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Abstract.When an electrically small antenna is conceived, designed, simulated, and tested, themain emphasis is
usually placed immediately on its impedance bandwidth and radiation efficiency.All too often it is assumed that its
directivity will only be that of a Hertzian dipole and, hence, its directivity becomes a minor consideration. This is
particularly true if such a compact antenna radiates in the presence of a large ground plane. Attention is typically
focused on the radiator and its size, while the ground plane is forgotten. This has become a too frequent occurrence
when antennas, such as patch antennas that have been augmented with metamaterial structures, are explored. In
this paper, it is demonstrated that while the ground plane has little impact on the resonance frequency and
impedance bandwidth of patch antennas ormetamaterial-inspired three-dimensionalmagneticEZantennas, it has
a huge impact on their directivity performance. Moreover, it is demonstrated that with both a metamaterial-
inspired two-element array and a relatedHuygens dipole antenna, one can achieve broadside-radiating electrically
small systems that have high directivities. Several common and original designs are used to highlight these issues
and to emphasize why a fundamental figure of merit such as directivity should never be overlooked.

Keywords: Directivity / Electrically small antennas / Huygens source / Metamaterial-inspired antennas /
Patch antennas
1 Introduction
As mobile platform and the internet-of-things move into
serious 5G research and development efforts, one antenna/
array performance characteristic frequently mentioned is
directivity. The anticipated desire for low probability of
intercept and massive multiple-input multiple-output
systems is immense. Efforts to satiate these demands would
greatly benefit from compact, highly directive antennas and
arrays.Ontheotherhand,most current cell phonesor laptop
computer antennas for communications and data transfer
applications have low directivities and low front-to-back
ratios (FTBRs). Connectivity generally has been more
important than directivity in the past.

Furthermore, there has been little discussed in the
literature directly about the directivity of electrically small
antennas. Since they are electrically small, the directivity
of a stand-alone compact antenna tends to be assumed to
be approximately 1.76 dB, the value for an electric Hertzian
dipole. Attention is then focused on the known difficult
issues of Q-factor, bandwidth, and radiation efficiency.
Nonetheless, there are instances in which directivity has
ichard.Ziolkowski@uts.edu.au
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been addressed head-on, including issues when a small
antenna does in fact radiate in the presence of a ground
plane [1–4]. The authors, Kildal and Best, note directly
with the beginning sentence in their joint paper [3]:
“Publications on fundamental limitations of small antennas
normally study the relation between the antenna size and
its radiationQ-factor, whereas very few papers consider the
fundamental directivity limitations.”

Because antenna engineers generally have indeed been
more worried about efficiency, matching, and bandwidth
with compact systems, directivity often then takes a
secondary role for single radiating element devices. This
has even led to some misinterpretations of results, for
instance, with metamaterial-augmented patch antennas.
By loading the radiating patch with metamaterial
constructs, the patch size can be decreased considerably.
Unfortunately, the overall size of the patch antenna is not
determined solely by the radiating patch size, but rather
should include the ground plane size. Because the ground
plane size usually is already many times larger than the
patch, it does not play a role in variations in the impedance
matching or radiation efficiency. On the other hand, as will
be illustrated in this article, it does significantly influence
its directivity properties.
mons Attribution License (http://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
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Fig. 1. Coax-fed, circular patch antenna. (a) Top view
(substrate and ground plane disk have the same radius), and
(b) side view (the coax feed is offset from the origin along the �ŷ
direction).
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A variety of approaches to realizing higher directivity
from compact antenna systems have been considered.
These include, for example, end-fire arrays [5–8], electro-
magnetic band-gap (EBG) structures [9], high impedance
surfaces and artificial magnetic conductors [10–13], near-
field resonant parasitic (NFRP) elements [14–16], non-
Foster circuit-augmented antennas [17], two-element
NFRP antenna arrays [18,19], and Huygens sources [20–
25]. The metamaterial-inspired NFRP antenna designs
have led to the realization of many performance enhance-
ments of compact systems. They will be emphasized in this
article to demonstrate how interesting directivity values
can be obtained with electrically small antenna systems
while not forgetting other performance characteristics.

