the TX and RX
signals to avoid losing the modulated information.
However, for most other telecommunication
systems, the fidelity parameter is not that relevant.
In order to evaluate the pulse transmission
characteristics of the proposed antenna in the case
of without notch, two configurations (side-by-side
and face-to-face orientations) were chosen. The
transmitting and receiving antennas were placed in
a d=25 cm distance from each other [7]. As shown
in Figs. 3 and 4, although the received pulses in
each of two orientations are broadened, a relatively
good similarity exists between the RX and TX
pulses. Using (4), the fidelity factor for the face-to-
face and side-by-side configurations was obtained
equal to 0.94 and nearly 0.96 in order. These values
for the fidelity factor show that the antenna imposes
negligible effects on the transmitted pulses. The
pulse transmission results are obtained using CST

[8].
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B. Frequency-domain analysis

In UWB systems, the information is transmitted
using short pulses. Therefore, it is important to
study the temporal behavior of the transmitted
pulse. The communication system for UWB pulse
transmission must limit distortion, spreading and
disturbance as much as possible. Group delay is an
important parameter in UWB communication,
which represents the degree of distortion of pulse
signal. The key in UWB antenna design is to obtain
a good linearity of the phase of the radiated field
because the antenna should be able to transmit the
electrical pulse with minimal distortion. Usually,
the group delay is used to evaluate the phase
response of the transfer function because it is
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defined as the rate of change of the total phase shift
with respect to angular frequency. Ideally, when the
phase response is strictly linear, the group delay is
constant;
—de(w) 5)
dw

As depicted from Fig. 5, the group delay
variation for the antenna is presented, which its
variation is approximately flat and less than 0.6ns
over the frequency band of interest; except dual
notched bands, which ensure us pulse transmitted
or received by the antenna will not distort seriously
and will retain its shape. Hence, the antenna is
useful for modern UWB communication systems.
Phase S21 for face to face and side by side
orientations are also illustrated in Figs. 6 and 7. As
previously expected, the plot shows a linear
variation of phase in the total operating band except
stop bands. It is important to note again, that the
distance between both the identical antennas in face
to face and side by side orientations is 25 cm which
has been extracted from [7]. In the following, the
square antenna with different parameters were
constructed, and the numerical and experimental
results of the input impedance and radiation
characteristics are presented and discussed.
Triangle-shaped coupling element which is
connected to patch by via, and the proposed
antenna. Meanwhile, Fig. 8 also illustrates the
antenna topology. VSWR (voltage standing wave
ratio) characteristics for three antennas mentioned
in Fig. 8 are exhibited in Fig. 9. The simulated
results are achieved using the Ansoft simulation
software high-frequency structure simulator [9].

group delay =

1.5 ‘-“.
n
i}
i fin
~ Iyl
§ ,.’ ! ,."\ .
1 d .
E | 7 i X i / 0y
>-0-5 ¢ K4 \. ' \
®© / | \ ! \
2 7 W \ o N
%_ "Nt e 5,
= b
o 1
o i
0.5 1 1 1 | 1 1 1
3 4 5 6 7 8 9 10
Frequency (GHz)

Fig. 5. Group delay of the antenna.
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Fig. 6. Simulated phase S21 with a pair of identical
antennas for face to face orientation.
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Fig. 7. Simulated phase S21 with a pair of identical
antennas for side by side orientation.

The optimal dimensions of the antenna are
demonstrated in Table 1. Figure 8 displays the
structure of the different slot antennas including: (a)
the simple slot antenna without notched bands, (b)
the slot antenna with triangle-shaped coupling
element and via, and (c) proposed antenna.
According to it, by using triangle-shaped coupling
element, which is connected to patch by a via
shown in Fig. 8 (b), the antenna can filter the
WLAN interference band from 5 up to 5.9 GHz.
Moreover, the inverted L-shaped strip on the back
side, shown in Fig. 8 (¢), can create another notched
band from 3.2 up to 3.9 GHz. There is an interesting
point to note, both of the notched bands obtained
are approximately sharp and independent from each
other. It means that they have no effect on each
other. As depicted in Fig. 10, parameter W6 has a
noticeable influence on frequency shifting. With
regard to it, with increasing length W6, the center
frequency is decreased regularly in a way that with
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rising 1.5 mm in length W6 centre frequency of the
notched band is reduced about 0.5 GHz.

Table 1: Optimal dimensions of the antenna

Wsub |Lsub | h Wf |W1 [W2 |W3 | W4
20 27 1.6 |2.6 (168 |24 |11.5 |11
W5 W6 | L1 L2 |L3 |L4 |L5 |L6
33 7.5 127 146 |69 |32 4 ]2.25
L7 | L8 |Lgl | g |S1 |S2 |S3 |[s4
53 149 (66 |04 (08 |04 |04 1

(a) (b) (c)

N //—\ y

1T

Fig. 8. (a) The simple slot antenna without notched
bands, (b) The slot antenna with triangle-shaped
element and via, and (c) the proposed antenna.

8
mF eeeeeees Antenna shown in Fig. 9(a)
6r — — Antenna shown in Fig. 9(b)
5F Antenna shown in Fig. 9(c)
%4
>3
2k ¥ e A A g — — — — — — g —
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2 3 4 5 6 7 8 9 10 n 12
Frequency (GHz)

Fig. 9. Simulated VSWR characteristics for
antennas shown in Fig. 8.
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>
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Fig. 10. VSWR characteristics for the antenna with
different values W6.



The best value W6 for covering 5.15 to 5.85
corresponds to 7.5 mm. As mentioned before, in
this study to generate the band-stop performance on
WiMAX band with center frequency 5.5 GHz, is
used a triangle-shaped coupling element, which is
connected to patch by via. The simulated VSWR
curves with different values W4 are plotted in Fig.
11. As exhibited in Fig. 11, when the length W4
increases gradually, center frequency of the
notched band is diminished steadily.

Thus, the optimized W4 is 11 mm. From these
results, it can be found that the notch frequencies
are controllable by changing the lengths W6 and
W4. The proposed antenna was fabricated and
tested in the Antenna Measurement Laboratory at
Iran Telecommunication Research Center.

- — — W4=12mm
Wi4=11mm
.......... W4=10mm

VSWR
> oo oo

N W
.

Frequency (GHz)

Fig. 11. Simulated VSWR characteristics of the
antenna with triangle-shaped element and via with
different values W4.

It can also be observed in Fig. 12 (a), by using
the triangle-shaped element, the current at 5.5 GHz
is more concentrated on it and via. On the other
hand, Fig. 12 (b) depicts the current distribution at
3.5 GHz in a way that most current is seen on L-
shaped strip indicating its effect in creating the
second notched band at centre frequency 3.5 GHz.
Figure 13 exhibits the measured and simulated
VSWR characteristics of the antenna. The
fabricated antenna can cover the frequency band
from 3 to 11.2 GHz. The antenna has a compact size
of 20x27 mm?, whereas showing the band rejection
performance in the frequency bands of 3.2 up to 3.9
GHz and 5 to 5.9 GHz, respectively. As illustrated
in Fig. 13, there is a discrepancy between measured
result and simulated data, it is more likely due to the
effect of the SMA port. The return loss of the
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antenna has been measured using an Agilent
E8362B network analyzer in its full operational
span (10 MHz-20 GHz).

e |
!

W w a

Fig. 12. Simulated current distributions: (a) on the
triangle-shaped element and via at 5.5 GHz, and (b)
on L-shaped strip at 3.5 GHz.

— — Simulated

t—— Measured

2 3 4 5 6 1 8 9 10 1 12
Frequency (GHz)

Fig. 13. Measured and
characteristics for the antenna.

simulated VSWR

Figure 14 shows the measured gain of the
antenna with and without stop bands. A sharp fall
in gain of the antenna at the centre frequencies of
notched bands 3.5, 5.5 GHz, is seen. For other
frequencies outside the notched frequency bands,
the antenna gain with notch is similar to those
without it. Figure 15 depicts the radiation patterns
including the co-polarization and cross-polarization
in the H-plane (x—z plane) and E-plane (y—z plane)
at two frequencies 4.5 GHz and 9 GHz. It can be
observed that the radiation patterns in x—z plane are
nearly omnidirectional for the two frequencies
while radiation patterns in y-z plane or E-plane are
about dipole-like shape.
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Fig. 14. Measured gain of the antenna without and
with notched bands.
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Fig. 15. Radiation patterns of the antenna at: (a) 4.5
and (b) 9 GHz.

IV. CONCLUSION

In this paper, a new CPW antenna with
capability of broad impedance bandwidth for UWB
applications is presented. The antenna can cover
impedance bandwidth from 3 to 11.2 GHz with
VSWR<2 and indicates a good omnidirectional
radiation pattern even at higher frequencies. The
antenna has a compact size of 20 x27 mm? while
exhibiting the band stop performance in the
frequency bands from 3.2 to 3.9 GHz and 5 up to
5.9 GHz, respectively. Simulated and experimental

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

results exhibits that the antenna could be a good
candidate for UWB application.

REFERENCES

[1] J.-H. Lu and C.-H. Yeh, “Planar broadband arc-
shaped monopole antenna for UWB system,”
IEEE  Transactions on  Antennas  and
Propagation, vol. 60, no. 7, pp. 3091-3095,
2012.

[2] C.-C. Lin, Y.-C. Kan, L.-C. Kuo, and H.-R.
Chuang, “A planar triangular monopole
antenna for UWB communication,” [EEE
Microwave and Wireless Components Letters,
vol. 15, no. 10, pp. 624-626, 2005.

[3] M. Mighani, M. Akbari, and N. Felegari, “A
novel SWB small rhombic microstrip antenna
with parasitic rectangle into slot of the feed
line,” Applied Computational Electromagnetics
Society (ACES) Journal, vol. 27, no. 1, pp. 74-
79, January 2012.

[4] R. Zaker, C. Ghobadi, and J. Nourinia,
“Bandwidth enhancement of novel compact
single and dual band-notched printed monopole
antenna with a pair of L-shaped slots,” /IEEE
Transactions on Antennas and Propagation,
vol. 57, no. 12, 2009.

[5] R. Emadian, M. Mirmozafari, C. Ghobadi, and
J. Nourinia, “Bandwidth enhancement of dual
band-notched circle-like slot antenna,”
Electronics Letters, vol. 48, no. 7, pp. 356-357,
March 2012.

[6] M. Mighani, M. Akbari, and N. Felegari, “A
CPW dual band notched UWB antenna,”
Applied  Computational  Electromagnetics
Society (ACES) Journal, vol. 27, no. 4, pp. 352-
359, April 2012.

[7] C. R. Medeiros, J. R. Costa, and C. A.
Fernandes, “Compact tapered slot UWB
antenna with WLAN band rejection,” /EEE
Antennas and Wireless Propagation Letters,
vol. 8, pp. 661-664, 2009.

[8] CST Microwave Studio, ver. 2008. Computer
Simulation Technology, Framingham, MA,
2008.

[9] Ansoft HFSS User’s Manual, Ansoft
Corporation, Beta Release 11.0, April 2007.



ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

Oblique Incidence Plane Wave Scattering from Large Finite Arrays
Using EV-AEF Method

Wei Shao, Jia-Lin Li, and Qifei Li

School of Physical Electronics
University of Electronic Science and Technology of China, Chengdu, 610054, China
weishao@uestc.edu.cn, jialinli@uestc.edu.cn, qifei li@163.com

Abstract — An efficient method for calculating
scattering patterns of large finite arrays illuminated
by an obliquely incident plane wave is presented in
this paper. Based on the element-varying active
element factor (AEF) technique, this method takes
the element mutual coupling and edge effects into
account, and it results in accurate solutions. From
the periodicity and distribution properties of
induced currents, various elements are combined
according to a certain rule. The determination of
element combination is related to the plane wave
incident angle. Thus, the scattering pattern of a
large finite array can be calculated with
superposition of combined-elements in a relatively
small array. Numerical examples of one-
dimensional (1-D) and two-dimensional (2-D)
arrays verify the accuracy and efficiency of the
proposed method.

Index Terms — Active element factor, large finite
arrays, oblique plane wave, scattering pattern.

I. INTRODUCTION

Direct numerical methods are often used to
calculate the scattering field from a small array or
an infinite periodic array. Numerical methods, such
as the method of moment (MoM) [1], finite element
method (FEM) [2], and finite-difference time-
domain (FDTD) method [3], lead to an accurate and
effective solution for a small array calculation. For
an infinite periodic array, only an element is
required to be simulated with the Floquet’s theorem
or periodic Green function [4-5]. The numerical
methods, however, become inefficient or even
infeasible for rather large finite arrays when
considering the mutual coupling effects in the
whole array environment. In this case, approximate
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methods are
requirements
calculation.

An active element pattern (AEP) technique has
been proposed to solve radiation problems
considering mutual coupling effects between array
elements [1]. Based on the AEP, an average active
element factor (AEF) with the reduced window
array (RWA) approximation is introduced to
analyze the plane wave scattering problem of finite
arrays on an infinite ground plane [7]. This method
changes a large array scattering problem into a
superposition of various simplified subarray
problems. In [8], an element-varying (EV) AEF
method is introduced to analyze normal plane wave
scattering patterns of finite arrays on a finite ground
plane. From the induced current distribution on an
array with odd or even elements, the array is
divided into different parts and neglects the weak
mutual coupling affected by far elements. In [9], an
improved induced element pattern method (IIEPM)
transforms a large finite array problem into two
small ones when the normal incidence plane wave
is adopted.

In this paper, instead of the case of normal
incidence in [8], the scattering of an obliquely
incident plane wave from a large finite array is
studied with an improved EV-AEF method.
Beginning with the induced current distribution in
the case of oblique incidence, the whole array
elements are divided into relatively small edge
combined-elements and interior combined-
elements for one-dimensional (1-D) problems.
Different from [7], in which exterior equivalent
sources are calculated as the incident field to model
the edge effects of a finite array, only AEPs of edge
combined-elements need to be extracted to

needed to reduce memory
and computing time for array

1054-4887 © 2015 ACES
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essentially account for the edge effects in our
method. The scattered field from a large finite array
with an oblique incident plane wave can be easily
calculated by a superposition of the two types of
combined-clements in this small array. In addition,
the relationship between the current distribution
periodicity and incidence angle is analyzed when
the oblique plane wave is adopted. To verify the
accuracy and efficiency of the proposed method,
results of some numerical examples are provided.
With the proposed method, therefore, some
important features of the radar cross section (RCS)
signatures of 1-D and 2-D finite arrays can be
examined efficiently.

II. THEORIES

A. Induced current distribution with an oblique
plane wave
A 1-D array model illuminated by an oblique

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

plane wave is shown in Fig. 1. In [8] , the induced
current density on a 1-D array is symmetrical when
the array is illuminated by a normal plane wave. In
fact, the induced current density takes on the
asymmetric distribution at oblique incidence.
Figure 2 plots the induced current density, with
FEKO simulation, on four finite arrays of seven,
eight, nine, and ten elements, respectively, with the
obliquely incident angle of 6= 30° and ¢o= 0°.

incident oblique plane wave

Fig. 1. Obliquely incident plane wave on a 1-D
finite array.

Surface current [mA/m]
13.0
125 l
11
974

835
6 96
5.38

(d) 10-element array

Fig. 2. Current density on 1-D arrays with incident plane wave of 8= 30° and o= 0° (arrows densities

denote current densities).

B. Improved EV-AEF method

Based on the EV-AEF method [8] , the far
electric field scattered by an array can be expressed
as:

N oA
E}. =Y E: (0,0 ", (1)
n=1

where E:(0,9) is the AEF field from the nth
element.



For an oblique plane wave, the concept of
combined-element is introduced into the EV-AEF
method. A combined-element in Fig. 3 consists of
several adjoining elements, and its size is
determined by the current distribution periodicity.

incident oblique plane wave
\ = o

Y lelekele

Fig. 3. Combined-element in a 1-D finite array.

Similar to the normal incidence case [8] , only
a few neighboring combined-elements are involved
in calculating the EV-AEF of a combined-element
with an obliquely incident wave. Thus, (1) can be
rewritten as:

Elsola](g’w):EE (eﬂ(p)—"_El(e!(p)’ (2)
NC ) A
E. (0,0)= ZEe (6,9) e 3)
e=1
N, s
E (0,0)=) E, (6,9)e""" , (4)
i=1

where E.(0,9) and E,(6,p) are the EV-AEF

superposition of all edge combined-elements and of
all interior combined-elements, respectively. N and
N; are the amounts of all edge combined-elements
and of all interior combined-elements, respectively.

It is noted that, for oblique incident plane wave,
only if the resolved component of electric field is
along the 1-D array distribution, the periodicity of
induced current distribution is observed and our
proposed method can be applied to the scattering
modeling.

C. Relationship between incident angle and
combined-element properties

For the 1-D array illuminated by an oblique
plane wave with 6p= 30° and ¢o= 0° in Fig. 1, a
four-element periodicity of current distribution can
be observed in Fig. 2. In the following, how to
determine the element number in a current
distribution periodicity will be discussed.

When the array is illuminated by an oblique
plane wave with )= 30° and ¢o= 0°, as shown in
Fig. 4, the phase difference between two adjacent
elements is Aé=dsin6,. When the element spacing
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d = A2 (4 is the wavelength of plane wave), the
phase difference Aé=4/4 . Therefore, the phase

difference between the 1st element and (N+1)th
element is NAE=N A/4. If N is a multiple of 4,

NA¢& will be a multiple of A. That means that the

induced current densities on the 1st element and
(N+1)th element have periodic feature.

1 94 2 3 4 5 n

Fig. 4. Phase difference of a 1-D array with an
oblique plane wave.

Under the oblique incidence condition, half of
elements in a periodicity are chosen to form a
combined-element. Thus, when 8= 30° and ¢o= 0°,
a combined-element consists of two original
elements. Figure 5 shows that an 8-element array is
divided into edge combined-elements and interior
combined-elements. The edge combined-elements
fall into two classes: the left one and the right one.
And the interior combined-elements also fall into
two classes: the odd one and the even one.

For an array at oblique incidence, because the
strong mutual coupling only takes place in
neighboring combined-elements, the influence of
combined-elements far away can be ignored for the
EV-AEF calculation of a certain combined-
element. Once the EV-AEF of each combined-
element in this 8-element model is extracted, the
scattering pattern of an arbitrary 4n-element array
can be obtained through superposition theory, as
shown in Fig. 5.