From patch antennas in Section 2, to the 3D magnetic
EZ antenna in Section 3, to the use of two-element NFRP
antenna arrays in Section 4, and then to a multiple NFRP
element antenna in Section 5, directivity and FTBR values
will be emphasized to characterize these different compact
and electrically small antenna systems. In particular, these
various examples will illustrate how one tailors their
designs to obtain radiated power emitted primarily into
one hemisphere, which would be an advantageous perfor-
mance characteristic for a variety of current and future 5G
applications. The latter include biomedical monitoring and
on-body systems; point-to-point communications and
wireless power transfer; mitigation of cell-phone specific
absorption rate issues; and radio frequency identification
devices. More power would be radiated away from the
associated platforms and less power would be coupled into
them. Thus, these 5G systems could evolve with lower
power requirements.

All of the metal components in the reported antenna
designs were taken to be copper with its known material
parameters: er=1.0, mr=0.999991 and bulk conductivity
s=5.8� 107 S/m. All of the dielectric materials were taken
to be the same as Rogers DuroidTM 5880 with material
properties: er=2.2, mr=1.0 and loss tangent tan
’=0.0009. Several of the integrated components are based
on the Rogers DuroidTM 5880 copper cladded substrate
that is 0.7874mm (31 mils) thick with 0.5 oz copper, i.e.,
0.017mm thick copper. The operational frequencies of
interest were arbitrarily selected to be near 300MHz. The
presented designs can be rescaled and tuned straightfor-
wardly to other choices. All of the antennas are fed with a
coax cable. The associated input impedance calculations
were obtained by de-embedding all parameters from the
port to the antenna end of the coax feed. The numerical
simulations and their optimizations were carried out using
the ANSYS high frequency structure simulator: ANSYS
High Frequency Structure Simulator (HFSS) v15 (64-bit)
[26]. While only simulated performance characteristics are
considered in this article, prototypes of variations of all of
the presented antennas have been successfully fabricated
and tested, confirming their properties.

2 Patch antenna

The basic reference case is taken to be a coax-fed circular
patch antenna designed to radiate close to 300MHz. Since
its introduction [27], the patch antenna has become a
ubiquitous low profile antenna that has been found useful
for many applications. This choice facilitates comparisons
with the metamaterial-inspired designs considered in the
past [14] and in this article.

The original design theory [28–30] now has a more
refined result for the resonance frequency of the funda-
mental TM110 mode [31], Eqs. (14)–(65)]
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For all of the cases examined, the patch radius
a=192.0mm, and the height of the substrate
h=8.0mm. As noted, the substrate was assumed to be
that of Rogers Duroid 5880, i.e., er=2.2. With these
parameters, equation (1) gives fres,patch= 298.9MHz.While
it would be uncommon to use a patch antenna at this low of
a frequency, it is apparent from equations (1) and (2), that
simply by varying its dimensions, one would return to
typical patch antenna sizes in the 1–10GHz range.

We notice immediately that there is no ground plane
parameter included in equation (1). In particular, this
analytical resonance frequency value does not depend on
the ground plane size, but only on the patch size. Thus, the
former should have little impact on the impedance
matching as well. However, then what effect does the
ground plane disk have on the performance of a finite
overall-sized patch antenna?

Consider the HFSSmodel of the coax-fed circular patch
shown in Figure 1. The parameters already noted above
remained the same. The coax was designed to have a 50 V
impedance (i.e., the coax had a center conductor whose
radius was 1.0mm, the inner radius of its outer conductor
was 2.301mm, its outer wall was 0.5mm thick, and it was
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Fig. 2. Patch antenna properties. Ground plane radius= 200
mm: (a) |S11| values versus frequency, (b) directivity pattern at
fres = 301MHz; and ground plane radius= 400mm: (c) |S11|
values versus frequency, (d) directivity pattern at fres = 300.5
MHz.

(a)

(b)

Fig. 3. Patch antenna radiation properties as functions of the
ground plane radius. (a) Realized gain and (b) FTBR.
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filled with vacuum). The length of the coax was 10.0mm.
The coax feed was offset from the origin along the �ŷ-axis;
this offset distance was adjusted to achieve a resonance.
The ground plane disk radius, rgp, was taken to be a
variable.