Similarly, a 9-element array shown in Fig. 6 is
used to calculate the scattering pattern of an
arbitrary (4n+1)-element array. In the same way,
(4n+2)- and (4n+3)-element arrays can also be
modeled by using rather small arrays.

Furthermore, when an array is illuminated by
oblique plane wave with other angles, for example
0= 45° and ¢ = 0°, the phase difference between
the 1% element and (N+1)th element is

NAE=\2N /4. When N = 14, this phase difference
approximately equals to 54, a multiple of the

283



284 ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

wavelength. Thus, a periodicity of the array involves 14 elements.

the odd interior the even interior

combined element combined element
left edge : : right edge
combine%element : : combined element

Fig. 5. Illustration of using an 8-element array to calculate a 4n-element array.

g 5y o i Y scattered fields of 24- and 100-clement arrays are
. . |:| |:| |:| |:| |:| |:| . shown in Figs. 8 (a) and (b), respectively. The
S S S O T 5 results show that the scattered fields with the
improved EV-AEF method closely match those
with the whole-array simulation in FEKO.

Fig. 6. Combined-elements in a 9-element array
with 6y= 30% and Qo= 0.

In general, for a certain incident angle 6, , if

the phase difference between the 1st element and
(N+1th one, Ndsing, , is a multiple of

wavelength A , the number of elements in a
periodicity of the induced current density can be
obtained. Since half of elements in a periodicity I:I I:I I:I I:I I:I I:I I:I I:I
make up a combined-element, it is required that
N has to be an even number. For N=2, 4, 6, ...,
Ndsin6,/A is calculated in sequence. Once a

(a) Side view

(b) Top view

Fig. 7. 8-element array illuminated by an oblique

calculated result is an integer or very close to an plane wave.

integer, the corresponding N is just the number of

elements in a periodicity we want. 0

1. EXAMPLES AND DISCUSSIONS 20 ~

A. Far field calculation for 1-D finite arrays @ /
A 1-D 8-element array illuminated by an g 40-

oblique plane wave with 6= 30° and ¢ = 0° is 2

plotted in Fig. 7. The patch element of array is o ! -

26mm x 37mm. The structure parameters are 7 = E R [— Calculated with our method

1.58mm and d = 0.5 4, , and the relative —— FEKOresult

permittivity of the substrate is chosen as &, = 2. '80_90 0 30 o 0 60 90
Based on the EV-AEF result of each Degreel[’]

combined-element in the 8-element subarray, the (a) 24-element array



0 . : : ;
20 |
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8 404
2
s AL
£ 0] | 3
——————————— Calculated with our method
50 FEKO result

9 60 -30 60 90

0 30
Degree[’]
(b) 100-element array

Fig. 8. Scattered fields with the EV-AEF method
and FEKO’s simulation.

For a (4n+1)-element array with an oblique
wave of o= 30° and po= 0°, a 9-element subarray
is required to calculate the scattered field. Figure
9 plots the scattered fields of a 101-clement array
whose parameters are the same as that in Fig. 7.
The results of scattered field with the improved
EV-AEF method and the whole-array FEKO
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simulation are in good agreement.

Table 1 presents the comparison of
computing time between the proposed method
and FEKO’s simulation. The proposed method
shows a  significant improvement in
computational efficiency. All calculations are
performed on a computer with a Dual-Core 2.93

GHz CPU and 2.0 GB RAM.
O T
-201
& R
S,
3 401
2
£
5 -60] _ P
——————————— Calculated with our method
— FEKO result
_80 T T T T T
9 60 -30 0 30 60 90
Degree[]

Fig. 9. Scattered fields with the EV-AEF method
and FEKO’s simulation.

Table 1: Comparison of computing time between the EV-AEF and FEKO’s simulation

n-Element Array n=24 n=100 n=101
Method EV-AEF FEKO | EV-AEF FEKO EV-AEF FEKO
Subarray simulation (s) 497 | - 497 | - 713 | -
Pattern superposition (s) 0.15 | --—-- 019 | ---—-- 019 | ---—--
Total time (s) 5.12 50.02 5.16 5720.94 7.32 7082.52

B. Far feld calculation for 2-D finite array

In order to further prove the validity of the
proposed method for computing 2-D finite arrays,
an (8x8)-element array illuminated by an oblique
plane wave with 8= 30° and ¢o= 0°, as shown in
Fig. 10, is analyzed. The material and the element
parameters are the same as the 1-D 8-element array
in Fig. 6. The induced current distribution on the
array surface is related to the polarization direction
of obliquely incident wave. Along one resolved
component of electric fields, x-direction in Fig. 10,
the current distribution of a 2-D array is with the
same regularity of that of a 1-D array. Along the
non-polarization direction, the current distribution
is dependent of the array environment and does not
have periodic feature. The 2-D array elements can
be divided into the corner combined-elements, edge
combined-elements and interior combined-

elements, respectively, as shown in Fig. 10.

—

Fig. 10. Combined-elements in a 2-D (8 x 8)-
element array.
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An (8x3)-clement subarray is required to
calculate the type of (4n X n)-eclement arrays. Figure
11 illustrates the scattered fields for the (8 x 8)-
clement array using the EV-AEF method and
whole-array simulation in FEKO.

O T T T T T
o -20-
©
Jo)
©
=
Q40
E ——————————— Calculated with our method

— FEKO resullt
-60 T T T T T
90 60 -30 0 30 60 90
Degree[’]

Fig. 11. Scattered fields for 2-D (8 x 8)-element
array.

Table 2 shows that the proposed method for the
2-D  (8x8)-element array gets a significant
improvement in  computational efficiency
compared to whole-array simulation in FEKO.

Table 2: Comparison of computing time between
our method and whole-array simulation

Approach EV-AEF | FEKO
Subarray simulation (s) 102.16 | ——mmmm-
Pattern superposition (s) | 0.17 | -------
Total time (s) 102.33 5054.31

IV. CONCLUSION

In this paper, an improved EV-AEF method for
calculating scattering patterns from a large finite
array at oblique incidence is proposed. The
relationship between incident angle of plane wave
and combined-element properties is discussed. In
order to validate the proposed method, numerical
examples of 1-D and 2-D arrays are calculated. The
results show that the improved EV-AEF method
leads to the much faster solution than the whole-
array simulation with good accuracy.

In addition, this work can also extend to non-
regular or conformal arrays. Taking a thinned array
which is thinned from a full array with the regular

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

lattice of N positions spaced by a uniform distance
for example, its element states (positions with
element or without element) are unknown and there
are a variety of possibilities. For a certain element
in the thinned array, the distributions of its
neighboring elements are various. Therefore,
extracting the AEPs of all element combinations is
indispensable.
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Abstract — A novel reconfigurable active feedback
antenna for WiMAX/WLAN applications is
presented. By using an H-shaped radiating patch
with a pair of C-shaped slots in the active feedback
antenna, two new resonances can be achieved.
Also, the proposed radiating patch has a major
advantage in providing tighter capacitive coupling
to the line in comparison to known radiating patch.
In order to generate DC isolation in the RF path, we
use a pair of gap distances in the microstrip loop.
Also, by using the [S] parameters of the active
element, a novel design of the microwave oscillator
is performed. Simulated and experimental results
obtained for this antenna show that the proposed
Active Integrated Antenna (AIA) has a good return
loss and radiation behavior within the
WiMAX/WLAN frequency range.

Index Terms — C-shaped slot, H-shaped radiating
patch, Reconfigurable Active Integrated Antenna
(RAIA), WIMAX/WLAN systems.

I. INTRODUCTION
In the last few years, there have been rapid
developments in various antenna designs for
wireless local area network (WLAN) and
worldwide interoperability for microwave access
(WiMAX) applications. These antennas include the

Submitted On: April 14, 2013
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planar inverted-F antennas (PIFAs) [1], printed
patch antenna [2], the CPW-fed antennas [3], and
the planar monopole antennas [4]. However, up to
now, a printed antenna that has T-shaped notch
configuration has not been reported.

It is a well-known fact that, active feedback
presents really appealing physical features, such as
simple structure, small size, and low cost. Because
of all these interesting characteristics, multi-band
low noise amplifier is expected to become a key
device for the next generation of multi-band and
multi-mode wireless radios [5], and growing
research activity is being focused on them [6-8].
Various switching based techniques have been
proposed to achieve multi-band performance. Some
of the topologies use separate oscillators [5] to
obtain multi-band response, while others use
distinct resonators [6] or matching networks [7] to
achieve the same.

In this paper, we propose a novel frequency
reconfigurable active integrated antenna with the
capability to switch between WLAN and WiMAX
modes. The antenna which uses a switchable slotted
structure for reconfigurability, has a simple
structure and smallest size in comparison to
antennas reported in literature [1]-[4]. In the
proposed structure, based on electromagnetic
coupling (EC), an H-shaped radiating patch with a
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pair of C-shaped slots in the active feedback
antenna is used to perturb two resonance
frequencies at 2.4 GHZ (WLAN) and 3.5 GHz
(WiMAX). This structure has a major advantage in
providing tighter capacitive coupling to the line in
comparison to known radiating patch [9]. The
proposed antenna has three different switchable
states: 2.25-10.72 GHz in WLAN mode, 3.34-3.71
GHz in WiMAX mode, and 1.65-1.89 GHz in
narrowband mode. Also, the implemented dual-
band low noise amplifier exhibited output power
level of 12.84 dB at frequency of 2.4 GHz and 10.94
dB at frequency of 3.49 GHz, for various diodes
bias conditions.

II. RECONFIGURABLE ANTENNA
DESIGN

The proposed passive antenna fed by a 50-Q
feed line is shown in Fig. 1, which is printed on a
FR4 substrate of thickness 0.8 mm and permittivity
4.4. The numerical and experimental results of the
input impedance and radiation characteristics are
presented and discussed. The Ansoft simulation
software  high-frequency structure simulator
(HFSS) [10] is used to optimize the design and
agreement  between the  simulation and
measurement is obtained.

SMA Connector =~ b

SMA Connect;r
(Port2)

Fig. 1. Configuration of the switchable antenna: (a)
side view, (b) top view, and (c) fabricated scheme.

To design a novel reconfigurable antenna, three
pin diodes are inserted in the radiating patch of the
proposed antenna as displayed in Fig. 1. Three
states with different conditions of diodes are
specified in Table 1 as states 1, 2 and 3. Figure 2
shows simulated and measured return loss
characteristics for the proposed antenna in three
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states 1, 2, and 3 with pin diodes as depicted in
Table 1. As depicted in Fig. 2, in this structure, the
H-shaped radiating patch with a pair of C-shaped
slots with three p-i-n diodes is used in order to
electronically switch between the WLAN (2.4
GHz) and WiMAX (3.45 GHz) frequency bands.
Also, when the central diode is biased and the
others are off, the proposed antenna has not any
radiation performance in the S-band. In addition,
this structure has a major advantage in providing
tighter capacitive coupling to the line in comparison
to known radiating patch [2]. In the proposed
configuration, a pair of gap distances are playing an
important role in the radiating characteristics of this
antenna, because it can adjust the electromagnetic
coupling effects between the H-shaped radiating
patch and the microstrip transmission line [4].

Table 1: Three states of proposed antenna with
different conditions for pin diodes

State D1 D2 D3
1 On Off On
2 On On On
3 Off On Off

Return Loss (dB)
R
—

-t
T
—

i
1 15 2 25 35 4 45 5

3
Freq [GHz]

Fig. 2. Simulated return loss characteristics for the
passive microstrip antenna with various states of
diodes.

The optimal dimensions of the designed
passive antenna are as follows: Wyw=20 mm,
Lswp=20 mm, hg,»=0:8 mm, W=4 mm, L=1.5 mm,
Wi=3 mm, Li=7 mm, L,=4 mm, W,=0.85 mm,
Ls=3 mm, W3=8 mm, Ls=4 mm, Ws,=4 mm, Ls=7
mm, Ws=6 mm, We=0.15 mm, Wp=2 mm, and
Lr=1 mm.

For applying the DC voltage to PIN diodes,
metal strips with dimensions of 2 mm x 0.6 mm
were used inside the main slot. Moreover, for each
PIN diode a 100 pF DC blocking capacitor was
placed in the slot to create the RF connection of the
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PIN diode and also to isolate the RF signal from the
DC. In the introduced design, HPND-4005 beam
lead PIN diodes [11] with extremely low
capacitance were used. For biasing PIN diodes a 0.7
volts supply is applied to metal strips. The PIN
diodes exhibit an ohmic resistance of 4.6 QO and
capacitance of 0.017 pF in the on and off states,
respectively. By turning diodes on, the metal strips
are connected to the ground plane and become a
part of it. Therefore, a part of the slot is short-
circuited, and the corresponding resonance is
eliminated due to the change in main slot’s length.
The desired frequency band can be selected by
varying the states of PIN diodes which changes the
total equivalent length of the slot.

In order to understand the phenomenon behind
switching electronically between WLAN and
WIiMAX resonance frequency, the simulated
current distributions on the radiating patch of the
proposed antenna for on and off statuses of the p-i-
n diodes, are presented in Figs. 3 (a), (b) and (c),
respectively. As shown in Fig. 3 (a), at the WLAN
resonance frequency (2.4 GHz) the current mainly
concentrates on the C-shaped strips edges, and also
it can be seen that the electrical current does change
its direction along these strips. In addition, the
current mainly concentrates on the central strip at
the WiMAX resonance frequency (3.5 GHz), as
shown in Fig. 3 (b).

@) (b)

Fig. 3. Simulated surface current distributions on
the radiating patch for the proposed antenna shown
in Fig. 1: (a) state 1 at 2.4 GHz, and (b) state 2 at
3.5 GHz.

III. RECONFIGURABLE LOW NOISE
APMLIFIER DESIGN

Transistor low noise amplifier can be designed
using either bipolar or GaAs MESFET devices [12-
13]. In order that the amplifier delivers a maximum
power to the load, it must be properly terminated at
output port to a resistor [14-15]; hence, the need of
an input/output matching circuit arises. A short and
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efficient CAD procedure for the design of
reconfigurable dual-band microstrip amplifier is
performed. It is based on the scattering-matrix
parameters of the active element. The CAD
procedure has mainly two steps. The first step is the
design of a narrowband high-gain amplifier
operating at the first frequency of 2.4 GHz, and the
developed full-scale simulation program is used for
stability consideration and analytical design of the
input and output matching circuits [13]. The second
step is to design lengths and widths of the second
input and output matching circuits so as to get a
narrowband high-gain amplifier operating at the
second frequency of 3.5 GHz. Using the [S]
parameters of the active element, the design of the
microwave amplifier is performed using our full-
scale computer simulation program. First, the
stability of device can be checked by two stability
factors K and |A|. The mathematical equations for
K and |A| are [14]:

A=5,5, _S21Sl2’ (D)
KZI_‘SH‘Z_‘Szz‘Z*"A‘Z ) (2)
2‘521S12‘

The stability of the used ATF 13786 GaAs
transistor at the frequencies of 2.4 GHz and 3.5
GHz is calculated through -calculation of the
stability factor, K and A [15]. The transistor is
potentially unstable at the operated frequencies 2.4
GHz and 3.5 GHz (i.e., K=0.5718 and K=0.656,
respectively).

The matching networks are designed to get
minimum reflection coefficient at the transistor
input and output. The analytical design of the
terminating circuit and the output matching circuit
are performed using the developed computer
program [14]. In this design, the input and output
matching circuits are designed to transfer the
calculated Zus* and Zmi* to 50 Q. The input and
output matching circuits can be designed using two-
section matching circuits (a series transmission line
and an open/short single/balanced shunt stub). The
analytical design procedure of the matching circuits
is as follows:

- _Bi-yBI-4C? (3)
Ms = ’
2C,
_ B,—By —4C; (4)
e

B, =1+|S,,|" =[S, - A", Q)
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2 . .
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Out — <0 2 j
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S (16)
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A prototype reconfigurable LNA circuit was
designed on a FR4 substrate with 0.8 mm thickness
for wireless applications. Microstrip lines were
used for the input and output matching network,
rather than utilizing lumped elements to minimize
overall insertion losses. By tuning the length of the
microstrip lines, the circuits operate at a different
frequency. A  schematic diagram of the
reconfigurable LNA design is shown in Fig. 4 with
the lumped elements, such as capacitors and
resistors and the transistor’s position. Figure 5
shows hard-wire connected reconfigurable LNA
configured at 2.4 GHz which can also be
reconfigured to operate at 3.5 GHz. Amplifier
biasing circuit passive part is fabricated with
available microstrip materials (FR4) using wet
etching technique, active part is soldered on the
passive substrate. The input and output ports are
matched to 50-ohm transmission line, which is a
microstrip line with 1.5 mm width. Some pads
should be grounded and therefore there are some
connections to the reference ground plane using via
that is shown in the layout with dark gray circles.
The conductive connections inside these holes are
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made by punching some metallic bars in the holes
and soldering them to each face of the board.

Simulated S-parameters results for the
proposed LNA for WLAN application at 2.4 GHz,
and WiMAX applications at 3.5 GHz are shown in
Fig. 6 and Fig. 7, respectively. All design steps for
matching networks, stability, and DC biasing were
done using schematic wizard of Advanced Design
System (ADS) by Agilent Technologies [18] using
the model provided by CEL for that transistor.

ATF13786

RF; GaAs MESFET Resistor

PIN Diode|

"}; ‘i)

Fig. 4. Reconfigurable LNA concept diagram with
two various matching stubs to operate at 2.4GHz
and 3.5 GHz.

Fig. 5. Fabricated reconfigurable LNA configured
at 2.4 GHz which can also be reconfigured to
operate at 3.5 GHz.

Fig. 6. Simulated results for the proposed LNA for
WLAN application at 2.4 GHz: (a) Si1, (b) S22, and
(C) So1.
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Fig. 7. Simulated results for the proposed LNA for
WiMAX application at 3.5 GHz: (a) S11, (b) S22, and
(C) Sz1.

IV. RECONFIGURABLE ACTIVE
INTEGARTED ANTENNA

The presented active feedback antenna is
shown in Fig. 8, which is printed on an FR4
substrate of thickness 0.8 mm, permittivity 4.4, and
loss tangent 0.018. The proposed active feedback
antenna structure consists of a rectangular ring with
a pair of protruded I -shaped strips for radiating
element, a microstrip loop, and an oscillator with
DC bias circuit and matching circuit for active part.
The width of the 50-Q microstrip line is fixed at 1.5
mm, as shown in Fig. 6. The matching circuit to the
left and right of the device controls the coefficient
of feedback. On the other side of the substrate, a
conducting ground plane is placed. In addition, to
satisfy the oscillation-phase requirement, the
microstrip loop is fixed to a suitable electrical
length, taking the calculated phases of the oscillator
and passive antenna into consideration [16].