The values of |S11| versus the source frequency and the
directivity pattern at the resonance frequency are given in
Figure 2 for the patch antennas with rgp= 200.0mm
(fres = 301.0MHz) and rgp= 400.0mm (fres = 300.5MHz).
The corresponding offset distances of the coax feed were,
respectively, �38.0 and �52.0mm along the y-axis. While
Figures 2a and c indicate nearly complete matching to the
source, the ground plane size had no impact on the level of
impedance matching once the offset distance was returned.
Figures 2b and d clearly demonstrate that the ground plane
size has a profound impact on the directivity and the FTBR
values. These directivity results support the outcomes of
earlier explorations of ground plane effects on circular
patch antennas [32–34].
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Fig. 5. Electrically small (ka=0.474 and rgp= 75.0mm) EZ
antenna properties. (a) |S11| values versus frequency, and (b) E-
and H-plane directivity patterns and (c) 3D directivity pattern at
fres = 301.14MHz.
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Fig. 4. 3D magnetic EZ antenna. (a) Isometric view, (b) top
view, and (c) side view.
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One finds, as might be anticipated, that with the
ground plane radius nearly the same as the patch radius,
the overall structure radiates more like an oversized dipole
element. The peak realized gain was RGmax=3.24 dB
(radiation efficiency RE=84.3%) and the FTBR=3.58
dB. In contrast, with a ground plane radius double that of
the patch, the typical patch emission properties are
obtained, i.e., RGmax=5.85 dB (RE=90.7%) and a
FTBR=18.41 dB.

To investigate these directivity properties further, the
ground plane radius was swept from 200mm (8mm larger
than the patch) to 500mm (∼lfree space/2). The directivity
and FTBR values that were obtained numerically are
shown in Figure 3. While the resonance frequency for each
case was less than 1% away from 300MHz, it is
immediately apparent that the ground plane size controls
the directivity and FTBR values. Since the radiation
efficiency remains above 90% when rgp ≥ 250mm and
nearly complete matching was maintained, the linear-like
increase in the realized gain reflects the well-known
relation: G=4pA/l2, where the area of the antenna is
A≈pr2gp. The FTBR begins to roll-off at the largest values
of rgp because the ground plane disk has become on the
order of a wavelength in diameter. Its size allows the
appearance of higher order modes which interact with the
disk’s edge, yielding more back radiation.

While it has a significant impact, it must be noted that
the ground plane is not the only factor that influences the
directivity of a patch antenna. It is well known that surface
waves are present. As they are generated and interact with
the edges of the patch and the ground plane, they cause
scattering into many directions, leading to other variations
in the system’s directivity. A variety of approaches have
been considered recently to mitigate the effects of these
surfaces. They include introducing EBG structures, e.g.,
[35–37]; modified ground planes and metasurfaces, e.g.,
[38–40]; and even cloaking elements [41].
3 3D magnetic EZ antenna

Since the radiation properties of the considered very low-
profile circular patch antennas can be analyzed as arising
from a magnetic current loop, the electrically small 3D
magnetic EZ antenna [14,42–44], was selected as the
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Fig. 6. Electrically large (ka=1.918 and rgp= 300.0mm) EZ
antenna properties. (a) |S11| values versus frequency, and (b) E-
and H-plane directivity patterns and (c) 3D directivity pattern at
fres = 305.02MHz.
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NFRP antenna for direct comparisons to the patch
antenna directivity results. It radiates as a magnetic
dipole over its ground plane.

One of the examined cases is shown in Figure 4. A
circular ground plane disk supports a rectangular,
extruded capacitively loaded loop (CLL) NFRP element.
The coax feed remained the same. The 1.0mm center
conductor was extruded to form a semi-loop antenna. This
driven semi-loop antenna has an 8.0mm center radius.
The ground plane and the NFRP element were both
1.0mm thick copper. The NFRP element is centered with
respect to the semi-loop. It has an outside x-length of
82mm (80mm length from inside edge to inside edge), an
outside y-length of 60mm, and a 21mm total height
(20mm from ground plane to bottom face). The rolled
edges of the NFRP element all had 1.0mm radii. The
dielectric in the gap was quartz (er=3.78, mr=1.0 and loss
tangent= 0.0). It is 0.625mm� 60mm� 3.05mm in size
and rests flush with the copper strips forming the
capacitor gap. The ground plane disk has a 75.0mm
radius.

The |S11| values as a function of the source frequency,
and the 2D and 3D directivity patterns are shown in
Figure 5. The resonance frequency is 301.14MHz, giving
ka=0.474, where here “a= 75 mm”, the ground plane
radius, is also the radius of the smallest sphere enclosing the
entire antenna. This electrically small antenna has RE=
88.3%, RGmax=1.54 (1.875 dB), and FTBR=1.05
(∼0 dB). It clearly radiates as a magnetic dipole oriented
along the y-axis.

As with the patch antenna, increasing the ground plane
disk radius to four times the size: rgp=300mm, one observes
that its directive properties are impacted significantly. As
shown inFigure 6, theEZantenna is resonant at 305.02MHz
(a slight 1.3% blue-shift) and, of course, is now electrically
large with ka=1.918 (and hence, obviously, has more
bandwidth).As shown inFigures 6b and c, the larger ground
plane has significantly broadened its directivity pattern and
dramatically reduced the sizeof itsback-lobe. Itperformance
characteristics include RE=94.7%, RGmax=4.08
(6.11dB), and FTBR=12.01 (10.80 dB). As observed in
Figure 6c, its directivity pattern is now very similar to the
patch antenna case whose ground plane is also several times
larger than its patch radiator.

To make further comparisons with the patch antenna
results, the ground plane size was swept through a variety
of values. The FTBR and RG values as functions of rgp are
shown in Figure 7. These values have begun to taper off
sooner than those of the patch antenna. As reported
previously [42], the currents associated with the EZ
antenna are quite confined to the region in the vicinity of
the NFRP element. Consequently, the much larger
ground plane disk is not being excited efficiently by those
currents and, hence, the enhancement of the directivity
performance does not continue. On the other hand, the
patch antenna never has a chance to be electrically small.
Its physics requires a half-wavelength or more in size to
achieve a resonance. While more advanced techniques
such as the introduction of zero-index [45], epsilon-near-
zero [46], or transformation optics based [47] metamate-
rials may help maximize the overall directivity associated
with given effective area, they will not remove the intrinsic
ground plane and half-wavelength requirements of the
patch antenna. Moreover, their inclusion into the overall
structure would most likely increase its physical size to
accommodate enough unit cells to achieve the desired
material properties in any practical realization. Thus,
what can one do to increase the directivity and still be
electrically small?
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Fig. 7. 3D magnetic EZ antenna radiation properties as
functions of the ground plane radius. (a) Realized gain and (b)
FTBR values.
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Fig. 8. Compact array consisting of two NFRP antennas, the
rectangular EZ antenna and the rectangular EAD antenna.
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4 Compact array with two NFRP antennas

While EBG structures (structured ground planes) have
been used for back-lobe reduction [9], they too are not
electrically small, again by the physical processes used to
achieve their properties. On the other hand, recent designs
have suggested that Huygens sources may be advanta-
geous, particularly in regards to their FTBR values [20–25].
Consequently, it was explored whether or not the
magnetic-based EZ antenna could be augmented with an
electric-based NFRP antenna to achieve an electrically
small Huygens source. This two-element NFRP antenna
array is depicted in Figure 8. The array consists of a
rectangular ground plane version of the EZ antenna and a
rectangular version of the Egyptian axe dipole (EAD)
antenna [14]. The rectangular nature of both antennas and
their orthogonal linear polarization behaviors allow them
to be densely packed. Each has its own coax feed.
Consider first the magnetic EZ antenna. As shown in
Figure 9, it has no rounded edges; they are simply right
angled here. This simplified the simulations. The rounded
edges were originally introduced in [42,43] because of the
fabricationmethodsused toconstruct it.Theoutside lengths
in x, yand zof theCLLNFRPelementare (inmm)40.0, 68.0,
and 20.0, respectively. This means the minimum enclosing
sphere radius is a=44.23mm. The ground plane was
48mm� 76mm, i.e., only 4.0mm beyond each side of the
CLL. The physical capacitor was replaced with two lumped
element capacitors, each with capacitance CCLL=20.5 pF
and each extending completely across the gaps (1.0 cmalong
the z direction) centered on both vertical segments (sides
normal to the y-axis). While it again simplified the
simulations, this choice allows for frequency agile versions,
as demonstratedwith thebox cage loopantennaversion [44].