Figure 9 shows the measured return loss
characteristics for the active antenna in comparison
of simulated return loss characteristics for the
passive microstrip antenna with various states of
diodes. The fabricated antenna satisfies the 10-dB
return loss requirement within the WiMAX/WLAN
frequency range. However, as shown in Fig. 9, there
exist a discrepancy between measured data and the
simulated results. This discrepancy is mostly due to
a number of parameters, such as the fabricated
antenna dimensions as well as the thickness and
dielectric constant of the substrate on which the
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antenna is fabricated, the wide range of simulation
frequencies and also the effect of pin diode and its
biasing circuit.

Fig. 8. Configuration of the proposed active
integrated antenna (unit: mm).

y

-

Return Loss (dB)

— State 1 \:"‘
— State 2

25| = State 3

30 i

3
Freq [GHz]

Fig. 9. Measured return loss characteristics for the
active antenna in comparison of simulated return
loss characteristics for the passive microstrip
antenna with various states of diodes (dashed line:
measured, solid line: simulated).

The simulated radiation patterns including the
co-polarization and cross-polarization for the E-
plane (y-z plane) and H-plane (x-z plane) at the
resonance frequencies are shown in Fig. 10. The
simulated radiation patterns are calculated by using
the gap-source technique with the commercial EM
simulator HFSS, considering the complete active
feedback antenna which has same layout, except
with an active transistor [3]. The received cross-
polarizations in the E-plane and H-plane of the AIA
are approximately 17 and 14 dB lower than the
maximum co-polarized radiation, respectively. As



seen in Fig. 10, the radiation pattern in the H-plane
is asymmetrical, due to the asymmetrical presence
of the distributed oscillator-feedback circuitry. The
designed feedback-antenna oscillator has stable
oscillation. The obtained gain by the amplifier is of
11.2 dB.

—— ¢o-pol
—== ¢ross-pol

Fig. 10. Simulated radiation patterns of the
proposed active integrated antenna.

V. CONCLUSION

As presented above, a novel design of
reconfigurable active integrated antenna with
electronically controllable is an interesting subject
for for WIMAX/WLAN applications. By using an
H-shaped radiating patch with a pair of C-shaped
slots in the active feedback antenna, two new
resonances can be achieved. The proposed antenna
has three different switchable states: 2.25-2.72 GHz
in WLAN mode, 3.34-3.71 GHz in WiMAX mode,
and 1.65-1.89 GHz in narrowband mode. The LNA
design based on the AIA concept has been shown
to provide an efficient and successful method for
designing high efficiency and compact systems.
The implemented dual-band low noise amplifier
exhibited output power level of 12.84 dB at
frequency of 2.4 GHz and 10.94 dB at frequency of
3.49 GHz, for various diodes bias conditions.
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Abstract —In this paper, a novel frequency
selective surface (FSS) based on rotationally
symmetric bended microstrips is investigated. The
unit element consists of twelve L-shaped metal
strips and a dielectric substrate. Bended L-shaped
strips have different equivalent electric lengths
corresponding to different resonant frequencies,
which result in multi-band frequency characteristic.
Meanwhile, the symmetric metal strips make the
FSS polarization insensitive. The numerical
experiments demonstrate that the FSS structure has
fifteen stop-bands in the frequency band from 6
GHz to 20 GHz, and a good polarization stability as
well. Moreover, the FSS design such as the inner
radius of L-shaped metal strips, the dimensions of
dielectric substrate and the width of the bended
metal strips significantly effects on the FSS
performance. Because of the multi-band property,
the FSS designed in this paper has a bright prospect
in many modern wireless communication systems
and even in 5G communication system in the
future.

Index Terms — Centrosymmetric bended
micrstrip, FSS, multi-band, polarization
insensitive.

I. INTRODUCTION

Frequency selective surfaces (FSSs) are usually
constructed by using a two-dimensional periodic
metallic patterns combined with dielectric
substrates [1, 2]. Generally, FSSs can be classified
into two categories: (1) dipole array FSS, and (2)
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Accepted On: January 3, 2015

slot array FSS, and the former exhibits band-stop
characteristic while the later exhibits band-pass
characteristic. FSSs have been widely used as
spatial filters to totally reflect or just transmit
electromagnetic waves in some specified frequency
bands [3]. FSSs can be applied in antenna radome,
filter, radar cross section (RCS) reduction,
directivity enhancement and dichroic sub-reflector.
Theoretically, FSS is an infinite array with a
periodic structure; however, it is always finite in
practical applications. The truncation of the infinite
period structure will change the FSS performance,
which makes it necessary to utilize sufficient
elements to keep the characteristics of infinite FSS
[4].

One of the important FSS applications is to
work as sub-reflectors for the satellite
communication so that a single main reflector can
cover the different frequency bands [5, 6]. To
enhance the capability of multi-frequency and
multi-function antennas, a sub-reflector integrated
with FSS is operated normally at multi-band
frequencies; meanwhile, FSS is polarization
insensitive in multi-bands [7]. In addition, the
increasing demands on multi-functionality of
antennas for communications also require multi-
band polarization insensitive FSSs. To design
multi-band insensitive polarization FSS, some
ideas such as gradient variation structure and fractal
shape are proposed [8, 9]. However, the
transmission of gradient variation structure FSS is
usually not low enough in stop-bands, while the
number of stop-bands of a fractal shape FSS is
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tightly restricted within three. Moreover, most
existing multi-band FSSs are sensitive to
polarization.

The modern wireless communication system is
developing to multi-standard and multi-system,
which requires the radio frequency filter in the
system to have multi-band function in many cases.
In this paper, a novel multi-band polarization
insensitive FSS is designed, which has the top layer
composed of twelve centrosymmetric bended metal
strips. Because rotationally symmetric bended
metal strips can resonate at different frequencies,
the FSS had fifteen stop-bands in the frequency
band from 6 GHz to 20 GHz for both TE and TM
wave. In addition, FSS is only 2 mm in thickness,
which grants the FSS broad application prospects in
fabricating sub-reflector due to its light weight and
low cost. And owing to its multi-band property, the
FSS designed in this paper could be used in modern
wireless communication system and even 5G
communication system in the future. Moreover, the
pass-bands and stop bands can be easily changed by
changing the geometry size of the FSS, which
makes the FSS more promising in application.

II. FSS STRUCTURE AND ANALYSIS

A. Basic multi-band polarization insensitive FSS
design

A multi-band polarization insensitive FSS with
a simple configuration is designed in this section
whose unit cell is shown in Fig. 1. The top layer of
the FSS is composed by four bended metal strips
whose length is ¢ = 10.0 mm, width is w = 1.0 mm
and thickness is 0.035 mm. Two of the metal strips
are put in horizontal, while the other two are put in
vertical to ensure the FSS polarization insensitive.
The spacing between two metal strips is d = 8.0
mm. The length of the dielectric substrate is 4 =
30.0 mm and its thickness is D = 2.0 mm. The
relative permittivity of substrate slab is ¢, = 2.2.

In order to simulate the infinite periodic array
of FSS accurately, periodic boundary conditions
(PBC) are utilized to top, bottom, left and right
boundaries, while open (add space) boundary
conditions are utilized to front and back boundaries
of the unit cell in electromagnetic (EM) simulation
software CST MICROWAVE STUDIO 2012.
Frequency domain solver and tetrahedral mesh are
used to make the simulation. And for the purpose of
getting accurate simulation results, high initial
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mesh density and adaptive tetrahedral mesh
refinement are utilized during the simulation. The
transmission of the FSS for TE and TM incident
waves is plotted in Fig. 1. The frequency band with
transmission of higher than -3 dB is called as a pass-
band while that with transmission of lower than -10
dB is defined as a stop-band. It can be seen from
Fig. 1, that the FSS has six stop-bands and seven
pass-bands in the frequency band from 6 GHz to 20
GHz and has the same responses for TE and TM
wave. However, the number of pass-bands is not
great enough and some frequency spaces of
adjacent pass-bands are too narrow.
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T
6 8 10 12 14 16 18 20
Frequency (GHz)

Fig. 1. Transmission coefficients and configuration
of the basic FSS unit cell.

B. Improved multi-band polarization insensitive
FSS design

In purpose of increasing the pass-bands number
and reasonably arranging the frequency spaces of
adjacent pass-bands. An improved multi-band
polarization  insensitive =~ FSS  based on
centrosymmetric fold lines is proposed in this
section, whose configuration is illustrated in Fig. 2.
In detail, centrosymmetric L-shaped metal strips
are used in the FSS unit cell. According to the
electromagnetic wave theory, the resonant
frequency of the metal unit cell is relevant to its size,
which means the FSS could resonate in case that the
total effective length of the unit cell is roughly
equal to the wavelength 4 of the incident
electromagnetic wave. It can be seen from Fig. 2,
that the unit cell structure has 6 different effective
lengths for incident EM waves (TE wave and TM
wave), which makes the FSS have 6 different basic
resonant frequencies and 6 corresponding basic
stop-bands. Besides, some high-order resonances
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could also be excited which could further increase
the number of stop-bands of the FSS. That is the
reason why L-shaped metal strips are selected in the
paper.

For the purpose of comparison with the FSS
designed in Section II. A, the dimension parameters
of the unit cell are given as follow. The thickness of
the bended metal strips is 0.035 mm. The lengths of
two arms of L-shape are ¢; = 10.0 mm and a> = 6.0
mm, and the width of L-shaped metal strips is w =
1.0 mm, as shown in Fig. 1. The inner radius of “L”
pattern is » = 4.0 mm, and the rotation angle
between two adjacent L-shaped metal strips is a=
30°. The length, thickness and relative permittivity
of the dielectric substrate are the same as the FSS
designed in Section 2.1.

Center
symmetric

Dielectric

\_substrate

(b) 3-D view of FSS unit
Fig. 2. Configuration of the improved FSS unit cell.

The unit cell is truncated by using PBC in CST
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MWS 2012 and the simulation settings including
boundary conditions and mesh type are same as
Section II. A. Figure 3 shows the transmission of
the FSS structure for the TE and TM incident
waves. It can be seen from Fig. 3, that the FSS
structure has fifteen stop-bands and sixteen pass-
bands in the frequency band from 6 GHz to 20 GHz,
and the frequency ranges of the sixteen pass-bands
are illustrated in Table 1. In addition, it can be
observed that transmission of the FSS for TE and
TM waves is nearly identical, which verifies that
the FSS is polarization insensitive.

04 T T T T T T y T

3

-20

-30

-40 |

Transmission (dB)

-504 —— TE wave 1

--- TM wave
-60 T T T T T T
6 8 10 12 14 16 18 20

Frequency (GHz)

Fig. 3. Transmission coefficients of the improved
FSS structure for TE and TM waves.

Table 1: Frequency ranges of sixteen pass-bands
Nomber | 1t | 20d | 3 |
| |
(GHz) ' : ' :
T | 1L 1328 Lo 1510
(GHz) ' ' ' '
Pass-band 9th 10th 11th 12th
Number

IR
(GHz) ' ' ' '
Pass-band 13th 14th 15th 16th
Number

T | 83| 187 1o el
(GHz) ' : ' :




Comparing with the simulation results of the
FSS proposed in Section II. A, it can be observed
that the improved FSS has 16 stop-bands which is
over three times as much as the former one.
Meanwhile, the pass-bands of the improved FSS are
distributed more evenly in frequency which makes
the FSS more valuable in real application. In
addition, it can be seen from Fig. 1 to Fig. 3, that in
same conditions the stop-bands move to lower
frequencies which results from the longer effective
lengths of improved unit cell.

In order to explore the multi-band frequency
property of the proposed FSS, eight valley points in
the transmission pattern are selected as examples.
The surface current distributions at the eight
frequencies for TE wave are illustrated in Fig. 4. It
can be seen from the figure that different L-shaped
metal strips resonate at different frequencies. For
example, at 6.70 GHz, the two L-shaped metal
strips in the vertical direction resonate; while at
7.46 GHz, the two L-shaped metal strips at an angle
of 30 degrees to the horizontal direction resonate.
The reason why different metal strips resonate at
different frequencies is that the length at different
angles for TE wave is different, which can be
expressed as follows:

le=a,cos(90" — &) + a,sin(90" — ) 1)

=g, sina +a, cosa,

where a is the angle between one L-shaped metal
strips with respect to the horizontal axis, and /. is
the equivalent length of L-shaped metal strips.
Obviously, the resonant frequencies of L-shaped
metal strips increase with decrease of equivalent
length /., which results in the multi-band frequency
property. Moreover, the FSS structure has some
additional resonant modes besides single L-shaped
metal strips resonant modes such as Figs. 4 (g) and
4 (h), which make the FSS have more stop-bands.

To explain the simulation results in detail,
physical interpretations are given below.

The reflectivity Si1 of the FSS can be described
by (2):

Z, —Z,

Z, +Z,

where Z;, is the input 1mpedance of FSS and Zj is
the wave impedance of free space. It can be learned
from (2), that Zj, = Zyis necessary to decrease the
reflective wave and in that case Sy of the FSS is
possible to be kept in a high value.

In the condition that L-shaped strips do not

2

| 11|_
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resonate, the incident EM waves can propagate
through the FSS easily because the input impedance
Zi, is close to the free space wave impedance Zj.
and the reflectivity Si1 is quite small. Then in the
condition that L-shaped strips resonate, the input
impedance Z;, has a sharp change around the
resonance frequency which makes the value of Z;,
not close to Zy anymore and results in a high
reflectivity Si1, which means the incident wave
cannot propagate through the FSS. In general, the
FSS will has a stop-band in case that the unit cell
resonates at a frequency. Because of the multi-
resonance property of the unit cell, the FSS
proposed in the paper has such many pass-bands
and stop-bands in the frequency band from 6 GHz
to 20 GHz.

Ny, e

(¢) The case at 7.86 GHz
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Fig. 4. Surface current distributions at the eight
typical frequencies for TE incident wave.

The simulation results of the surface current
distributions for TM incident wave are almost the
same as those for TE wave. These simulation
results verify the polarization insensitive property
of the proposed FSS structure.

ITII. EFFECTS OF THE STRUCTURE
PARAMETERS ON THE FSS

A. The distance between symmetric center and
one end of fold line r

To explore the FSS amplitude-frequency
characteristic, we change the inner radius » from 2.0
mm, 3.0 mm to 4.0 mm. The transmission
coefficient in the frequency band of 10-15 GHz for
TE wave is illustrated in Fig. 5. It can be seen from
Fig. 5, that the trend of resonant frequency varies
with different valley points when r increases. When
the frequency at the first valley point increases, the
frequencies at the second and the third valley points
remain invariant, while the frequency at the last
valley point decreases. It is the reason why the FSS
structure has some additional resonant modes
besides single L-shaped metal strips resonant
modes. For these complex resonant modes, the
effect analyses of r on the FSS property are difficult,
while for a single L-shaped metal strips resonant
mode, the inner radius has little effect on the
resonant frequencies.



Transmission (dB)

Frequency (GHz)

Fig. 5. Transmission coefficients of the FSS
structure with different inner radius r.

B. The side length of dielectric substrate 4

Change the length and width of dielectric
substrate A4 to be different values from 30.0 mm to
320 mm, 34.0 mm to 36.0 mm, and the
transmission coefficients of the FSS structure in the
frequency band of 9 to 14 GHz for TE wave are
plotted in Fig. 6. The resonant frequencies decrease
with the increase of 4 and the deepness of valley
points varies at the same time, which is mainly
caused by the coupling of adjacent unit cells.
Generally speaking, smaller 4 is necessary for its
good effects on suppressing grating lobe and
widening the band width.

Transmission (dB)

9 10 1T1 12 13 14
Frequency (GHz)

Fig. 6. The transmission of the FSS with different
side lengths of dielectric substrate A.

C. Width of fold lines w

In this section, we change the width of L-
shaped metal strips w to be different values from
0.4 mm, 1.0 mm to 1.6 mm to investigate the FSS

LIN, XU, DOU, LIU, YANG: A NOVEL MULTI-BAND POLARIZATION INSENSITIVE FSS

amplitude-frequency characteristic. Figure 6 shows
the transmission coefficients of the FSS structure in
the frequency band of 10 to 15 GHz for TE wave.
It can be seen from Fig. 7, that the trend of resonant
frequency is ruleless with the increase of w due to
the multi-resonant modes of the FSS structure. In
other words, the width of L-shaped metal strips w
has different effects on the transmission property
under different resonant modes. However, it can be
summarized that increasing w is beneficial for
deepening the deepness of valley points at resonant
frequencies.

04

-104

-20 4

-30 4

-40 -

Transmission (dB)

10 1 12 13 ' 14 ' 15
Frequency (GHz)

Fig. 7. The transmission of the FSS with different
widths of fold lines w.

IV. CONCLUSIONS

In summary, a novel multi-band polarization
insensitive FSS based on rotationally symmetric L-
shaped metal strips is proposed in this paper. The
FSS structure is polarization insensitive due to the
symmetric structure; meanwhile, different L-
shaped metal strips had different equivalent lengths
for electromagnetic wave to resonate at different
frequencies that grant the FSS structure an excellent
multi-band property. According to simulation
results, the FSS structure had fifteen stop-bands and
sixteen pass-bands for TE and TM waves in the
frequency band of 6 to 20 GHz. In addition, effects
of some structure parameters are analyzed, which
can provide theoretical basis for practical use.
Owing to the great multi-band property and thin,
light and flexible features, the FSS designed in this
paper is believed to have broad application
prospects in modern wireless communication
system and even 5G communication system in the
future.
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Abstract — A very wideband rectangular monopole
antenna with band notched performance for
wireless applications is proposed. The very
wideband performance is obtained by introducing a
new technique on the ground plane including
several pairs of inverted L-shaped sleeves which
provide a very wide bandwidth. By utilizing two
radiating stubs in which an inverted Q-shaped strip
is protruded, band-notched characteristics can be
obtained. The measured results exhibit that the
antenna is able to covers the bandwidth from 2.5 to
17.5 GHz, excluding the rejected bands from 3.1 to
4 GHz and from 5 to 6 GHz.

Index Terms — Antenna, stop band, UWB, very
wide band.