The ground plane and CLL metal thicknesses remained
at 1.0mm. The coax feed was the same except that its
length was now 7.0mm. The center radius of the wire semi-
loop was 6.0mm. The semi-loop and the CLL element were
again centered with respect to the coordinate origin.
Figure 10 shows several of the simulated performance
characteristics. It was resonant at fres = 299.798MHz,
yielding ka=0.28. It had RE=73.0%, RGmax=1.23, and
FTBR=1.0 at fres. The 3D directivity pattern clearly
indicates that it acts amagnetic dipole oriented along the x-
axis. The lower RE value is a consequence of its smaller
electrical size.

Next, consider the rectangular EAD antenna. It is
shown in Figure 11 along with its dimensions. The
dielectric thickness was 0.7874mm (31mils). The thickness
of all of the copper strips was 1.0mm. The center gap in the
NFRP element was 1.016mm (40 mils). An inductor with
LEAD=161.0 nH was placed across the gap. The same coax
was used, but its length in this case was 4.5mm. The gap
between the end of the coax and the connection to the
dipole was 1.5mm. As shown in Figure 11c, the width of the
driven dipole is DW=2.0mm, the same as the diameter of
the center conductor of the coax. Its total length along the
y-axis is DL=12.301mm.

The simulated performance characteristics of the EAD
antenna are shown in Figure 12. It was resonant at
fres = 300.378MHz, yielding ka=0.28. At fres, RE=94.0%,
RGmax=1.56 (1.93 dB), and FTBR=1.0. The 3D direc-
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Fig. 9. Electrically small, rectangular 3D magnetic EZ antenna.
(a) Isometric view, (b) top view, and (c) side view.
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Fig. 10. Electrically small (ka=0.28) EZ antenna properties. (a)
|S11| values versus frequency, and (b) E- and H-plane directivity
patterns and (c) 3D directivity pattern at fres = 299.798MHz.
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tivity pattern clearly indicates that the antenna acts as an
electric dipole oriented along the y-axis. The RE value is
larger than the EZ value; this is a recognized difference
between the electric and magnetic antennas when their
sizes become very electrically small [48,49].

As shown in Figure 8, these two NFRP antennas were
configured into an array. More details of this two-element
array are shown in Figure 13. Both the EAD and EZ
elements fit within the indicated circle whose radius is
64.5mm. The initial height of the EAD antenna was set to
have the bottom face of its dipole element be at the same
height as the bottom face of the ground plane of the EZ
antenna. The system is quite low profile given the low-
profile nature of both antennas (note that the EZ antenna is
∼l/50 in height). The antenna pair is also very compact;
the centers of the NFRP elements are separated by only
56mm (∼l/17.86).

Because the main current flow on both NFRP elements
is along the y-direction, it was expected that there would be
strong coupling between the two radiating elements. The
initial simulations of this array confirmed this behavior. It
was determined that the resonance of the EAD element was
more strongly impacted. It was retuned to achieve a good
overlap of the resonances of both radiating elements by
simply changing the inductor value to LEAD=153.95 nH
and increasing the total length of the driven dipole to
12.801mm (individual pieces increased by 0.25mm). The
decrease in the lumped element inductor value upshifts the
EAD resonance frequency. The increase in the length of the
driven dipole provides a small increase in inductance to
retune the input impedance matching. By itself, this
version of the EAD has fres = 306.83MHz. This behavior
makes sense physically because the EZ NFRP element
presents a large inductance to the EAD system. Further-
more, because it is primarily a magnetic field driven and
because of its orthogonal orientation to the NFRP element,
the EZ system is affected little by the presence of the EAD
elements.
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Fig. 11. Electrically small rectangular EAD antenna. (a)
Isometric view, (b) top view of NFRP, (c) side view, and (d)
top view of coax-fed dipole. All indicated distances are in
millimeters (mm).
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Fig. 12. Electrically small (ka=0.28) EAD antenna properties.
(a) |S11| values versus frequency, and (b) E- and H-plane
directivity patterns and (c) 3D directivity pattern at fres =
300.378MHz.
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The simulated performance characteristics of this
array are shown in Figures 14 and 15. In Figure 14a, it is
observed that the resonances of the two NFRP antennas
overlap nicely. The EZ antenna is resonant at fres =
299.79MHz; the EAD antenna at fres = 300.09MHz. In
Figure 14b, one finds that the radiation efficiency varies
slightly with frequency and has its peak at 299.75MHz,
slightly below the EZ resonance frequency. Figures 14c
and d give, respectively, the FTBR values and the
accepted and total radiated powers. The maximum FTBR
ratio, 2505 (34.0 dB), occurs at 299.07MHz. Unfortunate-
ly, at that frequency the accepted and total radiated
powers for a 1.0W input power are, respectively, only 0.23
and 0.22W. On the other hand, the FTBR is only 2.62
(4.18 dB) at 299.75MHz. Moreover, the maximum
radiated power, 0.78W, occurs next to the EAD resonance
frequency at 300.1MHz, where RE=96.3% and FTBR=
1.43 (1.55 dB).