I. INTRODUCTION

The impending and widespread requirements
from commercial and military domains on wireless
systems, in particular UWB systems, have sparked
great interest in the field of UWB antenna design
[1]. Different sorts of UWB antennas have been
studied and proposed [2-4]. However, due to the
allocation of the extended frequency range in UWB
system (e.g., a portion of the spectrum between 3.1
and 10.6 GHz is dedicated for UWB system by
Federal Communications Commission), a UWB
antenna is quite susceptible to interference by

Submitted On: November 25, 2013
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receiving several narrow band signals of
neighboring RF systems, such as 3.5 GHz
Worldwide Interoperability for the Microwave
Access (WiIMAX) and 5.2/5.8 GHz Wireless Local
Area Network (WLAN) communication systems.
Therefore, it is desirable to design a UWB antenna
with multiple band-notched characteristics to avoid
the potential interference [1]. In the published
literatures, there have been some reports on the
UWB antennas with band-notched characteristics
[5-7]. Although, the majority of these antennas are
designed to generate only one notched frequency
band, so that just one narrow band of disturbance
can be eliminated. Consequently, these antennas are
still open to other potential disturbance from
neighboring RF systems. In this paper, a very wide
band antenna with band-notched characteristics for
Wireless and also UWB applications is proposed.
By utilizing the set of new techniques on radiating
patch and ground plane, very wide band and band-
notched UWB characteristics can be obtained.

II. ANTENNA DESIGN
The configuration of the proposed antenna is
demonstrated in Fig. 1. The antenna is designed and
fabricated on a FR4 substrate with dielectric
constant of 4.4, thickness of 1 mm, and overall
dimension of 18mmx12mm. The structure of basic
antenna consists of a square radiating patch, a

1054-4887 © 2015 ACES



ground plane, and a feed line which its width is
fixed at 2 mm. Furthermore, the antenna is
connected to a 50-Q SMA connector for signal
transmission. The size of the square patch is 10x10
mm? and the gap between the patch and ground
plane is 4 mm. The dimensions of the ground plane
is 12x3 mm?. This is basic antenna; i.e., Printed
Rectangular Monopole Antenna (PRMA) named as
Antenna 1. To achieve optimum impedance
matching at UWB frequency band, the ground
plane with several pairs of inverted L-shaped
sleeves play important roles in the broadband
characteristics of this antenna, because they can
adjust the electromagnetic coupling effects between
the patch and the ground plane, and improves its
impedance bandwidth without any cost of size or
expense. Based on the design shown in Fig. 1, by
using two radiating stubs in which an inverted Q-
shaped strip is  protruded, band-notched
characteristics at 3.5 GHz and 5.5 GHz can be
obtained.

'

18

(a) (b)

Fig. 1. Geometry of the proposed antenna: (a) top
layer, (b) bottom layer, and (c) the ground plane
with three pairs of inverted L-shaped sleeves.
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ITI. ANTENNA PERFORMANCE AND
DISCUSSION

A. Very wideband monopole antenna

In this section, the numerical and experimental
results of the input impedance and radiation
characteristics are discussed. The simulated results
are obtained using the Ansoft simulation software
High-Frequency Structure sSmulator (HFSS) [8].
The main idea of the antenna suggested has come
from [9], which a pair of inverted L-shaped sleeves
has been used. Figure 2 exhibits the simulated
reflection coefficient characteristics for the various
antenna structures with pairs of inverted L-shaped
sleeves on the ground plane. As illustrated in Fig. 2
(a), PRMA without any sleeves has a resonant
frequency at 3.5 GHz and its impedance bandwidth
is limited from 3 to 5 GHz, while by using a pair of
sleeves, Fig. 2 (b), another resonant frequency is
obtained at 8.5 GHz causing the impedance
bandwidth from 3.2 to 10 GHz. Ultimately, from
Fig. 2 (d), can be found that by applying three pairs
of sleeves three resonant frequency except the main
resonant frequency of PRMA (at around 4 GHz)
can be achieved, which it ends up extending
impedance bandwidth (133%) from 3.4 to 17 GHz.
Therefore, bandwidth is effectively improved at the
upper frequency by utilizing several pairs of sleeves
shown in Fig. 1 (c).

Reflection Coef‘ficierlﬂ (dB)

4 6 8 10 12 14 16 18 20
Frequency (GHz)

Fig. 2. Simulated reflection coefficient
characteristics for the various antenna structures
with pairs of inverted L-shaped sleeves on the
ground plane: (a) PRMA without any sleeves, (b)
with a pair of sleeves, (c) with two pairs of sleeves,
and (d) with three pairs of sleeves
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Simulated surface current distributions on the
various ground structures at 16 GHz is shown in
Fig. 3. It can be found that the current is more
concentrated on edges of the interior and exterior of
each three pairs of the sleeves at 16 GHz.
Therefore, the antenna impedance changes at this
frequency due to the resonant properties of its
coupling. In addition, it is seen that by using this
structure, an additional resonant mode occurs at
about 16 GHz in the simulation.
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Fig. 3. Simulated surface current distributions on
the various ground structures at 16 GHz: (a) PRMA
without any sleeves, (b) with a pair of sleeves, (c)
with two pairs of sleeves, and (d) with three pairs
of sleeves.

B. Very wideband monopole antenna with
frequency band-notch characteristics

In this letter, in order to generate the frequency
band stop performances, two radiating stubs and an
inverted Q-shaped strip is used as displayed in Fig.
1. The simulated VSWR curves for the antenna
structures are plotted in Fig. 4. As shown in Fig. 4,
when radiating square patch (PRMA) is varied to
radiating stub, impedance matching is nearly
ruined. While by changing radiating stub in Fig. 4
(b) to two radiating strips in Fig. 4 (c), not only
impedance bandwidth is improved but also a
notched band is obtained at center frequency 3.5
GHz. On the other hand, by adding an inverted Q-
shaped strip between the both of radiating strip as
shown in Fig. 4 (d), another notched band at center
frequency 5.5 GHz is achieved. Therefore, it is
found that by using two new techniques, a dual
band-notch function can be earned that covers all
the 5.2/5.8 GHz WLAN and 3.5/5.5 GHz WiMAX.
The simulated peak gain and radiation efficiency
are plotted in Fig. 5. The gains are started from -3.8
dBi at 2.5 GHz and ended up 2 dBi at 10 GHz. It is
crystal clear that small size is the most important
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reason for being decrease gain. Besides, due to the
rejected bands, -10 dBi and -8 dBi at frequencies
3.7 GHz and 5.5 GHz can be seen.

VSWR

Frequency (GHz)

Fig. 4. Simulated VSWR characteristics for the
various antenna structures with three pairs of
inverted L-shaped sleeves on the ground plane: (a)
PRMA, (b) with radiating stub, (c¢) with two
radiating strips, and (d) the proposed antenna.
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Fig. 5. Simulated gain and radiation efficiency of
the proposed antenna and surface current
distributions on two radiating strips with an
inverted Q-shaped strip at: (a) 3.5 GHz, and (b) 5.5
GHz.

As expected before, radiation efficiency on
over frequency band except notched bands is more
than 90%. The mechanism of the band-notched
characteristics can be investigated from the currents
on the antenna. Then, the simulated current
distributions at 3.5 and 5.5 GHz for the proposed
antenna are presented in Figs. 5 (a) and (b). It can
be found that the currents at 3.5 and 5.5 GHz mainly



distributed along two radiating strips at 3.5 GHz
and an inverted Q-shaped strip at 5.5 GHz,
respectively. The prototype of the proposed antenna
has been constructed and experimentally studied.
With the help of the Ansoft HFSS software and an
Agilent E8363B Network Analyzer, the simulated
and measured VSWR curves are shown in Fig. 6.
From the measured results we observed that the
impedance band for VSWR<2 is (150%) from 2.5
to 17.5 GHz, excluding the rejected bands from 3.1
to 4 GHz and from 5.0 to 6.0 GHz. The E-plane and
H-plane radiation patterns for the proposed antenna
at 4.5 and 7 GHz are shown in Fig. 7. It can be seen
that the radiation patterns are bi-directional in the
E-plane and almost omni-directional in the H-
plane, which indicate good monopole-like radiation
characteristics are achieved over the operating
bands.

12

Measured  Simulated

L=

Fr=17.5 GHz

i 1
2 4 6 8 10 12 14 16 18 2
Frequency (GHz)

Fig. 6. Measured and simulated VSWR
characteristics for the antenna and photo of the
fabricated antenna.
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Fig. 7. Radiation patterns of the proposed antenna
at4.5 GHz and 7 GHz: (a) H-plane, and (b) E-plane.
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IV. CONCLUSION
In this letter, a new antenna with band-stop
characteristics has been proposed for wireless
applications. The fabricated antenna is able to cover
the frequency band of 2.5 to 17.5 GHz, except two
rejection bands around 3.1-4.0 GHz and 5.0-6.0
GHz. The proposed antenna has a simple
configuration and is easy to fabricate. Experimental
results exhibit that the proposed antenna could be a

good candidate for UWB application.
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Abstract — This paper presents a harmonic-
suppressed bandpass filter using a 3-dimensional
(3-D) half-wavelength transmission line resonator,
which is fabricated using low temperature co-fired
ceramic (LTCC) technology. Owing to the
distributed-element method in this 3-D design, the
spurlines can be easily etched on the coupled feed
lines to generate an extra transmission zero in the
stopband without enlarging the circuit size. As a
result, the second harmonic can be rejected to a
great extent. For demonstration, a pair of two-order
LTCC bandpass filters centered at 2.45 GHz
with/without spurlines are designed using the
compact 3-D resonator, and the size of the circuits
is only 4.4x4.2x1.6 mm®.

Index Terms— Harmonic suppression, LTCC,
spurline, transmission zero.

L. INTRODUCTION

In modern communication systems, high-
performance, compact and low-cost microwave
components are urgently needed. Bandpass filter, as
an indispensable passive component in microwave
systems, usually suffers from the spurious
responses at about twice/three times of the centre
frequency of the desirable passband when using
half-/quarter-wavelength resonators, which not
merely reduces rejection levels in the stopband but
also affects passband symmetry. Diverse
techniques have been developed to suppress the
harmonics and spurious response [1-6], such as
discriminating coupling [1], spurline [2-4], and
defected ground structure [5] and so on. The
harmonic-suppressed filters proposed in [1-6] are
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planar topologies which may endure the bulky sizes.

To achieve miniaturization, low-temperature co-
fired ceramic (LTCC) bandpass filters based on
lumped/semi-lumped  elements have  been
developed in [7-9]. However, the harmonic

suppression of the LTCC filters is seldom discussed.

In [9], an extra stepped impedance quarter-
wavelength (1,/4) open stub has to be added to
reject the second harmonic.

In this paper, a 3-dimensional (3-D) 14/2
resonator is employed for designing LTCC
bandpass filters centered at 2.45 GHz. Owing to this
multilayer resonator, the size of the LTCC filters
can be reduced significantly. Harmonic suppression
can be easily achieved by etching the spurlines on
the coupled feeding lines without increasing the
entire size of the filter.

II. LTCC BANDPASS FILTERS DESIGN

The vertically and horizontally folded
transmission line resonator is shown in Fig. 1. As
there is a voltage null node at the middle point of
the /2 resonator, a virtual ground can be set in the
symmetrical plane of the 3-D multilayer resonator
at the fundamental resonant frequency [10]. In this
way, each part of the 3-D resonator has its
corresponding ground (actual/virtual ground) to
form the return path of the signal, although some
striplines are overlapped in the vertical direction (z
direction).

Based on the proposed 3-D multilayer
resonator shown in Fig. 1, LTCC filters using the 3-
D multilayer resonator are designed accordingly.
The 3-D view, each layer configuration and the
cross-section view of the proposed LTCC bandpass

1054-4887 © 2015 ACES
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filter with etched spurlines are shown in Fig. 2 and
each layer configuration is illustrated in Fig. 3.

Actual
Ground

Symmetrical
plane

(Virtual

Ground)

Actual
Ground

Fig. 1. 3-D structure of the wvertically and
horizontally folded 4,/2 resonator.

Actual

plane
(Virtual
Ground)
Actual
, Ground
|
y
(a)
3
S S S ES—
s s Vmual+Ground Actual
- o e R ~ Ground
z
- - | -
hl ’. Y4—1 ‘
(b)

Fig. 2. Proposed LTCC bandpass filter with
spurline: (a) 3-D view of the proposed LTCC
bandpass filter, and (b) cross-section view of the
proposed LTCC bandpass filter.
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(b)

Fig. 3. Layer configuration: (a) layer details of layer
1 and layer 4, and (b) layer details of layer 2 and
layer 3.

Then, according to the specification of the
quasi-elliptic response with 2.45 GHz and
FBW=10%, the coupling coefficients and 1/O
external quality factors calculated from [11] may be
expressed as:

FB
0, =808 177 g LBV

FBW J2og!
where, go, g1 and FBW are the element values of the
lowpass prototype filter and fractional bandwidth.

Once the physical dimensions of 3D 42
resonator are determined, the parameters with
respect to the tap position L, and the distance L
between the resonators can be obtained by using the
design curves as shown in Fig. 4 and Fig. 5.

The proposed filter can obtain two transmission
zeros owing to the 0° feed structure [12], realizing
good selectivity. The spurlines are introduced by
etching them on the coupled feeding lines for
second harmonic rejection, as shown in Fig. 2 (a).
Meanwhile, unlike the planar configuration in [2-4],

=0.079,



the etched spurlines will not enlarge the size of the
LTCC filter.

For demonstration and comparison, a pair of
LTCC bandpass filters centered at f;=2.45 GHz
with/without spurlines are designed and fabricated
on sixteen layers of LTCC Ferro A6-M substrate
with dielectric constant of 5.9 with a loss tangent of
0.002. Accordingly, the occupied sizes of the two
LTCC bandpass filters are identical; i.e.,
4.4x4.2x1.6 mm® (0.0881,%0.0844,x0.032/, at fp).
The simulated results (using Ansoft HFSS) of the
LTCC filters with/without spurlines are shown in
Fig. 6. It can be seen from Fig. 6 that the etched
spurlines on the coupled feeding lines have few
effects on the fundamental passband. To suppress
the second harmonic and obtain a suppression level
of higher than 30 dB from 3 to 6 GHz, the total
length of the spurline is optimized to be 4.9 mm,
which approximately corresponds to quarter guided
wavelength at the frequency of the newly-generated
extra transmission zero shown in Fig. 6.

20.0
19.5 4

19.0 |

18.5 - \

F 18.01 o
17.5 4 \

17.0 4 ~
16.5 - ~

16.0

Fig. 4. Simulated external quality factors against
the tap position of feeding lines.
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L, mm

Fig. 5. Simulated coupling coefficients versus the
gaps between resonators.
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Fig. 6. Simulated results of the LTCC bandpass
filters with/without spurlines (dot line: without
spurlines, solid line: with spurlines).

III. MEASURED RESULTS

After optimization, the parameters of the LTCC
filter with harmonic suppression are determined as
follow: Wy=0.3 mm, W,=0.45 mm, W>=0.5 mm,
W5=0.5 mm, W,=0.15 mm, Ws=0.5 mm, W=0.5
mm, L=0.7 mm, L;=1.85 mm, L,=0.45 mm, L;=2.7
mm, Ls=2 mm, Ls=1.5 mm, Ls=3.2 mm, L;=2 mm,
Ls=3.7 mm, Lo=3.2 mm, L,p=3.7 mm, L;;=0.8 mm,
d1=0.2 mm, d»=0.3 mm, diameter=0.15 mm, /,=2.8
mm, 5=3.8 mm, /=1.2 mm, #,=0.8 mm, /;=0.6
mm. The proposed LTCC bandpass filters
with/without spurlines have been mounted on the
printed circuit boards (PCBs) for measurement, as
shown in Fig. 7. The measurement is carried out by
network analyzer Agilent E8363C. According to
the measurement, the LTCC filters center at 2.45
GHz. The insertion losses of these two filters are
2.3 dB, and the return losses are both better than 20
dB within the passbands, as can be seen from Fig.
8. As expected, more than 30 dB suppression level
from 3 to 6 GHz is realized when the spurlines are
employed as shown in Fig. 8. From Fig. 6 and Fig.
8, little disparity can be observed between
simulation and measurement of the LTCC filters,
which is believed to be caused by the fabrication
tolerance in the multilayer and co-fired
implementation.

Comparison between the proposed harmonic-
suppressed LTCC filter and previously reported
LTCC bandpass filters [13-17] is tabulated in Table
1. According to Table 1, it can be seen that the
proposed LTCC filter with harmonic suppression
shows compact size and comparable harmonic
suppression performance.
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Fig. 7. Photograph of the proposed LTCC bandpass
filter mounted on the PCB.
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(%)
<

Frequency, GHz

Fig. 8. Measured results of the LTCC bandpass
filters with/without spurlines (dot line: without
spurlines, solid line: with spurlines).

Table 1: Comparison between previously reported
LTCC filters

Ref. fo Filter Stopband Electric Size

GHz | Order | Performance )
26/ 0.418%0.209%

13 ] 43 3 >20 dB 0.035
2/ 0.094%0.047%

14 1245 3 >40 dB 0.031
23 /o 0.123%0.089%

15 1245 2 >30 dB 0.017
22 /o 0.091x0.069%

16 125 2 >25 dB 0.022
12/ 0.106%0.106%

171195 2 >10 dB 0.013
This | 0o |, =245/ | 0.088x0.084%

work | & >30 dB 0.032
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IV. CONCLUSION

In this paper, miniaturized LTCC bandpass
filters with/without harmonic suppression are
designed and fabricated based on the 3-D
distributed-element resonator. Two transmission
zeros on both sides of the passband improve the
selectivity of the proposed filter. An extra
transmission zero is generated by etching spurlines
on the coupled feeding lines for harmonic
suppression while the circuit size keeps the same.
The measured harmonic rejection level of the
bandpass filter is higher than 30 dB. The simulated
and measured results are presented and show good
agreement.
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Abstract — In this paper, a single-balanced diode
mixer using defected and protruded structures for
wireless application is presented. The operating
frequency is selected for WLAN applications. The
RF frequency is 2.412-2.484 GHz and the Local
Oscillator (LO) is 2.132-2.204 GHz for 269 MHz
Intermediate Frequency (IF) output signal. A
Branch-Line Coupler is designed for the single-
balanced of mixer. Four protruded T-shaped strip
are used to obtain good convention gain and
suppress unwanted harmonics. Also by using
Defected Ground Structure (DGS) with folded T-
shaped arms in the filter, a harmonic rejection
property is generated. The measured performances
of fabricated circuit conventionalize to the
simulated results and LO to RF isolation is lower
than -20 dB, LO to IF isolation is lower than -28 dB
and Radio Frequency (RF) to IF is lower than -37
dB.