Note that while the frequency at which the radiation
efficiency is maximum was found near the EZ resonance
frequency, the frequency at which the total radiated power
is maximum was found near the EAD resonance frequency.
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Fig. 13. Electrically small array with two NFRP antennas. (a)
Top view and (b) side view.

(a)

(d)

(c)

(b)

Fig. 14. Array with two NFRP antennas with both elements
driven. As functions of the source frequency, the values of (a) |
S11|, (b) radiation efficiency, (c) FTBR, and (d) accepted and
total radiated powers.
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This behavior arises because when they are driven
separately, the EAD element is a more efficient radiator
in the array than the EZ element is.

The directivity patterns at 299.07MHz where the
maximum FTBR value occurs are shown in Figure 15.
Figure 15a clearly shows the system generates a cardioid
pattern. As desired, the electric and magnetic dipoles
combine to yield a Huygens source behavior. Unfortunately,
thisHuygens sourcebehaviordoesnotoccurat thepeakof the
total radiated power. Nonetheless, the 22% output power
withFTBR=34dBmaybeacceptable for someapplications.

A large number of attempts were made to cause the
maximum FTBR and total radiated power frequencies to
overlap significantly when both elements were driven. This
notably included shifting the phase between the two
elements through their sources. While the latter did
provide a means to shift the max FTBR frequency as
desired, the actual total power radiated was reduced even
further when it overlapped the maximum total radiated
power frequency. Detailing the current behaviors, it was
found that as the frequencies were made to overlap, the
currents became more out of phase to achieve the high
FTBR. Consequently, it was decided to try shorting out
one element, as one would for achieving high directivity
with an end-fire array [4–8].

Again, metamaterials and other types of elements could
have been introduced in between the EAD and EZ
radiating elements to reduce any mutual coupling effects.
This approach to decoupling between radiating elements
has been studied in many configurations, e.g., [50–66].
However, because any of these implementations would
require additional area/volume, they would substantially
increase the overall size of the system and, hence, would
nullify the intended electrically small result. The minia-
turization advantages of the metamaterial-inspired NFRP
elements is thus further demonstrated.
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Fig. 15. The (a) E- and H-plane, and (b) 3D directivity patterns
for the array with two NFRP antennas with both elements driven
at the frequency 299.07MHz at which the peak FTBR value
occurs.

(a)

(c)

(b)

Fig. 16. Array of two NFRP antennas with only the EAD
element driven. (a) Isometric view, (b) y-axis side view, and (c) x-
axis side view.
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5 Compact array of two NFRP antennas,
only EAD driven

Because of the strength of the EAD antenna’s emissions in
comparison with those of the EZ antenna, it was decided to
simply short out the source element of the EZ antenna in
the HFSS model. This configuration is shown in Figure 16.
Note that the top view is identical to the one shown in
Figure 14a. The elements were retuned slightly to achieve
good impedance matching. In particular, in comparison
with the original two-element array values, setting
CCLL=20.4 pF (slight increase in EZ resonance frequency),
semi-loop radius to be 5.72mm (slight decrease in inductive
reactance), the gap in the arms of the EAD being increased
from 20 to 22mm (decrease in capacitive reactance),
LEAD=155.6 nH (decrease in EAD resonance frequency,
and a 11.801mm dipole total length (slight increase in
capacitive reactance) produced the desired design. Addi-
tionally, the coax length of the EAD antenna was raised
4.4994mm (8.9994mm total length) to align the phase
centers of both of the radiating NFRP elements.

The simulated performance characteristics of this array
of two NFRP antennas with only the EAD element driven
are shown in Figures 17 and 18. Figure 17a indicates that a
good overlap of the resonances of both elements was
achieved. From Figure 17b and c one finds that the
frequencies at which the peak values of the radiation
efficiency and the FTBR occur now coincide at
301.154MHz. The inset sub-plot in Figure 17c is a finer
resolution of the FTBR values near its peak. The peak
FTBR value is 510.54 (27.0 dB) where RE=95.31%. At
that frequency, the accepted and total radiated powers are,
respectively, 0.949 and 0.904W. The 2D and 3D directivity
patterns at 301.154MHz are shown in Figures 18a and b,
respectively. They clearly demonstrate that the desired
cardioid pattern has been generated by this array.

Using the HFSS model to determine the smallest
enclosing sphere, it is found that its radius was in fact
a=64.5mm. This means ka=0.407 at the peak FTBR
frequency. Consequently, this NFRP antenna array is
indeed electrically small.

While one finds the FTBR peak occurs where there is a
slight dip in the accepted and total radiated powers, the
outcomes indicate that the choice to drive one element and
short the other has overcome the negative effects of the
coupling and out-of-phase currents that occurred with both
elements being driven. On the other hand, it has been



(a)

(b)

(c)

(d)

Fig. 17. Array with two NFRP antennas with only the EAD
element driven. As functions of the source frequency, the values of
(a) |S11|, (b) radiation efficiency, (c) FTBR, and (d) the accepted
and total radiated powers.

(a)

(b)

Fig. 18. The (a) E- and H-plane, and (b) 3D directivity patterns
for the array with two NFRP antennas with only the EAD
element driven at the frequency 301.154MHz at which the peak
FTBR value occurs.
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determined that there is a definite tradeoff between the
FTBR peak value and the total radiated power. To force a
further increase of the former causes the latter to decrease.
Again, this behavior is associated with the current flows on
these tightly coupled resonators.

6 Multiple NFRP element Huygens source
antenna

The previously discussed cases have provided further
insights into the electrically small, low-profile broadside
radiating, Huygens source antennas [22–24]. The configu-
ration of interest is shown in Figure 19. It is a smaller,
thinner design than reported in [22] and emphasizes just
how electrically small the Huygens antenna can be and still
produce the desired cardioid pattern.

The antenna system consists of a driven dipole antenna
printed on the bottom face of a circular Rogers 5880 Duroid
sheet that is 0.7874mm (31 mils) thick and supports layers
of 0.017mm thick (½ oz) copper. The coax cable has been
adjusted slightly to match the design in [22]. The inside
surface of the outer wall is now at 2.238mm and its length
was taken to be 30.0mm. The gap between the end of the
coax and the bottom of the printed dipole antenna was
3.0mm. The total dipole length was DL=82.0mm and its
width remained 2.0mm. The source side of this printed



(a)

(c)

(b)

Fig. 19. Low profile NFRP Huygens source antenna. (a)
Isometric view, (b) x-axis side view, and (c) z-axis top view.

(a)

(b)

Fig. 20. Low profile, NFRP Huygens source antenna perfor-
mance characteristics as functions of the source frequency. The
values of (a) |S11| and (b) the accepted and total radiated powers.
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dipole lies on the xy-plane. The electric component was an
EAD NFRP element; the magnetic NFRP elements were
two CLLs.

The EAD NFRP element is now circular in shape.
Again, this is a space issue choice. The circular design
better fills the enclosing sphere and will generally yield the
smallest ka value. It is printed on the top of a secondDuroid
sheet. The bottom of this second sheet is 7.92mm from the
top face of the dipole (at z=7.937mm). Its radius is
50.0mm, its center strip width is 5.0mm, its arc width is
5.0mm, and the gaps in its arc are 20.0mm. It is oriented
with its center strip along the y-axis. The inductor is placed
across a 1.016mm (40 mil) gap centered about y=0. The
inductor value is LEAD=103.5 nH.

Each CLL is 16.0mm long along the x-axis, 62.0mm
long along the y-axis, and 10.0mm long along the z-axis.
The CLLs lie on top of the source substrate. Thus, the
entire height of the antenna is 10.8044mm. Both horizontal
strips are 1.0mm thick in the z-direction; both end, vertical
strips are 2.0mm thick in the y-direction. Both center lines
of the CLL elements are offset from the y-axis by 13.0mm.
Both capacitor gap centers are offset from the origin along
the y-axis by �2.5mm. The capacitance CCLL=10.6 pF.