Index Terms — Defected Ground Structure (DGS),
folded T-shaped arms, protruded T-shaped strip,
single-balanced diode mixer.

I. INTRODUCTION

As a part of signal recovery circuit, a down-
conversion mixer circuit is a necessary part. The
conventional design technique for a balanced-diode
mixer will be combined with the low-pass response
of DGS to overcome the leakage RF and LO as well
as other unwanted harmonics. A three-port down-
conversion mixer convert signal of High Frequency
(RF) from low-noise amplifier and LO stable signal
from local oscillator .The mixing output signal at
the output port consists of the signal whose
designed frequency is a difference frequency
between RF and LO, which is desired signal so
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called Intermediate Frequency (IF) and other
unwanted signal products. For affordable
technology, a hybrid mixing circuit can be designed
by using diode or transistor [1]. The diode mixing
circuit is simple and can be used up to millimeter
wave. There are many publications of balanced-
diode mixer, focusing is a LO leakage elimination
by using either radial stub or conventional low-pass
filter [2]-[5]. The use of band-rejection like stub
limits the operating range of LO while the
conventional Low-Pass Filter (LPF) offers very
good RF and LO suppression, but not the higher
harmonics.

In this paper, we propose a novel single
balanced diode mixer with harmonic rejection
property. By using four protruded T-shaped strip in
the ordinary branch-line coupler, an excellent
isolation -33 dB at 2.4 GHz can be achieved. Also
by using DGS with folded T-shaped arms in the
filter, a harmonic rejection property is generated.
The proposed mixer circuit was designed by using
a simulator to design ADS, in part of DGS design
by HFSS and export S-parameter for using in ADS
simulator for design mixer circuit. The
measurement of power spectrum of mixer was
performed using spectrum analyzer.

I1. SINGLE-BALANCED DIODE MIXER
CONFIGURATION

In this paper, we simulated and manufactured
single-balanced diode mixer using defected ground
structure and protruded T-shaped strips for wireless
applications by using 2 simulators, Advance Design
System (ADS) [6] and High Frequency Structures
Simulators (HFSS) [7]. The presented miniature
packaged mixer with the integrated band-reject
filter is shown in Fig. 1, which is printed on Rogers

1054-4887 © 2015 ACES
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RT/Duroid 5880 substrate with 0.635 mm in
thickness and with a relative dielectric constant of
2.2. In this structure we used Silicon Schottky
diodes HSMS-2862. Mixer design for wireless
LAN range with 2.412-2.484 GHz for RF, 269
MHz for IF output. The proposed design
simplification of single-balanced diode mixer using
DGS and the design are separated in 4 parts, design
of branch-line coupler with protruded strip, design
of matching circuit, design of defected ground
structure, and circuit integration.

Top Layer

l Ly 4

Fig. 1. Schematic of proposed single-balanced
diode mixer using defected and protruded
structures.

Quadrature hybrid mixers are used in
microwave systems though their inherently poor
LO-to-RF isolation, poor spurious-response
rejection, and the fact that a poor RF-source VSWR
at the LO frequency can unbalance themixer, they
are distinctly inferior to 180-deg mixers. However,
the practical advantages that the microstrip-line
impedances used to realize a branch-line hybrid are
easy to achieve, and the branch line is slightly
smaller than ring hybrid at the same frequency.
Also, the RF and LO ports of the branch-line hybrid
mixer are on the same side of the hybrid, which is
often an advantage in creating a compact circuit.

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

The filter is used to reduce the out of band
harmonics generated by the rectifying Schottkey
diode. The width of the 50-Q microstrip line is
fixed at 0.9 mm. The matching circuit to the left and
right of the device controls the degree of reflection.
On the other side of the substrate, a conducting
ground plane is placed. In addition, to satisfy the
isolation requirement, the microstrip strips are fixed
to a suitable electrical length [8].

The final values of presented single-balanced
diode mixer design parameters are specified in
Table 1.

Table 1: The final dimensions of the designed
single-balanced diode mixer

Param. | mm. Param. | mm. | Param. mm.
w, 10 L, 1 w, 12
L 18 w, 14 L, 16
W, 1 L, 12 W, 1
L, 1 L, 1 d 5
L, 8 Lq 2 Wzl 12
Wz2 2 Wz 15 Wz3 1
Lzl 4 .. 30 L., 71
W, 4 Ly, 6 W, 3
L,, 2 W, 6 L, 14
W, 3 L,, 1 L, 10
W, 6 ., 8 W, 4
W, 2 L, 2 W, 6
L, 10 W, 6 w,, 8
W, 4 w,, 2 L, 2
w., 6 L, 2

ITII. MIXER COMPONENTS DESIGN

A. Design of branch-line coupler

Microwave branch-line coupler is one of the
fundamental building blocks for balanced mixers.
The schematic of the proposed branch-line coupler
is shown in Fig. 2. This presented microstrip
coupler was designed on a Rogers RT/Duroid 5880
substrate with 0.635 mm in thickness and with a
relative dielectric constant of 2.2. The lines
between the ports show the phase shift between
them. This component has a 90 degree phase delay
between ports 2 and 4 and between ports 1 and 3.



Ports 1 and 2 and ports 3 and 4 are mutually isolated
pairs. The presented structure consists of a branch-
line with four protruded T-shaped strips and a
ground plane. As shown in Fig. 3, the proposed
coupler can obtain excellent isolation 33 dB at 2.4
GHz [9]-[10].

I :

- = w1 [
Portl—|§ ] %P’nnl
L %Ll

i, =I5
Ve L P
Port 3 % 4% é Port 4

Substrate: Rogers RT/Duroid 5880 - 0.635 mm |

Fig. 2. Schematic of proposed branch-line coupler
with four protruded T-shaped strips.
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Fig. 3. Simulated losses for the proposed coupler.

B. Design of matching circuit

The matching circuits are designed to get
minimum reflection coefficient at the diodes input.
The analytical design of the input matching circuits
is performed using the developed computer
program [12]. The impedance transforming
properties of transmission lines [13] can be used in
the matching networks. A microstrip line can be
used as a series transmission line, together with a
short or open circuited shunt stub can transform a
50 Q resister into any values impedance. We
designed a series transmission line with open stub,
and the series transmission line with short stub is
chosen. Matching schematic for single-balanced
diode mixer is shown in Fig. 1. Length of open
circuit series stub (50 Q) = 12.4569 mm, and width
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of open circuit series stub = 0.9 mm, length of
balanced shunt stub (50 Q) = 6.318 mm, width of
balanced shunt stub = 0.9 mm.

C. Microstrip low-pass filters by using DGS
structre with folded T-shaped arms

In this paper, two novel low-pass filters using
Defected Ground Structure (DGS) slot with a pair
of folded T-shaped arms are presented. The
resonant frequency of the slot can be easily
controlled by changing the folded T-shaped
dimensions, without changing the area taken by the
structure. Using this slot, two quasi-elliptic low-
pass filters were designed, fabricated and tested.
The experimental results show good agreement
with simulation results and demonstrate that
excellent stop-band performance could be obtained
through the proposed low-pass filter. The filter has
a cut-off frequency of about 2.4 GHz.

Defected Ground Structure (DGS) evolved
from Photonic Band Gap (PBGQG) is realized by
etching defected pattern and slot in the ground
plane. The etched defect in ground plane disturbs
the shield current distribution in the ground plane.
This disturbance can increase the effective
capacitance and inductance of a transmission line
respectively. Thus, an LC equivalent circuit can
represent the proposed unit DGS circuit [14]. The
proposed DGS slot is shown in Fig. 2. The slot is
etched in the ground metallization under the
microstrip line. This slot has a major advantage in
providing tighter capacitive coupling to the line in
comparison to known microstrip DGS structures.
Moreover, the resonant frequency of the structure
can be controlled by changing the distance between
the folded T-shaped arms. The resonant frequency
of the slot can also be modified by changing the
overall slot size this slot, however, shifts the cut-off
frequency of the filter down. To shift the cut-off
frequency back, it is necessary to reduce the
inductance of the narrow stripline that is located
over the slot. This can easily be done by increasing
the width of the strip [14].

The microstrip low-pass filter, Fig. 4, was
designed on both substrate sides by opening
apertures in the ground metallization under the
high-impedance transmission line. Replacing some
of the apertures by the proposed folded T-shaped
arms structure introduces transmission zeroes. The
number of transmission zeroes is equal to the
number of apertures with folded T-shaped arms.
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Figure 5 shows the top and bottom layouts of
the designed filter with central aperture replaced by P U N . Ny S
the proposed folded T-shaped arms structure.
Figure 6 shows the measured and simulated return
and insertion loss of the filter. As shown in Fig. 6,
a transmission zero, which improves behavior of
the filter stop band, is observed at 6.42 GHz.

20 Insertion Loss |
30

40 -

Return/Insertion Loss (dB)

Return Loss

s0l —== Simulated
— Measured

Top Layer

Tz 3 4 5 6 7 8 8 16 M
Freq [GHz]

Fig. 6. Return and insertion loss of a fifth-order
low-pass filter with one transmission zero.

In order to improve the stop-band behavior of
filter responses, two rectangular slots with T-
shaped arms inserted in the positions of the two
apertures, as shown in Fig. 4. Another important
parameter of this structure is the exterior length of
the T-shaped open stubs L. Figure 7 shows the
insertion loss for different values of L. It is found
that by inserting the four T shaped strip of suitable
dimensions at the ground plane, additional
transmission zero at 10 GHz is created and hence
much wider insertion loss bandwidth with multi
transmission zeros can be produced, especially at
Fig. 4. Top and bottom layouts of a fifth-order low-  the higher band.
pass filter with two DGS slots with folded T-shaped
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T Fig. 7. Simulated insertion loss characteristics for

various values of L.

S oE g BaCt
Wah I i I‘ The proposed filter with optimal design, as
| shown in Fig. 8, was built and tested in the Antenna
PWerel R Wer W Measurement Laboratory at Iran
Telecommunication Research Center (ITRC).
* Tom = Figure 6 shows the simulated and measured

insertion and return loss of the filter. As shown in
Fig. 5. Top and bottom layouts of a fifth-order low-  Fig. 9, two transmission zeros are introduced to the
pass filter with one DGS slot with folded T-shaped  filter response at about 5.28 and 8.72 GHz.
arms. Consequently, a wide stop-band was achieved.



Additionally, the proposed DGS low-pass filter also
has characteristics of wider and deeper stop-band
than those of conventional low-pass filters [15]. In
order to confirm the accurate measurement
characteristics for the designed structure, it is
recommended that the manufacturing and
measurement processes need to be performed
carefully. Moreover, SMA soldering accuracy and
substrate quality need to be taken into
consideration.

Fig. 8. Top (above) and bottom (below) layouts of
fabricated low-pass filter.

“w e

Returnfinsertion Loss (dB)

=== Simulated

450 — Measured

| | | 1 1
1 2 3 4 5 6 7 g 9 10 "
Freq [GHz]

Fig. 9. Return and insertion loss of a fifth-order
low-pass filter with two transmission zeroes.

IV. SINGLE-BALANCED DIODE MIXER
MEASURMENTS

The proposed single-balanced diode mixer
design, as shown in Fig. 10, was built and tested.
For finding power spectrum in ADS simulator, we
must edit equation for finding power at output port
shown below:
POm(dBm) =10log (0.5 X real(Vlmd X conj(led X i)))+ 30, (1)

Pou{dBm) is a power output at IF port in unit dBm,
Viad 18 a voltage at output load at IF port, and Ly
is a current at output load.
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When we apply three design parts for single
balanced diode mixer using DGS shown in Fig. 1,
the power spectrum of mixer generate input RF at
2.448 GHz with power -10 dBm and input LO at
2.168 GHz with power 0 dBm.

Fig. 10. Photograph of the realized single-balanced
diode mixer.

For measured output power spectrum, the first
sweep generator set at RF signal of 2.448 GHz with
power -10 dBm and connected to RF port of mixer,
then feed on LO signal of 2.168 GHz with power 0
dBm and connected to LO port of mixer. Output
port is connected to the spectrum analyzer. The IF
spectrum is shown in Fig. 11.

The port to port isolation parameters define
how much signal leakage occurs between pairs of
ports. LO to RF, LO to IF and RF to IF are shown
in Fig. 12. LO to RF isolation is lower than -28 dB,
LO to IF isolation is lower than -20 dB and RF to
IF is lower than -37 dB.

Channel 1

Ref 0 dBm Attn 10 dB
s L

Marker
4 260 MHz
@ -23.09/dBm

Fig. 11. Measurement of IF power spectrum of the
proposed mixer.
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Fig. 12. Port to port isolation (LO to RF, LO to IF
and RF to IF).

V. CONCLUSION

As presented above, a novel design of a down-
conversion single-balanced diode mixer using
defected structures for WLAN applications has
been designed. By using four C-shaped slots in top
and bottom arms in the branch-line coupler, an
excellent isolation -33 dB at 2.4 GHz can be
achieved. Also in this paper, two compact quasi-
elliptic low-pass filters by using novel DGS slot
with folded T-shaped arms are designed and
fabricated. A mixer circuit was designed by using a
simulator to design ADS, in part of DGS design by
HFSS and export S-parameter for using in ADS
simulator for design mixer circuit. The
measurement of power spectrum of mixer was
performed using spectrum analyzer. The mixer
design based on the defected structures concept has
been shown to provide an efficient and successful
method for designing high isolation and compact
systems.
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Abstract — Compact array of printed dipole
antennas loaded with reactive elements is proposed.
A novel and practical applications of the
metamaterial (MTM) inclusion in dipole antenna
designs is presented. The simulation results show a
reasonable reduction in mutual coupling between
antenna elements and provide a possible way to
reduce the element separation. A prototype of the
proposed array antenna is fabricated and tested.
Measurement shows that the isolation with inter-
antenna spacing of less than 0.0754 (at /=0.9 GHz)
through the first frequency band (811 MHz-955
MHz) is above 12.5 dB, while the proposed design
provides more than 15 dB isolation with inter-
antenna spacing of less than 0.1334 at /=1.6 GHz
(1325 MHZz-1880 MHz).

Index Terms — Compact array, printed dipole
antenna.

I. INTRODUCTION

The increasing demands on compact
multifunctional devices have necessitated the
development of miniaturized/multi-frequency
printed dipoles which can be integrated into
familiar devices such as laptop computers and
mobile phones [1]. Due to unique electromagnetic
properties [2-6], MTMs have been widely
considered in monopole and dipole antennas to
improve their performance [7-12].

The applications of composite right/left handed
(CRLH) structures to load the printed dipole have
been investigated both numerically [13]
analytically [14], and experimentally [15 and 16].
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However, main drawbacks of this method are low
gain and low efficiency.

In the field of array antenna, there is a great
interest to reduce the array size while it may be
worked properly. Due to increasing mutual
coupling effects in such compact array antennas,
one of the researcher interests is to reduce mutual
coupling between densely packed array elements,
so that array elements can be designed separately,
without consideration of mutual coupling arising
from neighboring elements. The strong mutual
coupling between array elements imposes a
tremendous limitation on the practical packing
density of arrays.

There are various methods that can be utilized
to improve array isolation, using EBG structures
[17-19], defected ground structure (DGS) [20],
coupling element [21], using meta-surface [22],
modified ground plane [23], artificial substrate
[24], slotted-complementary split-ring resonators
(SRR) [25], soft-surface [26], and MTM isolator
[27 and 28].

However, in all mentioned methods, the
designer has to make changes in antenna ground
plane or using additional structures. These changes
increase the complexity as well as time and cost
factors of design and manufacturing processes.

In [9], a compact printed dipole antenna is
proposed using reactive loading, which is inspired
by ENG-MTM inclusions. The antenna has a broad
bandwidth which is significantly wider than the
bandwidth of other miniaturized MTM loaded
dipole antennas. Due to enhancement of both
antenna gain and bandwidth in [9], one may chose

1054-4887 © 2015 ACES
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it as a good candidate for compact, broadband array
antennas.

Using the compact printed dipole antenna of [9]
as an element of a simple linear array antennas, in
contrast to all mentioned methods, the proposed
miniaturized array provides isolation enhancement,
without need to make any change in ground plane
or using any additional structure. This fact
consequently leads to simple low profile, low cost
and low weight array antennas. A prototype of the
proposed antenna is fabricated and tested. It is
found that the proposed method may result more
than 12.5 dB isolation with inter-antenna spacing of
less than 0.0752 at /~0.9 GHz and 0.1334 at /=1.6
GHz (25 mm) demonstrating that significant
improvement in isolation between antenna
elements can be obtained. The commercial software
Ansoft HFSS is adopted for the simulations. The
numerical simulation results show good agreement
with the measurements.

II. ANTENNA DESIGN, SIMULATION
AND FABRICATION

An array of closely spaced loaded dipole
antenna which is also worked with reduced mutual
coupling is presented here. It is well-known that the
dipole antennas exhibit significant mutual effects
when they implemented in  side-by-side
arrangement. These effects are much higher than
collinear configuration, since in side-by-side
arrangement, the antennas are placed in the
direction of maximum radiation [1]. Hence, in this
paper, the side-by-side arrangement is used to show
the effects of proposed method on the correlation
coefficients.

As described in [9], to miniaturize a printed
dipole antenna, someone may use a reactive loading
method based on ENG-MTM inclusions. The
behavior of a dipole antenna loaded with MTM
inclusions has been examined in [9]. It has been
revealed that embedding epsilon negative (ENG)-
inclusions in a simple dipole antenna can provide
an opportunity to design miniaturized/multi-band
antenna. Results show that placing proposed MTM
cells in close proximity of a printed dipole antenna
makes it miniaturized. The dimensions of the
proposed MTM cell is optimized to meet the
specifications of the mobile bands (890.2 MHz-
914.8 MHz, and 1710 MHz-1784 MHz) while
maintaining its compact size.
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The antenna radiation efficiency at the first
resonance frequency is significantly higher than
those reported for other miniaturized printed
dipoles in the literature [13]. It is worthwhile to
point out here that the subject of single-cell MTM
loading is not new and has been studied by other
authors [15].