The simulated performance characteristics of this
multiple NFPR element antenna are shown in Figures 20–
22. Figure 20 indicates that a good overlap of the
resonances of both NFRP elements was achieved. From
Figure 20b one finds that the peak values of the total
accepted and radiated power for the 1.0W input, are 0.904
and 0.743W, respectively; and they occur at the frequen-
cies 301.115 and 301.120MHz. Consequently, using the
latter frequency, fRP,peak, the antenna is electrically small
with ka=0.316 and very low profile (height= lRP,peak/
92.15).

The FTBR values as a function of the source frequency
are given in Figure 21. The peak FTBR value, 1078.6
(30.3 dB), occurs at f FTBR peak= 301.145MHz. The FTBR
value at the peak radiated power frequency is 114.6
(20.6 dB). The radiation efficiency values at both of these
frequencies are 84.34% and 85.30%, respectively. The slight
shift (0.025MHz) of the FTBR peak frequency from the
radiated power peak frequency illustrates how sensitive the
phase centering between the electric and magnetic NFRP
elements becomes in this strong resonant coupling
environment. Nevertheless, very interesting values were
obtained for the total radiated power and FTBR at both
frequencies. Moreover, it must be noted again that if one



Fig. 21. Low profile, NFRP Huygens source antenna’s FTBR
values as a function of the source frequency.

(a)

(b)

(c)

Fig. 22. The directivity patterns of the low profile NFRP
Huygens source antenna. 2D E- and H-plane patterns at (a)
301.145MHz and (b) 301.120MHz, and (c) 3D directivity pattern
at 301.145MHz.
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retunes the NFRP elements to achieve a higher FTBR, it
comes at the cost of less radiated power. Finally, note that
despite the presence of a long coax, which would be the case
in typical measurement scenarios and could produce a large
back-lobe, the electrically small broadside radiating
Huygens source effectively emits most of its power into a
preferred hemisphere with the desired cardioid pattern.

Even though this quite electrically small, broadside
radiating Huygens source system exhibits some sensitivity
to its design parameters, slightly larger related designs
have been successfully fabricated and measured, confirm-
ing the concepts [23]. Moreover, even though a very narrow
bandwidth occurs, which arises from the required overlap
of two high Q resonators (i.e., the electrically small NFRP
elements), it has been demonstrated that by introducing
appropriate non-Foster reactances into the NFRP ele-
ments, interesting bandwidths can be obtained, while
maintaining the desired Huygens source behavior [24].
Almost as low in profile as the patch antenna and lower in
profile than the 3D magnetic EZ antenna, these Huygens
source designs offer superior directivity performance in a
significantly smaller package.

It is interesting to speculate that in the future one might
be able to impregnate the essentially dispersionless (at these
UHF frequencies), low-loss Teflon substrate in the Duroid
sheets with combinations of passive and active core–shell
nanoparticles, e.g., [67–72], to create dispersion-tailored
macroscopic metamaterial substrates or metasurfaces to
enhance the impedance bandwidth of these metamaterial-
inspired antennas as suggested in [73]. The resulting meta-
structures could conceivably replace the non-Foster circuits
and their complexities to enhance the bandwidth perfor-
mance of electrically small antennas. They await more
advancednanotechnology fabrication techniqueswhichmay
become available in the future. On the other hand, one may
be able to design and build active lower frequency meta-
structures with the desired dispersion-tailored character-
istics, as well as the antennas themselves, in the near-term
using advanced manufacturing methods. This design-to-
realization approach is currently being investigated through
the UK’s SYMETA research program led by Prof. J.C.
Vardaxoglou at Loughborough University.
7 Conclusion

As the demand for electrically smaller antenna systems
increases, one must not forget directivity as one possible
enhanced performance characteristic. The presented
comparisons of several antennas, both standard and
metamaterial-inspired, have given further insights into
directivity as an important figure of merit, even for
electrically small antennas. Advantages of combinations of
driven and NFRP elements to enhance directivity were
emphasized. High directivity from broadside radiating, low
profile Huygens source designs, both as compact arrays and
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individual systems, was demonstrated. Of course, fabrica-
tion and measurement facility issues would have to be
considered for their actual realization. Nonetheless, their
predicted behaviors are interesting and are potentially
useful. The ability to have electrically small antennas that
radiate efficiently in the broadside direction with no back
radiation opens exciting new avenues for immediate
applications in a variety of commercial and military
wireless systems.
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