In [9, Fig. 2], the return loss of symmetrically
loaded and unloaded dipole antennas is shown. The
proposed antenna has a broad bandwidth of 15.96%
at 940 MHz (which is significantly wider than the
bandwidth of other miniaturized MTM loaded
dipoles [14]) and 32.35% at 1.7 GHz.

According to [9], again the array is considered
to print on a FR4 substrate with a thickness of 0.8
mm and a dielectric constant of 4.4. All the
dimensions are the same as the antenna described in
[9]. Figure 1 (a) and Fig. 1 (b) show a single cell
MTMs and array element respectively. The printed
dipole array is fabricated to validate the simulation
results, (see Fig. 2). Figure 1 (c) shows a
photograph of the fabricated array antenna.

According to Fig. 2, the dipole array antenna
along with the loading elements provides good
matching at both expected frequency bands. In Fig.
2 (a), although the simulated and measured results
are in reasonable agreement, slight frequency shift
in some frequencies is observed. Frequency shift in
microstrip antenna may be attributed to the
fabrication process and dielectric constant tolerance
in a frequency regime. This phenomenon is more
critical in multiband microstrip antenna which was
observed in copious previous works. From the
measurement result, the isolation and the 10 dB
return-loss bandwidth at first resonance frequency
(0.9 GHz) are above 12.5 dB and 144 MHz (16.3%)
respectively. It is found that the design may provide
more than 15 dB isolation with inter-antenna
spacing of less than 0.1331 at /=1.6 GHz (25 mm),
demonstrating that significant improvement in
isolation between antenna elements can be
obtained.

The simulation results for the antenna gain and
radiation efficiency are also illustrated in Fig. 2 (b).
It seems clear that the antenna radiation efficiency
is high through the entire frequency band (>75%).
Moreover, the gain of the proposed antenna is about
-5 to -2 dBi. As revealed in this figure, the antenna
radiation is good while it matched through the
broad band frequency.



Fig. 1. Array of printed dipoles symmetrically
loaded with single cell MTM: (a) single cell
parameters: L,=23.54 mm, L;=15.55 mm, L.=14.78
mm, w;=0.7 mm, g;=0.8 mm, w>=4 mm, g,=0.5
mm, L,=26.75 mm, and wy=2.5 mm as the width of
the antenna arms; (b) antenna element, [9]:
Lp=42.05 mm, L=27.5 mm, L,~=12.52 mm, W,=2.5
mm, W=0.8 mm; (c) prototype: =25 mm~0.0754
at /=0.9 GHz and ~0.1331 at /=1.6 GHz.
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Fig. 2. (a) Return loss and isolation of array of
printed dipoles unloaded and symmetrically loaded
with  single cell MTM, simulation and
measurements comparison, and (b) gain and
radiation efficiency of the printed dipoles
symmetrically loaded with single cell MTM.

In Fig. 3, the simulation results of reflection
and correlation coefficients of an array of printed
dipoles symmetrically loaded with single cell
MTM, versus frequency with regards to array
element distance, d, has been depicted. Comparing
simulation results with un-loaded dipole array
antennas, Fig. 2 (a), it is clear that, MTM loaded
array shows a dual band behavior while the antenna
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isolation is enhanced at least 5 dB. The isolation
may enhance about 10 dB while the array distance
increases as it is shown at 32 mm (0.0964).
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antennas are also shown in Fig. 6. The maximum
gain of the antennas are about -4 and -2 dBi at /=0.9
GHz and f=1.6 GHz respectively. The cross-
polarization levels at these frequencies are about 20
and 25 dB lower than their main lobes which are
better than un-loaded printed antennas. Moreover,
reducing surface current causes to increase
radiation gain in the case of MTM loaded printed
dipole antennas.
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Fig. 3. Simulation results of reflection and
correlation coefficients of an array of printed
dipoles symmetrically loaded with single cell
MTM, versus frequency with regards to array
element distance, d.

It should be noted that, although in side-by-side
arrangement, the distance between the antennas are
usually considered as arms separation (25
mm~0.0754); here, due to significant coupling
between MTM cells, someone may consider the
inter-antenna spacing of 10.5 mm (0.03154). This
fact is depicted in Fig. 4.

However, using MTM cells, the correlation
between the ports is decreased. This phenomenon is
clearly seen in Fig. 4, while it seems that the surface
current confined around the arms of dipoles and
MTM cell regions. This causes to reduce coupling
factor between loaded printed dipoles. This fact is
confirmed when comparing the radiation pattern of
loaded and un-loaded dipole array antennas, Figs. 5
and 6. The radiation patterns for each port of un-
loaded array antennas have been shown in Fig. 5.
The maximum gain of the antennas are about -8 and
-7 dBi at /=0.9 GHz and f=1.6 GHz respectively,
while its cross-polarizations are about 14 and 22 dB
lower than its main lobes. The radiation patterns of
each port of array of MTM loaded printed dipole
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Fig. 4. Simulation results for the vector surface
current of the array of printed: (a) un-loaded, and
(b) symmetrically loaded with single cell MTM
dipoles at /=0.9 GHz.
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Fig. 6. Simulation results for the radiation pattern
of the array of printed dipoles symmetrically loaded
with single cell MTM for both Co- and Cross-
polarizations at port 1: (a) /0.9 GHz, and (b) /~=1.6
GHz; and at port 2: (¢) /~0.9 GHz, and (d) /~1.6
GHz.
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I11. CONCLUSION

A compact printed array of dipole antenna has
been proposed. The proposed antenna provides
isolation enhancement, without need to make any
change in ground plane or using any additional
structure. This fact consequently leads to simple
low profile, low cost and low weight array
antennas. Simulations show that the proposed array
antenna provides isolation above 15 dB with inter-
antenna spacing of less than 0.0754. A prototype of
the proposed array antenna is fabricated and tested.
The simulation results have been confirmed by
measurements.
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Abstract — This paper presents the investigation
results on a novel circularly polarized square slot
antenna (CPSSA) designed to operate at a
frequency of 5.5 GHz. In order to realize the
proposed antenna, miniature circular polarized
square slot antenna is used with L-shape and
crooked T-shape grounded strips located at the slots
opposite corners to reduce cross-polarization. The
antenna is fed by coplanar waveguide. The 3 dB
axial-ratio of the CPSSA extends to approximately
2 GHz. The CPSSA was designed to operate over
the frequency range between 3 and 11.1 GHz
corresponding to an impedance bandwidth of 115%
for VSWR<2. Acceptable agreement between the
simulation and measured results validates the
proposed design.

Index Terms — Circularly polarized, coplanar
waveguide feed, planar antenna, slot antenna.

I. INTRODUCTION

Recently, circularly polarized planar patch
antennas have gain more attention in the field of
wireless communication. CPW-fed print slot
antennas have many advantages, such as low
profile, lightweight, ease of integration and wider
impedance bandwidth; moreover, circularly
polarized is much superior to linearly polarized duo
to its agility of choosing polarization at the
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receiving locations and have good performance of
anti-interference in bad weather [1-15]. For
generating circular polarization (CP) radiation
using a single feed, many microstrip antenna
designs have been reported [1-9]. The obtained CP
bandwidth (3-dB axial-ratio bandwidth), however,
is usually narrow and less than 2%. When the same
microwave substrate is used, corresponding printed
slot antennas usually have a much wider CP
bandwidth than single-feed circularly polarized
microstrip antennas [2].

To benefit from broadband and low profiles,
various shapes and designs of broadband circularly
polarized slot antennas have been developed to
overcome both the narrow impedance and axial-
ratio bandwidths (ARBWs) by applying different
techniques on patch and ground structures [2-4]. In
[9], by embedding two inverted-L-shaped grounded
strips around two opposite corners of slot, circular
polarization is obtained. The idea of embedding a
T-shaped grounded metallic strip that is
perpendicular to the axial direction of the CPW feed
line is used in [4], and a corrugated slot antenna
with a meander line is presented in [10]. In [11], a
square slot antenna with a lightning-shaped feed
line and inverted-L grounded strips is presented. To
produce the circular polarization, the arc-shaped
grounded metallic strip is utilized in [12-13].

In this letter, a novel design of a CPW-fed

1054-4887 © 2015 ACES
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circularly polarized square slot antenna composed
of a square ground plane, an inverted-L-shape
strips, two crooked T-strips and a vertical stub is
presented. In this design, 3-dB AR bandwidth can
reach as large as 2000 MHz (5-7 GHz) which is
about 33.3%, to cover the WLAN/WiMAX band.
The proposed design also has the VSWR<2
impedance bandwidth of 8100 MHz (3-11.1 GHz)
which is about 115%. Details of the proposed
antenna design and experimental results of the
broadband operation are presented. The proposed
of this article is designed an ultra-wide band
antenna with utilizing of novel methodology which
can be provided broadband circular polarization.
The simultaneous use of the crooked T-shape and
L-shape techniques has readied the above
conditions.

II. ANTENNA CONFIGURATION

The geometrical layout and photograph of the
proposed CPW-fed broadband CPSS antenna is
shown in Fig. 1. The proposed antenna is printed on
a square microwave substrate FR4, with a side
length of 25 mm, a thickness of 0.8 mm and a
dielectric constant of relative permittivity &~4.4.
The antenna is fed by a 50 Q CPW feeding line,
where the signal strip and gaps have widths of 3.1
and 0.3 mm, respectively.

Fig. 1. Configuration of the proposed CPSSA
structure. Dimensions of the structure’s parameters
are: Wy=3.1, L=8, g=0.3, h=0.8, W,=1.25, W,;=6,
Wy=7.6, L=3.5 W,=3.5 g:=04, L=4, W;=I,
Wr=1.2, L;=2.5, [.=5, [,=4, Ls=4.5 (units in mm).
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III. EXPERIMENTAL RESULTS AND
DISCUSSION

The simulated CPSSA structures have been
fabricated using conventional printed circuit board
(PCB) techniques. In each step of the design
procedure, the full-wave analyses of the proposed
antenna were performed using Ansoft HFSS
(ver.11) based on the finite element method (FEM)
to find optimized parameters of the antenna
structure [13].

As indicated in Fig. 2, five improved designs of
the proposed CPSS antenna are presented. The
antenna design is started by applying a simple strip
feed line (step 1) and then improved through adding
the vertical tuning stub formed by extending the
feed section to the right (+y-direction) by a width
of W=3.5mm and a length of L=3.5mm (step 2).
Our simulations show that width (W) of the tuning
stub has great effect on improving the impedance
matching in the 3 dB AR band. A further
improvement is achieved by adding two embedded
rectangular strip patches with Wp1, Wp2, Wi and W»
dimensions (step 3). -10 dB impedance matching
curves of the antenna are presented in Fig. 3. As it
is observed from Fig. 3, by employing a simple strip
as the feed line, a great impedance mismatch is
experienced (step 1) and consequently, any
bandwidth of the antenna under -10 dB is available.

.
ﬁ ﬁ
o . J-

Fig. 2. Five improved prototypes of the antenna.

6 8 9 10 i1

7
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Fig. 3. Improved Si; of the antenna (step 1~5).



By adding the vertical tuning stub and two
embedded rectangular strip patches on the feed line,
antenna operates between 4~6.3 GHz. The
simulation results show that embedding rectangular
strip patches on the feed line (step 1 - step 5) and
adjusting the parameters, an improvement on the
impedance bandwidth as well as CP characteristic
can be accomplished for the proposed antenna. To
obtain CP operation by exciting two orthogonal
polarizations, the design is improved by adding an
inverted-L strip to the right bottom corner of the
structure. This structure is presented as step 4 in
Fig. 2. According to simulation results for step 4,
we have found that choosing ly and Ix of the
inverted-L strips equal to 5 mm (0.275L), not only
increases the ARBW but also improves impedance
bandwidth. S, variations of step 4 is presented in
Fig. 3.

Considering the CP characteristic of the
antenna, the changing regulation of the right hand
side feed is similar to that of left hand side one.
Through Fig. 4, it can be observed that by adding
an inverted-L strip to the antenna structure, a small
improvement in the axial ratio of the antenna is
created and antenna operates CP about 2.6%
(74~7.6 GHz). To further improve the CP
characteristic of the antenna, two crooked T-shape
strips are sequentially added to the structure (step
5). As it is seen from Fig. 3, adding two crooked T-
shape strips to step 5 make the antenna operate
UWRB; and it can be seen in Fig. 4, that the ARBW
of the antenna is increased to 5~7 GHz for step 5.

Z | = /
G| /

"

N

w

Axial Ratio (dB)

N

e step 4 \\ /
—step 5

3 4 5 6 7 8 9 10 11
Frequency (GHz)

~

Fig. 4. Improved axial ratio of the antenna (step
4~5).

Through extensive simulations, it was found
that length of the crooked T-shape strips (L) should
be selected as 0.25L, and the distance between them
(L4) should be 0.22L, to attain the 33.3% ARBW.

KARAMZADEH, RAFII, KARTAL, DIBAYI: CIRCULARLY POLARIZED SQUARE SLOT ANTENNA

Changing the length or distance between these
strips will degrade the axial ratio and subsequently
CP characteristic of the antenna seriously.
Considering Fig. 5, it is understood that increasing
the distance of Ls4 will decrease axial ratio
bandwidth. The simulation results of surface
current distribution for antenna in step 5 are shown
in Fig. 6. As indicated in Fig. 6, the current
distribution of  proposed antenna at
counterclockwise. It is observed that the surface
current distribution in 180° and 270° are equaling
magnitude and opposite in phase of 0° and 90°. If
the current rotates in the clockwise (CW) direction,
the antenna can radiate the right-hand circular
polarization (RHCP).
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Fig. 5. Axial ratio for different value of La.
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Fig. 6. Distribution of the surface current on the
feed and ground of the CPSS antenna at 5.5 GHz in
0°,90°, 180° and 270° phase.

An Agilent 8722ES vector network analyzer
was used to measure S;; and impedance bandwidth
for simplification in the antenna design. The
simulated and measured Si; of the proposed
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antenna is shown in Fig. 7. As seen in Fig. 7, the
simulated and measured impedance bandwidth of
antenna are 115% (from 3 GHz to 11.1 GHz) and
119% (from 2.9 GHz to 11.5 GHz), respectively.
The difference between measured and simulated
impedance bandwidth are originating from
different substrate specifications and fabricated
problems.
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Fig. 7. Measured and simulated S;.

Figure 8 indicated the close correspondence
between the measured and simulated curves of gain
and AR for the proposed antenna with optimized
values presented in Fig. 1. As plotted in Fig. 8, the
simulated ARBW of the suggested antenna is from
5000 MHz to 7000 MHz (33.3%), and the measured
ARBW of antenna is from 5050 to 7100 (33.7%).
Also, the measured peak gain of antenna is 4.25
dBic at 10 GHz. The average measured gain of the
antenna is about 3.5 dBic.
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Fig. 8. Measured and simulated gain and axial ratio
of the CPSSA.

The measured results of the normalized
radiation patterns of the CPSS antenna are
presented in Fig. 9. The radiation pattern is left-
hand circular polarization (LHCP) for z>0 and
RHCP for z<0, as can be deduced from surface

ACES JOURNAL, Vol. 30, No. 3, MARCH 2015

current distributions in Fig. 6. The proposed
antenna has a compact size of 25 mm x 25 mm.
When compared with the previous CPSSA
structures presented in Table 1, our proposed
antenna shows significantly increased impedance
bandwidth and axial-ratio bandwidth; i.e., the
impedance and AR bandwidths are, respectively,
more than three and two fold wider than the
previous designs. Dielectric substrate used is FR4
with €=4.4, tand=0.024. The impedance bandwidth
is for a frequency range where the VSWR<2; and
ARBW is the 3-dB axial-ratio bandwidth.

LHCP

Fig. 9. Measured normalized radiation patterns of

the CPSS proposed antenna at: (a) 5.5 GHz, and (b)
6 GHz.

Table 1: Comparison of the proposed CPSS antenna
size and measured characteristics with other
references

Ref.

Size BW ARBW Peak
(mm®) (GHz)  |(freq. range) | Gain
(GHz) _ (dBic)
0.85 0.4
[3] |70x70x1.60 (1.75-2.6) | (1.7-2.1) 37
0.20 0.3
0.80 0.2
1.90 0.8
7.8 2
[151 1252508 | 31409y | (45-65) | 32
This 8.6 2
work 25%25%0.80 (2.9-11.5) (5-7) 2




The suggested antenna with optimal structure,
as shown in Fig. 10, was fabricated and tested in the
Antenna Measurement Laboratory at Iran
Telecommunication Research Center (ITRC).

Fig. 10. Photograph of fabricated Antenna.

IV. CONCLUSION

This paper presents circularly polarized square
slot antenna (CPSSA) fed by coplanar waveguide
(CPW) with a crescent shaped patch. All of the
important parameters that are determinant in
antenna characteristics were depicted one by one
while keeping the others fixed. The attributes of the
proposed CPSSA include a relatively simple
structure, low fabrication cost, and UWB operation
across 3-11.1 GHz. The measured results show the
impedance bandwidth is 115% for VSWR<2, and
axial-ratio < 3 dB is 33.3%. An antenna gain of
around 3.5 dBic has been obtained.
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Abstract — In this paper, a novel design of small
low power rectenna operating on WLAN band
with high harmonic rejection is presented. By
using rotated E-shaped strip in the radiating patch,
a new resonance at lower frequency (2.4 GHz) can
be achieved. Also, by cutting a rectangular slot
with protruded interdigital strip inside the slot in
the feed line, a frequency band-stop performance
can be achieved. The proposed structure has a
major advantage in high harmonic rejection. The
rectenna with integrated monopole antenna can
eliminate the need for a Low Pass Filter (LPF)
placed between the antenna and the diode as well
as produce higher output power, with maximum
conversion efficiency of 74% using a 1 KQ load
resistor at a power density of 0.3 mW/cm?,

Index Terms — Wirless Power Transmiton
System, Rectifier-Antenna (Rectenna), Protruded
Interdigital Strip.

I. INTRODUCTION
The evolution of the wireless power
transmission  system has required simple

configuration, light and easy integration with
Monolithic ~ Microwave Integrated  Circuits
(MMICs) and narrowband antennas for the special
system application [1]. Recently, considerable
research efforts have been directed toward low-
profile, low-power, energy efficient, and self-
sustainable sensor networks aiming to harvest
ambient energy from vibrations, solar energy, as
well as microwave energy from existing employed
communication networks [2]-[4]. The initial
development of rectenna focuses on its efficiency
for great power reception and conversion. But in
the last few years, excluding high power
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applications, wireless power transfer has been
often used in microwave radiation with relatively
low power densities [5,6]. This approach offers the
possibility to use the rectenna as an energy module
in a WSN. Indeed, the rectenna efficiency at low
power level is an important feature (0 dBm, and 10
dBm), because it would allow one to power a node
or a tag located far away from the RF transmitting
source. For this purpose, we must take into
account several considerations, such as the size,
and good conversion efficiency.

During the last years, there are various
antenna designs, which enable antennas with low
profile, lightweight, flush mounted, and WLAN
devices. These antennas include the Planar
Inverted-F Antennas (PIFAs) [7], printed dipole
antenna [8], the chip antennas [9], and the planar
monopole antennas [10]. However, up to now, a
printed antenna that has T-shaped notch
configuration has not been reported. Rectifying
antenna (rectenna), which can convert RF energy
to DC power, plays an important role in free space
Wireless Power Transmission (WPT). Over the
last century, the development of rectenna for
Space Solar Power Transmission (SSPT) [11] as
well as WPT [12] had great achievement with
specific functions, and the applications; e.g.,
actuator [13] or wireless sensors [14]. The typical
rectenna in the prior literatures [15] basically
consists of four elements: antenna, Low Pass Filter
(LPF), diodes, and RC filter. The initial
development of rectenna focuses on its directivity
and efficiency for great power reception and
conversion; hence, large array was usually adopted
for microwave power reception.

In this letter, we propose a novel a microstrip
rectenna with harmonic rejection property. By

1054-4887 © 2015 ACES



using rotated E-shaped strip in the radiating patch,
a new resonance at lower frequencies (2.4 GHz)
can be achieved. Also, by cutting a rectangular slot
with protruded interdigital strip inside the slot in
the feed line, a frequency band-stop performance
can be achieved. In the proposed rectenna
structure, the design of the antenna is first
presented followed by the rectifier circuit
optimization and measurements. Finally, the
complete rectenna performance is evaluated. This
structure has a major advantage in providing
tighter capacitive coupling to the line in
comparison to known radiating patch [11]. In the
proposed configuration, a pair of gap distances are
playing important role in the radiating
characteristics of this antenna, because it can
adjust the electromagnetic coupling effects
between the interdigital radiating patch and the
microstrip transmission line.

II. RECTENNA DESIGN AND
CONFIGURATION

The presented miniature packaged rectenna
with the integrated band-reject filter is shown in
Fig. 1, which is printed on an FR4 substrate of
thickness 0.8 mm, permittivity 4.4, and loss
tangent 0.018. The proposed rectenna structure
consists of a microstrip monopole antenna for
radiating element, an integrated band-reject filter,
and a rectifier with DC filter and matching circuit
for active part. The filter is used to reduce the out
of band harmonics generated by the rectifying
Schottky diode. An HSMS-2862 microwave Si
Schottky detector diode pair was used to design
the rectenna. The width of the 50-Q microstrip
line is fixed at 1.5 mm. The matching circuit to the
left and right of the device controls the degree of
reflection. On the other side of the substrate, a
conducting ground plane is placed. In addition, to
satisfy the efficiency requirement, the microstrip
strips are fixed to a suitable electrical length,
taking the calculated phases of the rectifier and
passive antenna into consideration [7]. The
proposed antenna is connected to a 50-Q SMA
connector for signal transmission.

In rectenna design, the antenna and rectifier
circuits are typically designed separately. The
antenna is designed using Electromagnetic (EM)
simulation, and its parameters are then included in
a nonlinear circuit simulation tool such as a
Harmonic Balance (HB) simulator used to design
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the rectifier [5]. In this work, the complete antenna
Thevenin equivalent circuit in the receiving mode
is computed including the open-circuit voltage and
incorporated in the harmonic balance analysis to
optimize the rectenna parameters [7]. The
equivalent circuit parameters can be efficiently
calculated from the antenna analysis in the
transmit mode using commercial EM simulators.
This allows one to directly include the input power
density and incoming wave direction in addition to
the antenna impedance matrix in the rectenna
design. The method is demonstrated by designing
a dual-polarized aperture-coupled patch rectenna
that has a compact size due to the use of a cross
slot at the patch surface [8]. Preliminary details of
the proposed rectenna design without utilizing the
complete Thevenin equivalent circuit of the
antenna are given in [9]. The aperture-coupled
feeding structure makes the design suitable for
implementation on flexible or textile-based
substrates. Additionally, the method can be easily
extended to rectenna array configurations.

Microstrip
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Fig. 1. Schematic of proposed rectenna with filter:
(a) simplified block diagram, and (b) realized
microstrip structure.

A. Antenna and defected microstrip line design

The presented small monopole antenna fed by
a microstrip line is shown in Fig. 2, which is
printed on an FR4 substrate of thickness 0.8 mm,
permittivity 4.4, and loss tangent 0.018. The
proposed monopole antenna structure consists of a
rotated E-shaped radiating patch, a 50 Q
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microstrip feed line with a rectangular slot with an
interdigital strip protruded inside the slot, and a
ground plane. The proposed antenna is connected
to a 50- Q SMA connector for signal transmission.

Regarding Defected Microstrip Structures
(DMS), the creating slots in the microstrip feed-
line provide an additional current path. Moreover,
this structure changes the inductance and
capacitance of the input impedance, which in turn
leads to change the bandwidth. The DMS applied
to a microstrip line causes a filtering characteristic
of the structure transmission with a filter
frequency controllable by changing the shape and
size of the slot [3]. In this structure, the protruded
interdigital strip perturbs the resonant response
and also acts as a half-wave resonant structure. At
the notch frequency, the current flows are more
dominant around the protruded interdigital strip,
and they are oppositely directed between the
protruded strip and the microstrip feed-line [4]. As
a result, the desired high attenuation near the notch
frequency can be produced.
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Fig. 2. Geometry of proposed microstrip-fed
monopole antenna: (a) top view, and (b) bottom
view.
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The proposed DMS with their equivalent
circuit models are shown in Figs 3 (a) and (b),
respectively, which is printed on a FR4 substrate
of thickness 0.8 mm. This defected structure on
the feed-line will perturb the incident and return
current and induce a voltage difference on the
ground plane and microstrip feed-line. These two
effects can be modeled as a series LC circuit, such
as band-stop filter response due to its frequency
response [9]. Figure 4 shows the effects of the
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rectangular slot with an interdigital strip protruded
inside the rectangular slot, on the return loss in
comparison to the same antenna without it. It can
be observed in Fig. 4, that by using a rectangular
slot with an interdigital strip protruded inside the
slot with variable dimensions in the microstrip
feed-line, a band-stop performance can be created.

Pori 2
//ﬁ Lsub
45
r h I

Wsup g

L2

1

1

5 T
B g
® £
3 5
g3
S
-2
oﬁ
e ..
@

-
=]

-
£
T

Returntinsertion Loss (dB)

N
=]
T

25 KJ/

5
Freq [GHz]

(b)

Fig. 3. (a) Geometry of the proposed Defected
Microstrip Structure (DMS), and (b) simulated
return/insertion loss characteristics for the
proposed defected microstrip structure.
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Fig. 4. Return loss comparisons for the ordinary
rotated E-shaped antenna and the proposed
antenna.
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In order to understand the phenomenon behind
this new resonance and out of band harmonic
generation, the simulated current distributions on
the top layer for the proposed antenna are shown
in Fig. 5. As shown in Fig. 5 (a), at the first
resonance frequency (2.4 GHz) the current mainly
concentrates on the rotated E-shaped strip in the
radiating patch, and also as shown in Fig. 5 (b), at
the notch frequency (5.5 GHz) the current flows
are more dominant around of the protruded
interdigital strip. As a result, the desired high
attenuation near the notch frequency can be
produced [3]-[5].
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Fig. 5. Simulated surface current distributions on
the radiating patch: (a) at the first resonance
frequency (2.4 GHz), and (b) the second resonance
frequency (5.5 GHz).

B. Rectifier design

In this study, the Schottky diode is used in the
rectification of RF energy for the rectenna. The
Schottky diode is used mainly because of its low
turn on voltage and low junction capacitance
characteristics, which enables it to work at the
high frequencies required. The circuit diagram of
rectifier is given in Fig. 6, while component values
are summarized in Table 1. Dimensions of the

resonators and the matching network were
optimized using Agilent’s Advanced Design
System (ADS) in conjunction with the

Electromagnetic (EMDS) Simulation tool to get
the required oscillation frequencies for dual-band
operation. At a maximum distance of 2 m, output
dc voltage of over 2 V at the lower frequency band
and over 1 V at the higher frequency band can be
achieved [9]. Figure 7 shows return loss in dB
versus frequency for the deigned rectifier.
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Fig. 6. Circuit diagram of the proposed rectifier
circuit.

Table 1: Rectifier circuit dimensions and
component values
Param. | R L, L Cuni
Value | 1.1 KQ |3.93nH | 2.01 nH | 3.01 pF

i mi
N freq=2.440GHz
1 dB(S(1,1))=-11.289
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Fig. 7. Return loss versus the frequency.

III. RECTENNA PERFORMANCE

The receiving antenna and rectifying are
connected by SMA connectors as shown in Fig. 8.
It contains a linearly polarized monopole antenna
designed at 2.4 GHz by using HFSS software [16].
The rectenna contains one HSMS2860 commercial
Schottky diodes in a SOT23 package. The zero
bias junction capacitance CjO is 0.18 pF and the
series resistance Rs is 5 V. The experiments have
been carried out in anechoic chamber. The
transmitting antenna is a standard linear polarized
horn with gain G; of 12 dB. The rectenna is
located at the distance » of 50 cm, which is the far
region of the horn.

In general, the overall efficiency of a rectenna
is defined as a ratio of DC power to incident RF
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power as below:

— VZ/ RLoad
P,
The measured overall efficiency is shown in Fig.
8. In the power density range (0-0.25 mW/cm?),
the measured rectenna efficiency is above 72%
from 0.2 mW/cm? power density over a 1 KQ load
resistance. The measured results show that the
efficiency increases when the power density
increases. In applications, the antenna and
rectifying circuit can be integrated directly on one
substrate by omitting SMA connectors. Without
the loss of SMAs, the efficiency would be higher.
The output DC voltage has been measured
against power density from the Friss transmission
equation:

Mo (1

1V
Pr = (Ej RGtGr > ()
where P; is the transmitting power; G; is the
receiving antenna gain, A is the free space
wavelength at 242 GHz. The rectenna is
illuminated by a linearly polarized incident plane
wave of 20 V/m (0.10 mW/cm?) at its broadside.
On the transmitter side, we have used a 30 dB gain
power amplifier at 2.4 GHz connected to a signal
generator. The output DC voltage across the
resistor load has been measured by a voltmeter.
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Fig. 8. Measured rectenna efficiency against
power density.

The measured output DC voltages are shown
in Fig. 9. In the power density range (0-0.3
mW/cm?), the measured output DC voltage is 2.9
V over a 1 KQ optimized load resistance. The
measured results show that the output voltage
increases when the power density increases.
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Fig. 9. Measured DC voltages against power
density.

IV. CONCLUSION
As presented above, a novel design of
rectenna with a series diode circuit topology is an
interesting subject for WLAN applications. By
using rotated E-shaped strip in the radiating patch,
a new resonance at lower frequencies (2.4 GHz)
can be achieved. Also, a rectangular slot with
protruded interdigital strip inside the slot in the
feed line is used to reject the second harmonic. No
input low pass filter is needed; thus, reducing the
insertion losses and the dimensions of the circuit.
The oscillator design based on the AIA concept
has been shown to provide an efficient and
successful method for designing high efficiency
and compact systems. The rectifying circuit has
been optimized at 2.4 GHz for an input power of
10 dBm. The rectenna exhibits a measured
efficiency of 72% at 0.24 mW/cm? power densities

and an output DC voltage of 2.39 V.
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Abstract — A novel frequency reconfigurable dual
band monopole antenna based on the triangular
split ring element is proposed for wireless
communications. The antenna with an overall
compact size of 25x25x1.6 mm? is designed for the
operating frequencies of wireless local area
network (WLAN) 2.4/5.0 GHz standard and
wireless access for vehicular environments
(WAVE) 5.90 GHz standard. The parametric study
is carried out for tuning the upper resonant
frequency. The reconfigurability between the
WLAN and WAVE frequency bands is achieved by
using a pair of PIN diode. The design
considerations for the proposed antenna are
described and the experimental results are
validated. The antenna exhibits almost uniform
radiation characteristics and good gain at each
frequency band with the -10 dB impedance
bandwidth of 44.1%, 5.8% and 10.1% at
2.45/5.30/590 GHz WLAN and WAVE bands
respectively.

Index Terms — Dual band, PIN diode,
reconfigurable, split ring resonator, WAVE and
WLAN.

I. INTRODUCTION

Rapid growth in the modern wireless
communication systems leads to demand for
multiband, low cost and compact antennas. In
wireless communications, wireless local area
network (WLAN) and wireless access for vehicular
environment (WAVE) technologies are mainly
used for its mobility and high-speed data accessing.
Also, demand for compact and multiband antennas
in modern wireless handheld devices are increased
for passengers in vehicles to utilize the current
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wireless  services such as  entertainment
applications, web browsing, emailing and data
exchanging. As well as, the main applications of the
WAVE technology includes intelligent
transportation  systems  (ITS),  high-speed
communications and internet access, safety and
security enhancements. The standard IEEE
802.11b/g covers the lower frequency band ranging
from 2.40 GHz to 2.4835 GHz and the standard
IEEE 802.11a covers the upper frequency band
ranging from 5.15 GHz to 5.35 GHz and 5.725 GHz
to 5.825 GHz for WLAN applications [1, 2]. The
standard IEEE 802.11p covers the frequency band
5.85 10 5.925 GHz for WAVE applications [1].

The challenges in the design of dual band
antennas are compact size, mechanically robust,
wide bandwidth with good impedance matching,
omnidirectional radiation patterns, high gain, low
profile and low manufacturing cost [1, 3]. Due to
the limited space availability in modern compact
wireless devices, the design of multiband antennas
requires much attention in terms of size along with
aforementioned characteristics. Recently, different
dual band antennas have been proposed for WLAN
applications [1-5]. Although these antennas provide
significant radiation characteristics, they lack on
complex structure, bandwidth as well as large
radiating area. In addition, the antennas reported in
[6-9] are few notable multiband antennas operating
in our frequency range of interest (WLAN).
Although they provide wide band coverage and
good radiation characteristics, they suffer from very
poor compactness and tunability.

In recent years, split ring resonator (SRR)
based monopole antennas are receiving a lot of
interest towards the wireless applications, since it
offers miniaturization due to its sub-wavelength

1054-4887 © 2015 ACES



resonant nature [2, 7-10]. Reconfigurable antennas
play a significant role in telecommunication
systems because they offer compact size by
avoiding multiple antenna requirements to utilize
more than one wireless standard in a single system,
similar radiation characteristics, stable gain at each
designed frequency band and low cost [9-11]. In
order to allow the operating frequencies to be
reconfigurable, switching components specifically
varactor diodes [10] and PIN diodes [11], are often
used in reconfigurable antenna applications
compared to MEMS switches. Since the PIN diode
has several advantages like good performance and
low cost compared to other switching elements
[11], we opted for PIN diode as a switch element in
the proposed reconfigurable antenna design.

In this paper, a reconfigurable novel SRR based
monopole antenna for dual band WLAN/WAVE
applications is presented. The proposed SRR is a
single ring structure; hence it is simple to design
compared to the conventional double ring SRRs.
This triangular SRR is a kind of metamaterial cell
that has the advantage of versatility in controlling
the resonant characteristics by altering its length.
Thus, it alters the inductance and capacitance
values of the resonant structure. It paved the way
for frequency tuning. Hence, the frequency
reconfigurability between the WLAN and WAVE
standard is achieved by altering the electrical length
of the proposed SRR by using a pair of PIN diode.
Details of the antenna design are described in
Section II. The parametric study and the proposed
method of reconfigurability are explained in
Section III along with its radiation characteristics.
The concluding remarks are highlighted in Section
IV.

II. ANTENNA DESIGN

The geometry of the proposed split ring
monopole antenna fed by a microstrip transmission
line is shown in Fig. 1. The complete antenna is
simulated using the EM simulator, Ansoft High
Frequency Structure Simulator (HFSS) V.14.0,
based on Finite Element Modeling (FEM) [12].
Also, it is fabricated on an FR4 substrate with
dielectric constant g = 4.4, thickness h = 1.6 mm
and loss tangent tand = 0.018. The proposed
antenna structure consists of a triangular SRR as the
radiating element, a feed line, and a partial ground
plane. The key antenna parameters of the antenna

RAJESHKUMAR, RAGHAVAN: A COMPACT FREQUENCY RECONFIGURABLE SPLIT RING MONOPOLE ANTENNA

are optimized using optimetrics provided in the
HFSS.

A pair of shunt arms of length L3 in the
triangular SRR plays an important role than the
other parameters in the performance of the upper
resonant frequency. Because it can create additional
surface current paths in the antenna and therefore
additional resonance is obtained. The overall length
2(Lo+T+L3) contributes to split ring resonator’s
inductance and the split gap (s) contributes the
capacitance, which determines the resonant
frequency of the SRR. In addition, the presence of
shunt arms completes the triangular split ring
resonator; hence, the negative permeability can be
created. Thus, the dimension of the shunt arm is
varied for tuning of the upper resonant frequency.
The feed length (fi), width (W) and ground plane
length (L;) are optimized to 9 mm, 2.9 mm and 9
mm respectively, for good impedance matching.
The various optimized design parameters of the
antenna are given in Table 1.

Ground

Fig. 1. Geometry of the proposed split ring
monopole antenna.

Table 1: Design parameters of the optimized
antenna

Parameter Value Parameter Value
(mm) (mm)
L 25 W5 2.0
W 25 L, 9.0
Wi 2.9 L 16.25
W, 1.8 L; 6.0
W3 1.8 S 0.5
W, 2.5 T 9.25
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ITII. RESULTS AND DISCUSSIONS 0

In this section, the numerical and experimental
results of the return loss and radiation 1
characteristics are presented for the proposed split = 10
ring monopole antenna. The various design ?15 |
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The split ring monopole antenna without the requency (GHz)

shunt arms (i.e., Ls= 0) is designed initially. It is ) ) o
observed that the SRR monopole without the shunt Fig. 2. Simulated return loss characteristics of the
arm resonates at 2.45 GHz and 7.0 GHz. The lower proposed antenna for various feed width.

frequency band is caused by the feed length (fi),

feed width (W), strip (L,) and top edge (T) of the 04

SRR; since it contributes to the longer electrical 5

length of the structure. The parametric study of W 10 ]

(1.7 mm to 3.5 mm) is shown in Fig. 2. The & 15|

variation in W, has significant effect on antenna %_207

performance. For better impedance matching in g |

both the frequency bands, the feed width is chosen 2’

to be 2.9 mm in the proposed antenna design. Due % 304

to the absence of L3, the SRR characteristic is less -35 1

effective, and hence, poor return loss is observed in -40 T e i3 <o)

the upper resonant frequency which is shown in 45 : ‘ : : ‘ : : ‘

Fig. 3. Therefore, the parametric study is carried out N AT A S
Frequency (GHz)

by varying Ls; and keeping all other antenna
parameters as constants. While the length Ls is
increased from 1 mm to 6 mm, it is observed that
the upper resonant frequency starts decreasing from
7.0 GHz to 5.30 GHz. Since the split ring’s
electrical length increases, it is attributed to high

Fig. 3. Simulated and measured return loss
characteristics of the proposed antenna when L;= 0.

Table 2: Effect of length L3

inductance value of the SRR; hence, the resonant L; (in mm) f: (in GHz)
frequency decreases. The proposed antenna without 0 7.0

the shunt arm is also fabricated and the 1 6.77
corresponding simulated and measured results are 2 6.67
shown in Fig. 3. The measured impedance 3 6.13
bandwidth of about 1040 MHz and 620 MHz is 2 590
achieved at 2.45 GHz and 7 GHz bands, -
respectively. This can be used for downlink 7 GHz 3 5.80
X-band satellite applications. However, since our 6 5.30

aim is to design the antenna for WLAN and WAVE

application, the shunt arm’s length is parameterized ~ B. Dual band antenna for WAVE/WLAN
accordingly for WLAN and WAVE applications.  application

The numerical resonant characteristics of the upper From the above parametric study it is noted that
frequency for the proposed split ring monopole  for the shunt arm length 4 mm and 6 mm, the
antenna for various lengths L3 are given in Table 2.  proposed antenna has an upper resonant frequency



of 5.90 GHz and 5.30 GHz, respectively. These are
the operating frequencies of WAVE and WLAN
bands correspondingly. The incremental length L;
and its effect on the upper resonant frequency have
paved the way for reconfigurability. It is decided to
access WAVE and WLAN bands alternatively by
using a switching element.

As shown in Fig. 4, the spaces left in the
antenna configuration (#1) is used for the switches.
Where 0.5 mm space is left for the switch and 1.5
mm length stub is placed successively. When the
switches are in OFF state, the length L3 is 4 mm,
which contributes to the 5.90 GHz WAVE band.
Similarly, when the switches are in ON state, the
1.5 mm stub gets added to Ls, which increases its
electrical length to 6 mm contributing to the 5.30
GHz WLAN band. In the simulation, the presence
and absence of a metal strip represent ON state and
OFF state, respectively [9].

The switching can be practically achieved by
introducing a pair of PIN diodes as switch element
in the spaces left in configuration #1. The PIN
diodes can go from the OFF state to the ON state by
controlling the applied DC bias currents. In our
practical realization, the PIN diode (BAP 6503,
SOD323V)is used as a switch element in the spaces
provided. Initially, the switches are kept in OFF
state and the corresponding measurement is carried
out.

Fig. 4. Configurations of the reconfigurable split
ring monopole antenna.

Figure 5 illustrates the simulated and measured
return loss characteristics of the configuration #1
when the switches are in OFF state. In the dual band
system, the measured first resonant frequency
occurs at 2.45 GHz with the wide impedance
bandwidth of 1080 MHz (2.01-3.09 GHz), and the
second resonant frequency occurs at 5.90 GHz with
an impedance bandwidth of about 600 MHz (5.76—

RAJESHKUMAR, RAGHAVAN: A COMPACT FREQUENCY RECONFIGURABLE SPLIT RING MONOPOLE ANTENNA

6.36 GHz). It covers the lower band of WLAN as
well as the WAVE frequency band (5.85-5.925
GHz). This makes the proposed antenna highly
suitable for IEEE 802.11P WAVE standard.

5
-10 4
m
k=2
o 154
w
2
£ 20
2
a
['4
_25 4
-30 - — Sitmulated (OFF state)
= Neasined (OFF state)
-35

0 1 2 3 4 5 6 7 8 9
Frequency (GHz)

Fig. 5. Simulated and measured return loss
characteristics when switches are in OFF state.

Then, by enabling the switches to ON state, the
electrical length of shunt arms L; increases and
reaches 6 mm, where the conductor stub is
connected to the triangular split ring monopole
antenna as shown in the configuration #2. The
corresponding return loss characteristics are shown
in Fig. 6, which shows the resonant frequencies at
2.45 GHz and 5.30 GHz bands, which are the
desired WLAN bands. Figure 6 illustrates that
similar results are obtained for both the proposed
triangular SRR monopole antenna (without
switches) and the reconfigurable antenna (#2). The
measured impedance bandwidth of about 700 MHz
(2.17-2.87 GHz) and 840 MHz (5.05-5.89 GHz) is
achieved with good impedance matching at 2.45
GHz and 5.30 GHz bands respectively, which meet
the specifications (2.4-2.4835 GHz & 5.15-5.825
GHz) of WLAN standard. The fabricated prototype
of the proposed antenna is shown in Fig. 7 (a).
Figure 7 (b) illustrates the antenna configuration
(#2) with the PIN diodes.

The Figs. 8 (a) and (b) shows the simulated
surface current distributions in 2.45 GHz and 5.30
GHz for the proposed antenna. While focusing the
current distribution at 2.45 GHz, the maximum
radiation can be observed in the feed line, strip L
and top edge T. As mentioned earlier, the shunt arm
L; contributes to the upper resonant frequency of
the antenna, and hence, a maximum current is
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distributed around L; for the upper resonant
frequency 5.30/5.90 GHz.

04
5
10 4
[11]
z
@-15 -
°
']
25 |
30 — Silmulated (ON state)
] — = Measured (ON state)
= = Measured (proposed)
35

0 1 2 3 4 5 [ 7 8 9
Frequency {GHz)

Fig. 6. Simulated and measured return loss
characteristics when switches are in ON state.

Fig. 7. Photographs of: (a) the proposed antenna,
and (b) with switches.
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Fig. 8. The simulated surface current distributions
at: (a) 2.45 GHz, and (b) 5.30 GHz.

C. Radiation patterns and gain

The radiation patterns of the proposed
reconfigurable antenna have also been measured in
an anechoic chamber using double ridge horn as
transmitting antenna, and the proposed split ring
monopole antenna as the receiving antenna. Figures
9 (a), (b) and (c¢) show the normalized co-
polarization and cross-polarization radiation
patterns in E-plane (yz—plane) and H-plane (xz—
plane) at three different frequencies of 2.45 GHz,
5.30 GHz, and 5.90 GHz respectively. From these
radiation patterns, it is observed that the proposed
antenna  displays  omnidirectional  radiation
characteristics in the H-plane and dipole-like
radiation in E-plane at all the desired frequencies.
A low cross-polarization level of less than -20 dB
is observed at all frequencies of interest.

The measured gain plot of the proposed
reconfigurable antenna is shown in Fig. 10;
maximum gain of 2.52 and 2.65 dBi is obtained at
the WLAN frequencies 2.45 and 5.30 GHz
respectively. Also, for the maximum gain of 2.75
dBi is observed for the 5.90 GHz WAVE frequency
band. It is obvious that the antenna gain decreases
drastically at the frequency where the SRR exhibits
stop band characteristics due to its negative
permeability characteristics. It is useful in antenna
design for providing a very good out of band
rejection between the operating bands. In the future,
the proposed SRR can be used in filter applications
and UWB communications for creating notches at



the desired frequencies by using its negative
permeability feature. It can be achieved by varying
the inductance and capacitance values of the
proposed SRR by altering its length and split gap.

e ) L=
(SEQE ) =N
\\\\n,‘, p

=) N\

Co-pol
= = = Cross-pol

(©)

yz-plane xz-plane

Fig. 9. Measured radiation patterns at: (a) 2.45
GHz, (b) 5.30 GHz, and (c) 5.90 GHz.
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Fig. 10. Measured gain of the proposed antenna.
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IV. CONCLUSION

A compact frequency reconfigurable dual band
monopole antenna based on the split ring element is
discussed. The operating frequencies of the
proposed antenna are 2.45/5.0/5.9 GHz, which meet
the specifications of WLAN/WAVE standards. A
prototype with a very compact dimension, with
respect to recently reported antennas, is fabricated
and measured. By placing PIN diodes in the tuning
stub (L3), reconfigurability is demonstrated. The
wireless devices in the fast moving vehicles can
switch over from WLAN to WAVE mode, which is
specifically designed for wireless access in a
vehicular environment. Also, the proposed antenna
finds most wuseful application in intelligent
transportation systems. Measured results validate
the reconfigurability of the proposed antenna. The
experimental result shows good agreement with the
simulation results. The compactness in size,
consistency in gain and reconfigurable system
approach makes the designed antenna suitable for
practical application in the WLAN/WAVE
communications.
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Abstract — A compact semicircular printed antenna
with dual-band notched characteristic is proposed.
A narrow rectangular slot is etched on the radiation
patch to prevail notch band at 5.13-5.87 GHz for
WLAN. By using two circular slots (C-shaped)
defected ground structure, another notch band, at
7.59-9.03 GHz for some C-band satellite
communication systems, is achieved. Due to the
shape of the proposed antenna, the total dimension
of this structure occupies very small space. The
antenna is successfully simulated and measured. A
simple 50-Q microstrip line is used to excite the
slot. The parameters and dimensions of the antenna
have been investigated by using HFSS. Results
demonstrate that the suggested antenna with small
size of 20x20x1 mm?® has desired bandwidth range
from 2.6-13.3 GHz for VSWR<2, except two notch
bands.

Index Terms — Band notch, compact, microstrip
antenna.

I. INTRODUCTION

High wireless communications is swiftly
expanding resulting in a demand for
communication systems that are credible. Ultra-
wideband (UWB) system is becoming the good
candidate of high speed technique for wireless
communications. UWB antenna is the key device of
the UWB wireless communication system [1]. The
ultra-wideband (UWB) microstrip antenna has
become very common and is now greatly used for
various applications. The high demands on such a
communications system have simulated research
into many UWB antenna designs [2]. So, UWB
antenna is a hot theme in recent years. There are
several methods with which one can achieve a

Submitted On: May 27, 2013
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band-notched UWB antenna. The most popular
approach to introduce such a band-notched function
is to embed slots or slit into the radiator or its
ground plane [3], [4]. A lot of slot antennas for
UWB systems have been developed, such as
circular slot antenna [5], square slot antenna. In the
whole UWB band which is defined by FCC, there
are some narrow bands which have been used for a
long time, such as worldwide interoperability for
microwave access (WiMAX), wireless local area
networks (WLAN) and C-band, X-band [6], [7]. To
decrease interference, the traditional method is to
add narrow band-stop filter to filter the unrequired
signal [6]. In this way the cost of process will rise,
make the antenna size very large and also the
efficiency and qualification of the antenna will
decrease. So to solve this problem a lot of notch-
band antennas are recommended. There are several
ways with which one can obtain a band-notched
UWB antenna. The most popular approach is to
insert different kinds of slots in the patch or in the
ground plane. Like U-shaped, H-shaped or C-
shaped slots. The designs of meandering slot
antennas in [8] and [9] use different slots to
generate two resonant modes. These slot antennas
mentioned are much smaller than the traditional
modified monopoles, but their structures are much
more complex for the practical engineering
applications [10]. Ring antennas with simple
structure have been presented in [11], [12], the
proposed antenna has one notched band and the
slots have some influence on the radiation patterns,
and the notch band is difficult to adjust to form a
good filter characteristic. The recommended two
notch bands can be tuning by changing the
dimensions of circular slots on the ground and
narrow rectangular slot on the patch.

1054-4887 © 2015 ACES
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In this paper, a compact UWB antenna to
exhibit notching method is designed. By
embedding two different kinds of slot, dual-band
notched characteristic antenna is achieved. To
achieve the desired band notched characteristic, the
dimensions of this antenna are optimized. It should
be noted that the ultra-wideband characteristics
from 2.6-13.3 GHz corresponds to 143% total
bandwidth. The parameters which influence the act
of the antenna are investigated in this paper.

II. ANTENNA DESIGN AND
CONFIGURATION

Figure 1 shows the top view of the microstrip
antenna with and without slots. The geometry of the
suggested antenna is depicted in Fig. 2. It consists
of a radiation patch with a semicircular-shaped
patch and a partially modified ground plane with
two kinds of slots to achieve a broad bandwidth.
The antenna is printed on a low-cost FR-4 substrate
with dielectric constant £=4.4, loss tangent tand=
0.02, and thickness h=1 mm. A 50-Q microstrip line
with width of 1.96 mm to excite the patch is
employed. Both the semicircular patch and
microstrip line are printed on the same surface of
the substrate. The upper narrow rectangular slot can
notch the 5.13-5.87 GHz band for WLAN, and the
lower C-shaped slot can notch the 7.2 GHz for some
C-band satellite communication systems. The
centre frequency of the notched bands are 5.3, 8.3
GHz. Both the centre frequencies and the
bandwidths of the notched bands can be controlled
by adjusting the slotline parameters, such as the
length of each segment, the total length of the
slotline, etc. [13]. The dimensions of the antenna
are given on Table 1.

-
(a) (b) (c)

Fig. 1. (a) UWB antenna, (b) antenna with notched
characteristic on WLAN band, and (c) proposed
antenna.
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L,

—t
I

(a) (b)

Fig. 2. Geometry of the proposed antenna: (a) side
view, and (b) top view.

Fig. 3. Photograph of the proposed antenna.

Table 1: Dimensions of the antenna

Parameter mm Parameter mm
Ry 10.5 Ws 6.2
Rz 9 W6 2
R3 2.7 L, 11.1
Ry 1.65 Ls 0.8
Wi=L; 20 Ls 6.7
W, 1.96 Ls 1.8
W; 16.7 Ly 0.5
Wi=L4 2.5 h 1
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III. RESULTS AND ANALYSIS 7007

The HFSS-predicted VSWR [14] against
frequency for three structures of the microstrip 6.007]
antenna in Fig. 1 are shown in Fig. 4. In this figure, ]
it is obvious that by using a narrow rectangular slot 5.00]

upon the patch and two slots on the ground the ]
desired bands for WLAN and C-band applications %4.002
are notched. Influence of the DGS coupling are = |
shown in Fig. 4 (d). It is obvious in Fig. 4 (d), that

3.00
by eliminating one of C-shaped slots the VSWR ]
characteristic decrease in C-band. 500
1-007“"\""\“"\‘“‘I“"\“"\“"\"“
- VSWR(a) 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
--- VSWR(b) Frequency[GHz]
— VSWR(c)
— VSWR(d) (a)
7.007
4 ?‘ === LB="1.8mm" W3="167mm"
6.00 B |— e=zmm watezmm
] Hl o |=-= Le=22mm wa=1Bmm

Freq [GHz]

Fig. 4. Simulated VSWR for proposed antenna.

P00 S ——

The antenna parameters are studied and the 30 40 50 60 70 80 90 100 110
influence of these parameters on the bandwidth are FreduencylGriz]
shown in Fig. 5. In Fig. 5 (a), (¢), it is obvious that (b)
only by variation on Ls and R4 the height or the 7.00
location of the centre frequency of the second band- ] __
notched for C-band application is changed. In Fig. 6.00-| i s &
5 (b), by changing the dimensions of the upper ] oo
rectangular slot on the patch, the variation of the 5.00] -+ RA=1 B

center frequency for WLAN is shown. The antenna . 1
is optimised to attain optimum bandwidth in the Z 4.00-
desired frequency bands. The simulated and = |
measured VSWR for optimization parameters is 3,004
shown in Fig. 6. In addition, the realized gain in the
whole operating band has shown in Fig. 7, as 2001
desired in two 5.5 and 8.3 GHz gains decline due to
the notch bands. Also, the group delay for the 100] ‘ ‘ ‘
proposed antenna is presented in Fig. 7. It is clear 30 40 50 60 70 80 90 100 110
that the variation of the group delay for the rreueney(Gr

proposed antenna is around 1.5 ns for the desired (c)

bandwidth, but because of the notch behavior, there

is a deviation at the notch frequency in the group  Fig. 5. The simulated VSWR plot for variation of:
delay. (a) Ls, (b) L¢, and (c) Ra.
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Fig. 6. The simulated and measured VSWR for
optimized parameters.
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Fig. 7. The peak gain and group delay of the
proposed antenna.

The measured and simulation radiation patterns
of the proposed antenna at 4.5, 7 and 9.5 GHz are
shown in Fig. 8 and Fig. 9. Both the co- and the
cross-polar are shown. The antenna gives a nearly
omnidirectional radiation pattern in the Z-X plane
and a dipole-like radiation pattern in the Y-Z plane.
The discrepancy in investigated parameters
between simulated and measured results should be
mostly attributed to the loss tangent tand of the
substrate and the tolerance in manufacturing.
Eventually it can be said that the simulation and
measurment outcomes agree well with each other
except two notch bands.
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Fig. 8. The measured and simulation radiation
patterns (dB) in Y-Z plane.
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Fig. 9. The measured and Simulation radiation
patterns (dB) in Z-X plane.

NAJAFPUR, NOURINIA, JAZI: DESIGN OF A NOVEL ULTRA-WIDEBAND SEMICIRCULAR PRINTED ANTENNA

IV. CONCLUSION

A semicircular printed antenna with dual-band
characteristic is presented and discussed. This
antenna has a compact and small size 20x20x1
mm?. This novel microstrip antenna has satisfactory
characteristics within its operating bandwidth. To
obstruct suppression in the applicable WLAN, and
C-band communication systems, pair of
symmetrical C-shape slots on the ground and a
narrow rectangular slot on the patch is proposed.
Prototype of the antenna designed, fabricated, and
measured. The suggested low-profile antenna
operates from 2.6-13.3 GHz except in two notch
bands. The antenna which not only meets the
requirement of the UWB systems, but also reduces
the potential interference form 5.2 GHz-5.9 GHz
for WLAN, 7.8 GHz-9.0 GHz for C-band satellite
communications. The measured results show
reasonable agreement with the simulated results.
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